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This study aimed to evaluate the diagnostic accuracy of Node Reporting and Data System (Node-
RADS) in discriminating between normal, reactive, and metastatic axillary LNs in patients with
melanoma who underwent SARS-CoV-2 vaccination. Patients with proven melanoma who underwent
a 2-[*®F]-fluoro-2-deoxy-D-glucose positron emission tomography/computed tomography (2-[*®F]-FDG
PET/CT) between February and April 2021 were included in this retrospective study. Primary
melanoma site, vaccination status, injection site, and 2-[*8F]-FDG PET/CT were used to classify axillary
LNs into normal, inflammatory, and metastatic (combined classification). An adapted Node-RADS
classification (A-Node-RADS) was generated based on LN anatomical characteristics on low-dose

CT images and compared to the combined classification. 108 patients were included in the study (54
vaccinated). HALNs were detected in 42 patients (32.8%), of whom 97.6% were vaccinated. 172 LNs
were classified as normal, 30 as inflammatory, and 14 as metastatic using the combined classification.
152, 22, 29, 12, and 1 LNs were classified A-Node-RADS 1, 2, 3, 4, and 5, respectively. Hence, 174,

29, and 13 LNs were deemed benign, equivocal, and metastatic. The concordance between the
classifications was very good (Cohen’s k: 0.91, Cl 0.86-0.95; p-value <0.0001). A-Node-RADS can assist
the classification of axillary LNs in melanoma patients who underwent 2-[*®F]-FDG PET/CT and SARS-
CoV-2 vaccination.

Since late 2019 the coronavirus disease (COVID-19) pandemic has deeply threatened global health. Up to now,
almost 677 million people have been infected by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), worldwide!. Among them, roughly 6.9 million people died, mainly due to COVID-19 pulmonary com-
plications. To limit the pandemic’s health, social, and economic impact an unprecedented international effort
led to the rapid development of prophylactic vaccines, which proved to reduce SARS-CoV-2 infection and the
number of COVID-19 severe/critical cases®™.

However, following the introduction of the vaccines, reports of enlarged axillary lymph nodes (LNs) ipsilateral
to the injection site, have been bourgeoning in literature®~”. In addition, several studies described metabolically
active axillary LNs (HALNS) at 2-['®F]-fluoro-2-deoxy-D-glucose positron emission tomography/computed
tomography (2-[**F]-FDG PET/CT), after vaccination®’. Metabolically active or enlarged axillary LNs represent a
diagnostic dilemma, particularly in patients with melanoma’ or breast cancer® who were injected with the SARS-
CoV-2 vaccine. To date, most of the studies have focused their attention on HALN frequency and dimension,
whilst studies on anatomical criteria trying to characterize them are scarce!®".
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The Node Reporting and Data System (Node-RADS) has been recently released, aiming to standardize the
LN reporting system'*. Node-RADS provides a morphologic-based suspicion scale to predict LN involvement
by malignancy. However, differentiating reactive from metastatic LNs relying solely on anatomical imaging is
challenging. In addition, the benefits of adopting Node-RADS in cancer patients who underwent SARS-CoV-2
vaccination are unclear. Therefore, the aim of the present study was to evaluate the concordance between an
adapted version of the Node-RADS based on unenhanced CT images, henceforth called A-Node-RADS, and
clinical/2-["*F]-FDG PET findings in the characterization of axillary LNs in patients with melanoma, accounting
for the vaccination status.

Results

Patient demographics

Hundred and twenty-three patients were considered eligible for this study, of which 15 were excluded from fur-
ther analysis due to exclusion criteria. Thus, the final population of our study was 108 patients (Fig. 1). Patient
demographics, vaccination status, type of vaccine injected, number of injections, previous SARS-CoV-2 infection,
as well as primary melanoma site are reported in Table 1.

Moderna was the most common vaccine injected in patients receiving a single dose of vaccine (63.2%; mean
time between vaccination and 2-[**F]-FDG PET/CT scan: 14.6 days, range: 3-27 days), while Pfizer/BioNTech
was more frequently used in those who were injected twice (71.4%; mean time between vaccination and 2-[**F]-
FDG PET/CT scan: 21.5 days, range: 0-47 days). Age neither differed between vaccinated and unvaccinated
patients (p-value=0.59) nor between different vaccine cohorts (mean agegyriea,: 69.9 years old, SD: 12.9, M =24;
mean age,pna. 1273 67.3 years old, SD: 16.8, M =15; p-value =1). The left arm was the most common injection site
(83.3% of vaccinated patients). Patients who received a second vaccine injection had longer latency to the 2-['8F]-
FDG PET/CT compared to those who received a single dose (meangge injection: 14-8 days, SD: 8.0; mean oupe injection®
18.7 days, SD: 12.7; p-value =0.013).

LN 2-[*8F]-FDG PET characteristics

HALNSs were detected in 42 patients (32.8%), of whom 97.6% were vaccinated. Of those, 2 patients had bilateral
HALNS, leading to a total of 44 HALNSs evaluated. A per axilla analysis revealed 8 HALNs located in the right
axilla (18.2%), whereas the remaining 36 cases were detected in the left axilla (81.8%, p-value=0.001). Based on
the combined classification 172 LNs were classified as normal, 30 as inflammatory, and 14 as metastatic. LN char-
acteristics according to patients’ sex, side, and melanoma primary site are reported in Table 2 (Fig. 2). Follow-up
data as well as the performances of the combined classification are reported in Supplementary information S1.

A-Node-RADS

A total of 216 LNs were evaluated on low-dose CT images. A-Node-RADS values are reported in Table 3 (Fig. 2).
All 172 LN classified as normal at combined evaluation were classified as benign by A-Node-RADS (100%),
whereas of the 30 inflammatory LNs at combined evaluation, 23 were defined as equivocal (76.7%), 5 (16.7%)
as metastatic, and the remaining 2 (6.6%) were characterized as benign. Among metastatic LNs, 6 were deemed
to be equivocal (42.9%), while the remaining 8 (57.1%) were defined as metastatic. The relation between the
A-Node-RADS and the combined classification is reported in Table 3. The concordance between the two clas-
sifications, scored using weighted Cohen’s k, was very good (k: 0.91, CI 0.86-0.95; p-value <0.001).

123 patients melanoma
> 18 years old

underwent
2'[18F]'FDG PET/CT 15 patients met exclusion criteria:
- 4 inadequate image quality
R - 7 previous axillary lymph node
metastasis
- 3 other malignancies
Final Population - 1 absence of subcutaneous tissue
108 patients
[ 54 patients ] 54 patients ]
unvaccinated vaccinated
32 BNT162b2 22 mRNA-1273
(Pfizer/BioNTech ) (Moderna)

Figure 1. Flow diagram of the study group.
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Vaccinated (n=54) | Unvaccinated (n=54) | p-value
Age, years 68.7 (13.9) 66.6 (14.5) 1.0
Sex, m 39 (72.2%) 37 (68.5%) 1.0
Vaccination
Pfizer/BioNTech 32 (59.3%)
Moderna Biontech 22 (40.7%)
Vaccination site
Left arm 45 (83.3%)
Right arm 9 (16.7%)
Number of injections
Single 19 (35.2%)
Double 35 (64.8%)
Vaccine injection to 2-['*F]-FDG PET/CT scan, days
Single injection 14.8 (8.0)
Double injection 23.1(12.7)
Previous SARS-CoV-2 infection 2% (3.7%) 4 (7.4%) 1.0
Primary melanoma site 0.7
Head 23 (42.5%) 16 (29.6%) 0.55
Left arm 5(9.3%) 4 (7.4%) 1.0
Right arm 2 (3.7%) 7 (13.0%) 0.81
Lower abdomen/genitalia 3(5.6%) 1(1.9%) 1.0
Back 7 (13.0%) 14 (25.9%) 0.98
Leg 10 (18.5%) 12 (22.2%) 1.0
Unknown 4 (7.4%) 0 (0%) 0.96

Table 1. Patient demographics. Data are expressed as mean (SD), absolute or relative values, as well as
absolute or relative percentages. y years, SD standard deviation, SARS-CoV-2 severe acute respiratory
syndrome coronavirus 2; 2-["®F]-FDG PET/CT 2-["*F]-fluoro-2-deoxy-D-glucose positron emission
tomography computed tomography. *Both patients received Moderna Biontech.

Normal (n=172) | Inflammatory (n=30) | Metastatic (n=14) | p-value
Sex
Male 123 (56.9%) 23 (10.6%) 6 (2.8%) 011
Female 49 (22.7%) 7 (3.3%) 8 (3.7%) X?=57,df=2
Side
Right axilla 100 (46.3%) 3 (1.4%) 5 (2.3%) <0.001
Left axilla 72 (33.3%) 27 (12.5%) 9 (4.2%) X?=23.6,df=2
Primary melanoma site
Head 56 (25.9%) 15 (6.9%) 7 (3.2%)
Arms 32 (14.8%) 2(0.9%) 2(0.9%)
Back 38 (17.6%) 3 (1.4%) 1(0.5%) 012
Lower abdomen/genitalia 6(2.8%) 1 (0.5%) 1(0.5%) X?=15.5,df=10
Legs 36 (16.7%) 6 (2.8%) 2(0.9%)
Unknown 4(1.8%) 3(1.4%) 1(0.5%)

Table 2. LNs characteristics according to combined classification. Data are expressed as absolute values, and

absolute percentages. LN lymph node.

LNs’ A-Node-RADS versus SUV,,,., LNs’ A-Node-RADS in HALNs

In 22/44 HALNS (50.0%) the A-Node-RADS calculated on low-dose CT images correctly identified the LN having
the highest SUV, . (concordant cases). 63.6% of these were classified as A-Node-RADS 3, whereas 31.8% and
4.5% were classified as 4 and 1, respectively. Table 4 shows the comparison between the A-Node-RADS calculated
on low-dose CT images and that of the axillary LN having the highest SUV in discordant cases. The weighted
Cohen’s k showed good agreement (k: 0.64, CI 0.33-0.95; p-value <0.001, Fig. 2).
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A-Node-RADS 3

Normal Metastatic
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Figure 2. A-Node-RADS evaluation. Adapted Node-RADS (A-Node-RADS) classification of axillary LNs in
melanoma patients. An A-Node-RADS 1 LN devoid of metabolic activity was seen in an unvaccinated patient
(A), whereas active LN graded as A-Node-RADS 3 and 4, characterized as inflammatory and a metastatic LN
according to our combined classification, were seen in a vaccinated patient (injection site: left shoulder) who
had a melanoma of the cheek (B). A-Node-RADS adapted version of the node reporting and data system, LN

lymph node.
‘ Combined classification | Normal,n=172 | Inflammatory, n=30 | Metastatic, n=14

A-Node-RADS

1 151 (69.9%) 1(0.5%) 0 (0%)
Benign

2 21 (9.7%) 1(0.5%) 0(0%)
Equivocal 3 0 (0%) 23 (10.6%) 6 (2.8%)

4 0 (0%) 5 (2.3%) 7 (3.2%)
Metastatic

5 0 (0%) 0 (0%) 1(0.5%)

Table 3. Comparison between A-Node-RADS and combined classification. Data are expressed as absolute
values and absolute percentages. RADS reporting and data systems.

Highest LN A-Node-RADS
A-Node-RADS selected on low-dose CT 1 2 3 4 5
1 1 0 0 0 0
2 0 0 1 0 0
3 0 0 24 5 0
4 0 0 2 10 0
5 0 0 1 0 0

Table 4. Comparison between A-Node-RADS calculated on low-dose CT images and those on the LN
with the highest SUV, . in patients with HALNSs. Data are expressed as absolute values. LN lymph node, CT
computed tomography, RADS reporting and data system, SUV standardized uptake value.

Axillary-to-subcutaneous fat density difference analysis

The median density values measured in the right axilla were lower compared to that of left axilla (median ;;gh axina:
~ 109 HU, IQR: — 114.8 to — 103 HU; median 1.4 ot — 105 HU, IQR: — 112 to — 94.25 HU; p-value <0.001),
whereas the median values of subcutaneous tissue did not differ (median ;;gh subcutancouss = 120 HU, IQR: — 114
to — 124 HU; median i gupeutancons: — 120.5 HU, IQR: — 115 to — 124 HU; p-value =0.96). Similarly, the axillary-
to-subcutaneous fat density difference was lower in the right axilla compared to the left axilla (mean gigerence righe:
10.4 HU, SD: 8.3 HU; mean ggerence i 15.5 HU, SD: 11.9 HU; p-value <0.001).

Stratifying the values according to the combined classification, the axillary-to-subcutaneous fat density dif-
fered between the three groups (p-value <0.001, Figs. 3, 4). Particularly, the values associated with normal LN at
combined evaluation were lower than those associated with inflammatory (median o 8.0 HU, IQR: 5.0-13.8
HU; median i, gummatory: 25-5 HU, IQR: 22.0-34.3 HU; p-value <0.001) and metastatic ones (median eqagtatic: 25-0
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Figure 3. Calculation of the axillary-to-subcutaneous fat density difference. Axillary-to-subcutaneous

fat density difference analysis in an unvaccinated patient with a melanoma of the right leg (A) and in a
vaccinated patient (B, injection site: left shoulder) with a melanoma of in the left arm (same patient shown in
Supplementary information Fig. S1).
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Figure 4. Axillary-to-subcutaneous fat density difference according to the combined classification. Box-plot
graph showing the difference values calculated from the axillary-to-subcutaneous fat densities, according to

the different categories of the combined classification (A). ROC curves with their relative area under the ROC
curve, defining the ability of axillary-to-subcutaneous fat density difference to discriminate between normal and
inflammatory or metastatic LNs and between normal or inflammatory and metastatic LNs (B). ROC receiver
operating characteristic curve, LN lymph node.

HU, IQR: 11.0-29.0 HU; p-value <0.001). On the contrary, the axillary-to-subcutaneous fat density values did
not significantly differ between inflammatory and metastatic LNs (p-value=0.27, Fig. 4). The calculated opti-
mal thresholds to differentiate normal LNs from inflammatory/metastatic ones and normal/inflammatory LNs
from metastatic ones using the axillary-to-subcutaneous fat density values, derived by using the Youden index
approach, were 20 HU and 21 HU, respectively. These corresponded to the following sensitivity, specificity, and
AUC values: 81%, 90%, 0.90, and 64%, 80%, 0.79, respectively (Fig. 4).

Discussion

Our study showed a high rate of HALNS in patients with melanoma who underwent SARS-CoV-2 vaccination.
Interestingly, the A-Node-RADS and the combined classification showed a very good agreement. Furthermore, a
good agreement between the A-Node-RADS and A-Node-RADS calculated on the SUV,_,, LN was found. Finally,
the axillary-to-subcutaneous fat density difference was lower in normal than in non-normal LNs.
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In the recent past, the evidence of both HALNs and enlarged axillary LNs in cancer patients after SARS-CoV-2
vaccination has posed a serious diagnostic dilemma to medical imaging physicians. Of note, a meta-analysis
pointed out that HALNSs have a higher pooled prevalence than enlarged LNs", highlighting that some HALNSs
are of normal size. With additional waves of COVID-19 infections striking the westernized countries and booster
vaccination doses being administered, the differential diagnosis of HALNSs in vaccinated patients remains an
unsolved point. Since immunologists agreed that SARS-CoV-2 is likely to become an endemic virus's, this
diagnostic dilemma is going to become part of the everyday clinical routine of nuclear medicine physicians. As
shown in a small cohort study, the anatomical images could ease HALN characterization, reducing equivocal
reports'’. However, thus far, HALN characteristics on CT images have not been standardized, and the HALN
interpretation is left to the reader’s experience!?.

The Node-RADS has been developed to standardize the LN reporting system and to categorize the radio-
logical suspicion, aiming to increase diagnostic performances and serve as a gatekeeper for further exams'.
However, the benefits of Node-RADS exceeded the expectation proving a high correlation with texture analysis
as well'®. In general, RADS usually place their emphasis on cancer detection'*?°. However, Node-RADS may help
identify low-suspicious HALNS after Sars-CoV-2 vaccination too. Although our results rely on a modified ver-
sion of the Node-RADS based on low-dose CT images, none of the LNs categorized as metastatic at combined
classification had a benign aspect (A-Node-RADS 1 or 2), and none of those devoid of 2-['®F]-FDG activity had
equivocal or highly suspicious characteristics (A-Node-RADS 3 to 5), proving the potential of A-Node-RADS
as a reliable tool to differentiate benign from malignant LNs. Moreover, 83.3% of the inflammatory LNs did not
have a clearly malignant aspect (A-Node-RADS 1 to 3), stressing the usefulness of anatomical imaging in char-
acterizing HALN. Also, 57.1% of metastatic LNs were correctly classified as highly or very highly suspicious
LNs by A-Node-RADS (grade 4 or 5), while the remaining 42.9% were deemed to be equivocal (grade 3). These
performances could relate to the high correlation between LN size and shape and texture features, which in turn
relate to LN and tissue microstructure'®.

Interestingly, most inflammatory LNs at combined classification (76.7%) had an equivocal aspect at A-Node-
RADS (grade 3). Although the histological evaluation shows clear differences between reactive and metastatic
LNs?"?, this distinction in images remains challenging®. Indeed, inflammatory and metastatic LN could share
imaging features such as 2-['®F]-FDG uptake, dimensional enlargement, and cortical thickening. Also, it is
worth mentioning that most of the imaging studies investigating LN characterization based their assumptions
on a dichotomous paradigm (benign vs. malignant or inflammatory vs. malignant)****, while in our study, three
scenarios have been evaluated.

The correct interpretation of equivocal cases (RADS grade 3) is also problematic in other organs®*~%. In fact,
Elsholtz et al. specified that the metastatic risk in a patient with an LN characterized as Node-RADS 3, should
be weighted considering the stage and histological grade of the primary tumor'*. This is in line with the results
of a recent study showing only 50% of LNs graded as Node-RADS 3 and 43% of those graded 4 were positive at
pathological analysis, in patients with bladder cancer®. Similarly, studies on other organs highlighted that the
probability of harboring a tumor in a grade 3 RADS is relatively low”*?. Additionally, none of the patients who
underwent fine needle aspiration due to enlarged axillary LNs after SARS-CoV-2 vaccination showed malignant
cells*’. Therefore, the majority of HALNS in vaccinated patients are unlikely to represent a metastasis at subjective
evaluation, irrespective of the primary tumor’. Although our study is based on A-Node-RADS rather than on
Node-RADS, we believe that A-Node-RADS 3 has the potential to become a useful tool to diagnose inflamma-
tory LN after SARS-CoV-2 vaccination. However, further studies specifically testing this hypothesis are needed.

As shown by our results, the axillary-to-subcutaneous fat density difference may be a simple yet valid tool
to distinguish between benign and non-benign LNs. Indeed, inflammation and tumor dissemination induce an
increase in lymphatic vessel number, caliber, and permeability?>**, as well as perinodal exudate®*. These condi-
tions may explain the results of our study. Indeed, perivisceral fat analysis already proved its usefulness in other
organs, such as the vascular system, rectum, or mesentery**~*’, but, to the best of our knowledge, this is the first
study analyzing its ability to categorize axillary LNs. Of note, while our study showed good diagnostic accuracy
in differentiating between normal and inflammatory or metastatic LN, it was not able to discriminate between
inflammatory and metastatic LNs. Nonetheless, our preliminary results strongly motivate further analysis of this
promising application of unenhanced CT images.

Our study has several limitations. First, it is a retrospective, single-center evaluation with all the inherent
limitations of this study design. Second, the study lacks a correlation between the combined PET classification
and the histological analysis thus it is prone to misclassifications. Relying on 2-[**F]-FDG findings to classify
LNs could have been misleading, opening to both false positives (ex. unknown inflammatory processes, such
as hidradenitis) and false negatives (ex. micromestastasis in axillary LNs). However, most of the papers dealing
with HALNS after Sars-CoV-2 vaccination share the same limitation since the rate of histological confirmation
is low. Although we tried to overcome some of these drawbacks by providing follow-up data, the latter were
not available for all our patients. Hence, we opted to rely on an ad-hoc classification, which proved to be highly
accurate but had low sensitivity values. Third, the A-Node-RADS used in this paper slightly differs from the
original classification, because of the absence of contrast medium administration. Although the Author of the
Node-RADS stated that the use of contrast medium is mandatory to properly classify them'* the conservative
approach used in our study to define LN’s necrosis yielded a good correlation with the combined classification.
Finally, our results cannot be generalized to other vaccines because of the different immune reactogenicity.
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Conclusions

A-Node-RADS and axillary-to-subcutaneous fat density difference can support clinical decisions, helping nuclear
medicine physicians discriminate between normal, inflammatory, and metastatic LNs in patients with melanoma
who underwent 2-[**F]-FDG PET/CT after SARS-CoV-2 vaccination.

Methods

In this retrospective, cross-sectional, single-center study, patients with proven melanoma who underwent a
2-['8F]-FDG PET/CT at the Nuclear Medicine Department of the University Hospital of Zurich between the
2nd of February and the 6th of April 2021 were analyzed. Clinical data, such as vaccination status, either with
BNT162b2 (Comirnaty®, Pfizer/BioNTech, New York, USA/Mainz, Germany) or mRNA-1273 (Moderna®, Mod-
erna Biotech, Cambridge, USA), vaccination dates, age, sex, body mass index (BMI), primary melanoma site
were derived from clinical records or by telephone interviews. Follow-up data were based on 2-['*F]-FDG PET/
CT images and reports. The inclusion criteria were: (1) age> 18 years old, (2) diagnosis of melanoma, and (3)
having undergone a 2-['®F]-FDG PET/CT. The exclusion criteria were: (1) inadequate quality of low-dose CT
images, (2) previous metastatic involvement of axillary LNs, defined as HALNSs detected in the penultimate
2-['8F]-FDG PET/CT exam, (3) absence of subcutaneous tissue in the axillary or pectoral region, and (4) pres-
ence of concomitant tumors.

Melanoma’s primary sites were categorized into the following groups: head, left arm, right arm, back, lower
abdomen/genitalia, leg, and unknown. The “head” category included melanomas arising between the calvarium
and the inferior part of the neck, defined as a plane passing through the superior margin of clavicles and the
superior edge of the trapezius muscle. The group “arms” included all the melanomas involving the scapula and
pectoral regions, arm, forearm, and hand, whereas the “back” gathered tumors involving the remaining portions
of the back. Finally, the “unknown” category grouped patients who had melanoma, but clinical information did
not specify the primary melanoma site.

The Swiss Association of Research Ethics Committees approved this study (Trial No. 2021-00444), which was
conducted according to ICH-Good Clinical Practice rules and the Declaration of Helsinki. Written informed
consent was obtained from all patients.

Image acquisition

Each patient was imaged using a last-generation PET/CT scanner (GE Discovery MI, GE Healthcare, Waukesha,
WI). The exam protocol consisted of a low-dose, attenuation correction, spiral CT scan (collimation width:
0.625 mm, pitch: 0.98, kVp: 120, automatic tube dose modulation ranging between 15 and 100 mAs, matrix:
512 x 512, slice thickness: 1.25 mm, spacing between slices: 1.25 mm), displayed using body filter (W/L: 40/400
Hounsfield Unit, HU), and a 2-[*8F]-FDG PET scan. The scan length did not vary between CT and PET exams,
usually extending between the calvarium and mid-thighs. In selected cases, it was prolonged up to the feet. PET
images were acquired after a minimum of 4 h fasting before the 2-['®F]-FDG injection. 2-["*F]-FDG uptake
time was set to 60 min. The PET acquisition time was 2 min per bed position; patients’ bed positions differed
according to patient size, ranging between 6 and 11, with a 23% overlap (17 slices). PET reconstructions were
generated using penalized likelihood reconstruction (Q. Clear, GE Healthcare) with a -value of 450, with a
256 x 256 matrix.

CT image analysis

A board-certified radiologist with 7 years of experience in oncologic imaging (A.G.G.), blinded to both vaccina-
tion status and PET results, reviewed the low-dose CT images. The left and right axilla’s LNs were analyzed using
a four-step approach. First, the radiologist defined the target LN in each axilla. Second, axial, coronal, and sagittal
reconstructions were evaluated, selecting the best one to image the LN; oblique reconstructions were generated if
needed. Third, LN’s short and long diameters, cortical thickness, presence of fat hilum, and/or cortical lump were
recorded. Subsequently, a modified version of the Node-RADS, the A-Node-RADS, was calculated' as presented
in Table 5. Of note, the original version of the Node-RADS applies to post-contrast images to characterize the
texture of the LN, whereas our study relied on unenhanced low-dose CT images only. Therefore, we adopted
a dimensional approach to characterize this parameter. Since Don et al., Zoumalan et al., and Yang W.T. et al.
proved necrosis to be directly related to LN’s short axis we decided to arbitrarily generate a dimensional cutoff for
LN necrosis based on their studies®®*. An axial diameter of 18 mm was selected as the cutoff for necrosis, which
was calculated by averaging the cutoffs proposed in the aforementioned studies (20, 13, and 23 mm, respectively).
To account for focal necrosis, an LN cortex thickness of >6 mm was arbitrarily selected as necrosis cutoff, based
on Grimm et al., who showed that less than 95% of normal axillary LN have a cortex thickness >6 mm*!. These
parameters were combined with fatty hilum presence to define the four distinct texture subcategories proposed
in the Node-RADS. Finally, a screenshot of the selected LN was taken for further comparison.

After A-Node-RADS calculation, circular regions of interest (ROIs) were drawn in the axillary fat (average
diameter: 10 mm) and in the pectoral subcutaneous tissue (average diameter: 5 mm) of each side. Lateral tho-
racic and subscapular vessels were carefully avoided while drawing the ROIs in the axillary fat. The axillary-to-
subcutaneous fat density difference was subsequently calculated aiming to minimize image noise.

PET image analysis: qualitative and quantitative assessment

Two weeks after the CT reading session, the same reader inspected the three-dimensional maximum intensity
projection (MIP) 2-[**F]-FDG PET images of each patient distinguishing positive (evidence of HALN) from
negative cases. According to previous literature, HALNs were defined as LN that were visually depictable on
MIP images®. In positive cases, a semi-automated cubicle volume of interest encasing the LN with the highest
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Criteria Anatomical characteristics Definition Points
Short LN diameter <10 mm Normal 0
Size Short LN diameter between 11 and 30 mm Enlarged 1
Short LN diameter >30 mm Bulk 5
sh Detectable fatty hilum and a short-to-long LN’s diameters ratio < 0.9 Bean shaped LN with detectable fatty hilum 0
ape
P Undetectable fatty hilum and a short-to-long LN’s diameters ratio>0.9 Spherical without fatty hilum 1
No cortical lump on the LN cortex Smooth borders 0
Border
Presence of cortical lump on the LN’s cortex Irregular borders 1
Detectable fatty hilum, a LN’s short diameter <9 mm and cortex thickness<6 mm | Homogeneous 0
Detectable fatty hilum, a LN’s short diameter between 10 and 18 mm and a cortex
- Heterogeneous 1
thickness <6 mm
Texture
Detectable fatty hilum, but a LN’s short diameter between 10 and 18 mm, and a LN’s .
. Focal necrosis 2
cortex thickness >6 mm
Non-detectable fatty hilum and a short diameter > 18 mm Gross necrosis or any other new necrosis 3

Table 5. Adapted Node-RADS classification. RADS reporting and data system, LN lymph node.

metabolic activity was drawn on fused PET/CT axial images. Metabolic activity was based on the maximum
standardized uptake value (SUV,,,), which was calculated as the decay corrected radioactivity per volume
(kBg/ml), divided by the initially injected dose (MBq) and multiplied by body weight (kg). In positive cases,
the stored CT screenshots were compared to PET images. Concordant cases were those in which the same LN
was pinpointed by both techniques, while discordant cases were those in which the LNs differed (qualitative
analysis). In discordant cases, the A-Node-RADS criteria were calculated subsequently on the LN having the
highest SUV,,,, (quantitative approach).

Combined classification quantifying the metastatic risk score

The risk of LN metastatic involvement was weighted according to the following clinical and imaging parameters:
LN’s metabolic activity, primary melanoma site, vaccination status, and metastasis in other organs (combined
classification). These parameters were used to impute a quantitative scale grading the risk of metastatic involve-
ment of the LN. Each LN was categorized as inactive (0 points) or active according to 2-["*F]-FDG uptake at
MIP images. HALNs concordant to the primary melanoma site were further divided into ipsilateral (1 point)
or contralateral to the vaccination site (1.5 points). Similarly, these categories were used to describe active LN
discordant to the primary melanoma site but with a different weighting (0.5 points and 1.5 points, respectively).
As suggested in Sollini et al.*, different weights were used to grade the LN metastatic risk according to the pri-
mary melanoma site. Moreover, the metastatic involvement of other organs was also counted (1 point). Points
were summed, and the following categories were created: normal =0 points, inflammatory 0 <x < 1, metastatic > 1
point (Supplementary information Fig. S1).

The combined classification was used as the reference standard; both the Node-RADS and the axillary-to-
subcutaneous fat density changes were compared to it.

In a subset of patients, follow-up data were available, and the performances of the combined classification were
explored. Metastatic LNs were defined as those showing a (1) de-novo hypermetabolic pattern or those increasing
their metabolism at follow-up exam and (2) reported as metastatic. In patients who reported further rounds of
vaccination, hypermetabolic LNs ipsilateral to the injection site were deemed normal. LNs devoid of metabolic
activity were defined as normal. Positive LNs at combined classification were those categorized as metastatic at
follow-up, while those categorized as negative or inflammatory were defined as negative.

Statistical analysis

Statistical analysis was performed using R (version 4.0.5, https://www.r-project.org). D’Agostino-Pearson test was
used to check normality. Continuous variables were presented as mean + standard deviation (SD) and compared
using the analysis of variance (ANOVA) or unpaired Student ¢- test. Not normally distributed variables were pre-
sented as median with interquartile range (IQR) and compared using the Kruskal-Wallis or the Mann-Whitney
test. Finally, categorical variables were presented as frequencies and percentages and compared using Fisher’s
exact test or Chi-square test.

A-Node-RADS was grouped into the following categories: benign LNs (gathering A-Node-RADS 1 and 2),
equivocal LNs (A-Node-RADS 3), and malignant LNs (gathering A-Node-RADS 4 and 5). Fleiss-Cohen weighted
(quadratic) Cohen’s kappa (k) was used to evaluate the agreement between the A-Node-RADS and the combined
classification, as well as between the A-Node-RADS value of the LN selected on CT images and the SUV,,,,
LN*. k value agreement was graded as follows: poor (k value <0.20), fair (=0.20 and < 0.40), moderate (>0.40
and <0.60), good (=0.60 and < 0.80), and very good (=0.80 up to 1). The k values were presented together with
a 95% confidence interval (CI) calculated using Wald’s method.

The axillary-to-subcutaneous fat density differences were compared according to the combined classification.
The Youden index was used to define the best sensitivity and specificity cut-offs for the axillary-to-subcutaneous
fat density in discriminating between normal and inflammatory/metastatic LNs as well as between normal/
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inflammatory and metastatic LNs. Moreover, the area under the receiver operating characteristic curve was
calculated (ROC, AUC).

The sensitivity, specificity, and accuracy values of the combined classification according to follow-up data
were presented together with 95% CI.

For all tests, a p-value <0.05 was considered to indicate a statistically significant difference. The Holm correc-
tion was used in the case of multiple comparisons, keeping the statistical significance set at 0.05.

Ethics approval
The present study was approved by the Swiss Association of Research Ethics Committees and was conducted in
compliance with ICH-GCP rules and the Declaration of Helsinki. Trial No. 2021-00444.
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Data availability
The datasets analyzed in the current study are not publicly available due to the possibility to showcase patients’
identity. However, they could be available from the corresponding author upon reasonable request.

Received: 18 January 2023; Accepted: 5 October 2023
Published online: 26 October 2023

References

1. COVID-19 Dashboard by the Center for Systems Science and Engineering (CSSE) at Johns Hopkins University (JHU) (2021).

2. Sadoff, J. et al. Safety and efficacy of single-dose Ad26.COV2.S vaccine against Covid-19. N. Engl. J. Med. https://doi.org/10.1056/
NEJMoa2101544 (2021).

3. Baden, L. R. et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N. Engl. ]. Med. 384, 403-416. https://doi.org/10.
1056/NEJMo0a2035389 (2021).

4. Polack, E. P. et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N. Engl. J. Med. 383, 2603-2615. https://doi.org/
10.1056/NEJMoa2034577 (2020).

5. Mortazavi, S. Coronavirus disease (COVID-19) vaccination associated axillary adenopathy: Imaging findings and follow-up
recommendations in 23 women. AJR Am. J. Roentgenol. https://doi.org/10.2214/AJR.21.25651 (2021).

6. Ozutemiz, C. et al. Lymphadenopathy in COVID-19 vaccine recipients: Diagnostic dilemma in oncology patients. Radiology,
210275. https://doi.org/10.1148/radiol.2021210275 (2021).

7. Maurer, A. et al. Frequency and intensity of [(18)F]-PSMA-1007 uptake after COVID-19 vaccination in clinical PET. BJR Open 4,
20210084. https://doi.org/10.1259/bjro.20210084 (2022).

8. Cohen, D., Krauthammer, S. H., Wolf, I. & Even-Sapir, E. Hypermetabolic lymphadenopathy following administration of BNT162b2
mRNA Covid-19 vaccine: Incidence assessed by [(18)F]JFDG PET-CT and relevance to study interpretation. Eur. J. Nucl. Med. Mol.
Imaging https://doi.org/10.1007/s00259-021-05314-2 (2021).

9. Skawran, S. et al. [(18)F]FDG uptake of axillary lymph nodes after COVID-19 vaccination in oncological PET/CT: Frequency,
intensity, and potential clinical impact. Eur. Radiol. https://doi.org/10.1007/s00330-021-08122-2 (2021).

10. Schroeder, D. G. et al. Frequency and characteristics of nodal and deltoid FDG and (11)C-Choline uptake on PET performed after
COVID-19 vaccination. AJR Am. ]. Roentgenol. 217, 1206-1216. https://doi.org/10.2214/AJR.21.25928 (2021).

11. Shin, M. et al. COVID-19 Vaccination-Associated Lymphadenopathy on FDG PET/CT: Distinctive features in adenovirus-vectored
vaccine. Clin. Nucl. Med. 46, 814-819. https://doi.org/10.1097/RLU.0000000000003800 (2021).

12. Cohen, D., Krauthammer, S. H., Wolf, I. & Even-Sapir, E. Hypermetabolic lymphadenopathy following administration of BNT162b2
mRNA Covid-19 vaccine: Incidence assessed by [(18)F]FDG PET-CT and relevance to study interpretation. Eur. J. Nucl. Med. Mol.
Imaging 48, 1854-1863. https://doi.org/10.1007/s00259-021-05314-2 (2021).

13. Adin, M. E,, Isufi, E., Kulon, M. & Pucar, D. Association of COVID-19 mRNA vaccine with ipsilateral axillary lymph node reactivity
on imaging. JAMA Oncol. 7, 1241-1242. https://doi.org/10.1001/jamaoncol.2021.1794 (2021).

14. Elsholtz, E H. . et al. Introducing the Node Reporting and Data System 1.0 (Node-RADS): a concept for standardized assessment
of lymph nodes in cancer. Eur. Radiol. 31, 6116-6124. https://doi.org/10.1007/s00330-020-07572-4 (2021).

15. Treglia, G., Cuzzocrea, M., Giovanella, L., Elzi, L. & Muoio, B. Prevalence and significance of hypermetabolic lymph nodes detected
by 2-[(18)F]FDG PET/CT after COVID-19 vaccination: A systematic review and a meta-analysis. Pharmaceuticals (Basel) 14.
https://doi.org/10.3390/ph14080762 (2021).

16. Phillips, N. The coronavirus is here to stay—here’s what that means. Nature 590, 382-384. https://doi.org/10.1038/d41586-021-
00396-2 (2021).

17. Shah, S., Wagner, T., Nathan, M. & Szyszko, T. COVID-19 vaccine-related lymph node activation—patterns of uptake on PET-CT.
BJR Case Rep. 7,20210040. https://doi.org/10.1259/bjrcr.20210040 (2021).

18. Meyer, H. J. et al. CT texture analysis and node-RADS CT score of mediastinal lymph nodes—diagnostic performance in lung
cancer patients. Cancer Imaging 22, 75. https://doi.org/10.1186/s40644-022-00506-x (2022).

19. Richman, D. M. et al. Assessment of American College of radiology thyroid imaging reporting and data system (TI-RADS) for
pediatric thyroid nodules. Radiology 294, 415-420. https://doi.org/10.1148/radiol.2019191326 (2020).

20. Walker, S. M. et al. Prospective evaluation of PI-RADS Version 2.1 for prostate cancer detection. AJR Am. J. Roentgenol. 1-6. https://
doi.org/10.2214/AJR.19.22679 (2020).

21. Cagigi, A. & Lore, K. Immune responses induced by mRNA vaccination in mice, monkeys and humans. Vaccines (Basel) 9. https://
doi.org/10.3390/vaccines9010061 (2021).

22. Zhou, H,, Lei, P. ]. & Padera, T. P. Progression of metastasis through lymphatic system. Cells 10. https://doi.org/10.3390/cells10030
627 (2021).

23. Mao, Y., Hedgire, S. & Harisinghani, M. Radiologic assessment of lymph nodes in oncologic patients. Curr. Radiol. Rep. 2. https://
doi.org/10.1007/s40134-013-0036-6 (2013).

24. Arslan, G., Altintoprak, K. M., Yirgin, L. K., Atasoy, M. M. & Celik, L. Diagnostic accuracy of metastatic axillary lymph nodes in
breast MRI. Springerplus 5, 735. https://doi.org/10.1186/s40064-016-2419-7 (2016).

25. Wang, H., Li, Q K., Auster, M. & Gong, G. PET and CT features differentiating infectious/inflammatory from malignant mediastinal
lymphadenopathy: A correlated study with endobronchial ultrasound-guided transbronchial needle aspiration. Radiol. Infect. Dis.
5,7-13. https://doi.org/10.1016/1.jrid.2018.01.002 (2018).

Scientific Reports |

(2023) 13:18357 | https://doi.org/10.1038/s41598-023-44215-2 nature portfolio


https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMoa2101544
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.2214/AJR.21.25651
https://doi.org/10.1148/radiol.2021210275
https://doi.org/10.1259/bjro.20210084
https://doi.org/10.1007/s00259-021-05314-2
https://doi.org/10.1007/s00330-021-08122-2
https://doi.org/10.2214/AJR.21.25928
https://doi.org/10.1097/RLU.0000000000003800
https://doi.org/10.1007/s00259-021-05314-2
https://doi.org/10.1001/jamaoncol.2021.1794
https://doi.org/10.1007/s00330-020-07572-4
https://doi.org/10.3390/ph14080762
https://doi.org/10.1038/d41586-021-00396-2
https://doi.org/10.1038/d41586-021-00396-2
https://doi.org/10.1259/bjrcr.20210040
https://doi.org/10.1186/s40644-022-00506-x
https://doi.org/10.1148/radiol.2019191326
https://doi.org/10.2214/AJR.19.22679
https://doi.org/10.2214/AJR.19.22679
https://doi.org/10.3390/vaccines9010061
https://doi.org/10.3390/vaccines9010061
https://doi.org/10.3390/cells10030627
https://doi.org/10.3390/cells10030627
https://doi.org/10.1007/s40134-013-0036-6
https://doi.org/10.1007/s40134-013-0036-6
https://doi.org/10.1186/s40064-016-2419-7
https://doi.org/10.1016/j.jrid.2018.01.002

www.nature.com/scientificreports/

26. Steinkohl, E. et al. Retrospective analysis of the development of PIRADS 3 lesions over time: When is a follow-up MRI reasonable?.
World J. Urol. 36, 367-373. https://doi.org/10.1007/s00345-017-2135-0 (2018).

27. Trimboli, P. et al. A multicentre validation study for the EU-TIRADS using histological diagnosis as a gold standard. Clin. Endo-
crinol. (Oxf) 91, 340-347. https://doi.org/10.1111/cen.13997 (2019).

28. Panigrahi, B. et al. Characteristics and outcomes of BI-RADS 3 lesions on breast MRI. Clin. Breast Cancer 19, e152-€159. https://
doi.org/10.1016/j.clbc.2018.08.011 (2019).

29. Agnello, E. et al. Outcome of LR-3 and LR-4 observations without arterial phase hyperenhancement at Gd-EOB-DTPA-enhanced
MRI follow-up. Clin. Imaging 68, 169-174. https://doi.org/10.1016/j.clinimag.2020.08.003 (2020).

30. Leonardo, C. et al. Performance of Node-RADS scoring system for a standardized assessment of regional lymph nodes in bladder
cancer patients. Cancers (Basel) 15. https://doi.org/10.3390/cancers15030580 (2023).

31. Hagen, C. et al. Fine needle aspiration in COVID-19 vaccine-associated lymphadenopathy. Swiss Med. Wkly 151, w20557. https://
doi.org/10.4414/smw.2021.20557 (2021).

32. Schwager, S. & Detmar, M. Inflammation and lymphatic function. Front. Immunol. 10, 308. https://doi.org/10.3389/fimmu.2019.
00308 (2019).

33. Smith, R. O. & Wood, W. B,, Jr. Cellular mechanisms of antibacterial defense in lymph nodes; the origin and filtration effect of
granulocytes in the nodal sinuses during acute bacterial lymphadenitis. J. Exp. Med. 90, 567-576. doi:https://doi.org/10.1084/jem.
90.6.567 (1949).

34. Quaia, E. et al. Predictors of mesorectal fascia invasion after gadolinium injection in rectal carcinoma after neoadjuvant therapy.
Clin. Imaging 38, 698-703. https://doi.org/10.1016/j.clinimag.2014.05.003 (2014).

35. Kluner, L. V,, Oikonomou, E. K. & Antoniades, C. Assessing cardiovascular risk by using the fat attenuation index in coronary CT
angiography. Radiol. Cardiothorac. Imaging 3, e200563. https://doi.org/10.1148/ryct.2021200563 (2021).

36. Devos, H. et al. Fat misbehaving in the abdominal cavity: A pictorial essay. Pol. J. Radiol. 85, €32-€38. https://doi.org/10.5114/pjr.
2020.93070 (2020).

37. Quaia, E. et al. Biochemical markers and MR imaging findings as predictors of crohn disease activity in patients scanned by
contrast-enhanced MR enterography. Acad. Radiol. 21, 1225-1232. https://doi.org/10.1016/j.acra.2014.05.002 (2014).

38. Yang, W. T, Lam, W. W,, Yu, M. Y., Cheung, T. H. & Metreweli, C. Comparison of dynamic helical CT and dynamic MR imaging
in the evaluation of pelvic lymph nodes in cervical carcinoma. AJR Am. . Roentgenol. 175, 759-766. https://doi.org/10.2214/ajr.
175.3.1750759 (2000).

39. Zoumalan, R. A. et al. Lymph node central necrosis on computed tomography as predictor of extracapsular spread in metastatic
head and neck squamous cell carcinoma: Pilot study. J. Laryngol. Otol. 124, 1284-1288. https://doi.org/10.1017/500222151100014
53 (2010).

40. Don, D. M., Anzai, Y., Lufkin, R. B, Fu, Y. S. & Calcaterra, T. C. Evaluation of cervical lymph node metastases in squamous cell
carcinoma of the head and neck. Laryngoscope 105, 669-674. https://doi.org/10.1288/00005537-199507000-00001 (1995).

41. Grimm, L. J,, Viradia, N. K. & Johnson, K. S. Normal axillary lymph node variability between white and black women on breast
MRI. Acad. Radiol. 25, 305-308. https://doi.org/10.1016/j.acra.2017.10.007 (2018).

42. Sollini, M., Gelardi, E, Biroli, M. & Chiti, A. Patients’ findings after COVID-19 infection and vaccinations: What to expect from
[18F]FDG PET/CT. Eur. ]. Nucl. Med. Mol. Imaging 49, 791-795. https://doi.org/10.1007/s00259-021-05652-1 (2022).

43. Fleiss, J. L. & Cohen, J. The equivalence of weighted kappa and the intraclass correlation coefficient as measures of reliability. Educ.
Psychol. Meas. 33, 613-619. https://doi.org/10.1177/001316447303300309 (2016).

Author contributions

Conceptualization: A.G.G., A.C.-E, S.S., A M., M.\W.H., and M.M; methodology: A.G.G., AR, ESS., V.T,, and
M.M; formal analysis and investigation: A.G.G., A.R., T.S., and M.M; writing—original draft preparation: A.G.G.;
writing—review and editing: A.G.G., AR, TS., S.S., AM., VT, ES., A.C.-E, M.S., SW,, M\WH.,, and M.M;
supervision: M.M. All authors read and approved the final version of the manuscript.

Competing interests

Dr. A.G.G’s Ph.D. is partially supported by a personal research grant awarded by the Swiss Government Excel-
lence Scholarship, Switzerland. Dr. A.G.G., Dr. M..S., Dr. M.M., and Dr. M.W.H. are supported by a grant from
the CRPP “Al Oncological Imaging Network” (University of Zurich). T.S’s, Dr. M.S’s, and Dr. S.S’s work is sup-
ported by a research grant from the Palatin Foundation, Switzerland. Dr. A.R,, Dr. AM.,, V.T,, Dr. ES,, Dr. M.S.,
Dr. S.W,, and Dr. A.C-E declare no potential conflict of interest. The University Hospital Zurich holds a research
agreement with GE Healthcare. Neither the funders nor GE had any role in the design or execution of the study.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-44215-2.

Correspondence and requests for materials should be addressed to M.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:18357 | https://doi.org/10.1038/s41598-023-44215-2 nature portfolio


https://doi.org/10.1007/s00345-017-2135-0
https://doi.org/10.1111/cen.13997
https://doi.org/10.1016/j.clbc.2018.08.011
https://doi.org/10.1016/j.clbc.2018.08.011
https://doi.org/10.1016/j.clinimag.2020.08.003
https://doi.org/10.3390/cancers15030580
https://doi.org/10.4414/smw.2021.20557
https://doi.org/10.4414/smw.2021.20557
https://doi.org/10.3389/fimmu.2019.00308
https://doi.org/10.3389/fimmu.2019.00308
https://doi.org/10.1084/jem.90.6.567
https://doi.org/10.1084/jem.90.6.567
https://doi.org/10.1016/j.clinimag.2014.05.003
https://doi.org/10.1148/ryct.2021200563
https://doi.org/10.5114/pjr.2020.93070
https://doi.org/10.5114/pjr.2020.93070
https://doi.org/10.1016/j.acra.2014.05.002
https://doi.org/10.2214/ajr.175.3.1750759
https://doi.org/10.2214/ajr.175.3.1750759
https://doi.org/10.1017/S0022215110001453
https://doi.org/10.1017/S0022215110001453
https://doi.org/10.1288/00005537-199507000-00001
https://doi.org/10.1016/j.acra.2017.10.007
https://doi.org/10.1007/s00259-021-05652-1
https://doi.org/10.1177/001316447303300309
https://doi.org/10.1038/s41598-023-44215-2
https://doi.org/10.1038/s41598-023-44215-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characterization of hypermetabolic lymph nodes after SARS-CoV-2 vaccination using PET-CT derived node-RADS, in patients with melanoma
	Results
	Patient demographics
	LN 2-[18F]-FDG PET characteristics
	A-Node-RADS
	LNs’ A-Node-RADS versus SUVmax LNs’ A-Node-RADS in HALNs
	Axillary-to-subcutaneous fat density difference analysis

	Discussion
	Conclusions
	Methods
	Image acquisition
	CT image analysis
	PET image analysis: qualitative and quantitative assessment
	Combined classification quantifying the metastatic risk score
	Statistical analysis
	Ethics approval
	Informed consent

	References


