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Abstract
Purpose: Vaccine-associated hypermetabolic lymphadenopathy (VAHL) is frequently observed on
[18F]FDG PET-CT following BNT162b2 administration. Recent data suggest a prominent B-cell germinal-
center (GC) response elicited by mRNA vaccines in draining lymph nodes. Thus, in this study we aimed to
explore the correlation between VAHL and humoral immunity as re�ected by post-vaccination serologic
testing, and by comparing the incidence of VAHL between lymphoma patients treated recently with B-cell
depleting therapy and those that did not. 

Methods: A total of 137 patients with hematologic malignancy that had post-vaccination [18F]FDG PET-
CT were included (All-PET group), 86 received both vaccine doses before imaging (PET-2 group). Their
VAHL status and grade on imaging were recorded. Among 102 lymphoma patients, 34 (33.3%) were
treated during the year prior vaccination with anti-CD20 antibody containing therapy. A subgroup of 54
patients also underwent serologic testing 2-3 weeks after the booster dose, and their anti-spike titers were
recorded and graded as well.

Results: The overall incidence of VAHL in patients with hematologic malignancy was 31.4%. The 34
lymphoma patients treated during the year prior vaccination with anti-CD20 antibody containing therapy
had signi�cantly lower rates of VAHL comparted to all other lymphoma patients (8.8% versus 41.2% in all-
PET patients, Pv < 0.01). VAHL rates were 10% in patients with negative serology, 31.3% in patients with
low anti-spike titers and 72.2% in patients with high anti-spike titers. The positive predictive values of
VAHL were 90% and 93.3% in all-PET and PET-2 patients, respectively. A positive statistically signi�cant
correlation was found between VAHL and serology ranks in All-PET patients (rs = 0.530, Pv < 0.001), and
stronger correlation was found in PET-2 patients (rs = 0.642, Pv < 0.001).

Conclusion: VAHL on [18F]FDG PET-CT of patients with hematologic malignancy may re�ect GC B-cell
proliferation and an effective humoral response elicited by BNT162b2 vaccine. 

Introduction
Data on the immune response elicited by anti-SARS-CoV-2 vaccines is being accumulated in various
patient cohorts [1–4]. Polack et al investigated the safety and e�cacy of the BNT162b2 mRNA Covid-19
vaccine in healthy adults or those with chronic stable medical conditions, excluding patients treated with
immunosuppressive therapies or diagnosed with immunocompromising conditions [1]. It was later
observed that in immunocompromised patients, the elicited immune response to mRNA Covid-19 vaccine
is reduced [2–3]. Boyarsky et al showed the poor humoral response elicited in a study of 346 solid organ
transplant recipients [2]. Monin-Aldama et al showed that the post-BNT162b2 immune e�cacy was
strikingly low in solid cancer patients and even lower in patients with hematologic malignancy [3].

In a study of 261 patients with cancer, Thakkar et al showed the signi�cantly lower seroconversion
observed in patients with hematological malignancy after Covid-19 infection, particularly in patients
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exposed to anti-CD20 antibody containing therapy [5]. B-cell depletion by treatment with rituximab or
obinutuzumab can also cause suppression of the immune response to vaccines [6–11]. These
monoclonal antibodies act against the surface antigen protein CD20 expressed on B-lymphocyte during
most of its developmental stages [12]. A study on rheumatic patients found that rituximab-treated
patients had decreased responses to pneumococcal polysaccharide vaccine [7]. Another study found that
In�uenza vaccine responsiveness was poor in patients on rituximab [8]. In light of such results, several
groups advise patients to consider the timing of Covid-19 vaccination relative to their anti-CD20 antibody
therapy schedule [9–11].

Detection of regional lymphadenopathy after Covid-19 vaccines on various imaging modalities has been
reported in case reports and small cohorts [13–25]. Recently, our group reported the incidence and time of
appearance of BNT162b2 vaccine-associated hypermetabolic lymphadenopathy (VAHL) on [18F]FDG
PET-CT [26].

While VAHL was reported after other vaccines in the past [27–29], no data exist on the correlation
between VAHL and immunogenicity. In this study on patients with hematologic malignancy we aimed to
explore the potential correlation between the phenomenon of reactive lymph nodes identi�ed as
hypermetabolic nodes on post-vaccination [18F]FDG PET-CT and the humoral immunity of the patient
re�ected by post-vaccination serologic testing, and by comparing between patients treated recently with
anti-CD20 antibody containing therapy and patients with similar disease not treated recently with B-cell
depleting treatment.

Methods
Patient Population.

Since the introduction of the mass vaccination campaign against Covid-19 in late 2020 [30] and after
receiving the consent of the institutional ethical committee, all patients over 16 years of age referred for
whole-body [18F]FDG PET-CT in our department were interviewed regarding the dates of the vaccine doses
they had and the site of injections [26]. Between December 27, 2020 and March 8, 2021, 150 vaccinated
patients with hematologic malignancy that were clinically evaluated and treated at the hematology
institute at Tel-Aviv Soursaky Medical Center were referred for [18F]FDG PET-CT in our department.
Thirteen patients with malignant axillary and supraclavicular hypermetabolic lymphadenopathy (MHL)
[26] were excluded. All other 137 vaccinated patients consist the study cohort (All-PET group), and include
102 lymphoma patients (86 Non-Hodgkin lymphoma; 16 Hodgkin lymphoma), 34 multiple myeloma
patients, and one patient with chronic lymphocytic leukemia (CLL). Fifty one of the patients received the
�rst vaccine dose only (PET-1 group) and 86 received both the �rst and booster vaccine doses (PET-2
group) before imaging.

Among the 102 lymphoma patients, 34 (33.3%) were treated with anti-CD20 antibody containing regimen
(30 with rituximab, 4 with obinutuzumab) during the 12-months prior to vaccination, median interval
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between last therapy and vaccination was 2.63 (IQR 0.70–5.98) months. The other 68 lymphoma
patients included: 22 treatment-naïve patients, 22 who were treated with anti-CD20 antibody containing
regimen > 12 month before vaccination (median interval 41.73, IQR 26.53–83.50 months), 19 received
other systemic therapy (15 for Hodgkin lymphoma, 4 for T-cell lymphoma), and 5 received other therapies
in the past.

A total of 54 patients (16 PET-1 patients and 38 PET-2 patients) underwent serologic testing following the
booster vaccine dose, and were included in a subgroup analysis. Median time interval between the
booster vaccine dose and serology testing was 17 (IQR 14.75-21) days. Table 1 and Table 2 summarize
the characteristics of the total study cohort and the subgroup cohort, respectively.

Imaging.

[18F]FDG PET-CT studies were performed on PET-CT scanners (GE Healthcare; DISCOVERY 690 and
DISCOVERY MI; 7 to 8 frames; frame time 1.5-3 minutes) according to our standard protocol [26]. Imaging
data was reviewed and the presence or absence of “hot” axillary or supraclavicular lymph nodes (ASLN)
ipsilateral to the vaccine injection site was recorded. Thus, scans were categorized as showing vaccine-
associated hypermetabolic lymphadenopathy (VAHL) or no VAHL if no "hot" nodes were detected. All
VAHL were graded on a 4 grade scale as described in our recent paper [26].

Serology testing.

Blood serum was collected 2–3 weeks after administration of the second BNT162b2 vaccine dose.
Serum samples were analyzed by using Elecsys® Anti-SARS-CoV-2S assay on the cobas e 601 (Roche
Diagnostics) for the quantitative detection of antibodies, predominantly IgG, aimed at the SARS-CoV-2
spike protein receptor binding domain. This assay has a measurement range of 0.40–250 U/mL, with
measured antibody concentration of < 0.80 U/mL considered as negative, and ≥ 0.80 U/mL as positive.
When sample results exceeded the upper limit of the measuring range, antibodies concentration was
quantitated by on-board dilution. For the purpose of the current study, antibodies concentration ≥ 0.80
U/mL but < 250 U/mL was graded as low titer, and antibodies concentration ≥ 250 U/mL was graded as
high titer. To ensure that none of the patients had been recently exposed to SARS-CoV-2, an added test
was run for the presence of antibodies to SARS-CoV-2 nucleocapsid by the Elecsys® Anti-SARS-CoV-2
assay using the cobas e 601 (Roche Diagnostics).

Statistical analysis.

Categorical variables were reported as frequency and percentage. Continuous variables were evaluated
for normal distribution and reported as median and interquartile range (IQR). Chi-square test and Fisher's
exact test were applied to compare proportions between groups. Independent samples Kruskal–Wallis
test and Mann-Whitney test were used to compare continuous variables. Spearman's rank-order
correlation was run to determine the relationship between ordinal variables. All statistical tests were
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performed using SPSS Statistics Version 27 (IBM, Armonk, NY, USA), were two-sided and Pv < 0.05 was
considered statistically signi�cant.

Results
Vaccine-associated hypermetabolic lymphadenopathy in patients with hematologic malignancy

The incidences of VAHL among vaccinated patients with hematologic malignancy were 31.4%, 25.5% and
34.9% in All-PET, PET-1 and PET-2 groups, respectively. Table 3 details the incidences of VAHL also for
lymphoma and myeloma patients separately.

Comparing lymphoma and myeloma patients, myeloma patients had non-signi�cant higher rates of
VAHL: 35.3% versus 30.4% in All-PET group, 27.3% versus 25.6% in PET-1 group and 39.1% versus 33.3%
in PET-2 group (Fig. 1, upper row).

Among the 102 vaccinated lymphoma patients, 34 (33.3%) were treated with anti-CD20 antibodies during
the year before vaccination (median time since last therapy was 2.63 months). The incidence of VAHL in
patients recently treated with anti-CD20 antibody containing regimen was signi�cantly lower compared to
other lymphoma patients in All-PET, PET-1 and PET-2 patients (Fig. 1, lower row). Only 3 of 34 (8.8%)
lymphoma patients recently treated with anti-CD20 antibody containing therapy showed VAHL on their
[18F]FDG PET-CT study, compared with 41.2% lymphoma patients not treated recently with anti-CD20
antibodies. Of note, 2 of the 3 VAHL-positive patients treated with anti-CD20 antibody containing regimen
during the last year received the last treatment 9.8 and 11.8 months before vaccination.

The relationship between vaccine-associated hypermetabolic lymphadenopathy and post-vaccination
antibody secretion

In 54 patients, post-vaccination [18F]FDG PET-CT studies and serologic analysis were performed. Sixteen
of them had their imaging study after the �rst vaccine dose, and the median interval between imaging
and serology analysis was 29.5 (IQR 21-34.5) days. Thirty eight of them had their imaging study after the
booster vaccine dose, and the median interval between imaging and serology analysis was 0.5 (IQR − 12 
− 8) days.

In 20 patients the serology result was negative (all had anti-spike antibodies concentration ≤ 0.40 U/mL),
16 patients had a low anti-spike titers (median antibody concentration 7.6, IQR 4.8-110.9 U/mL) and 18
patients had high anti-spike titers (median antibody concentration 688.4, IQR 426.2–1416 U/mL). As
presented on Table 4, the three groups did not differ signi�cantly in terms of age, gender and disease
composition. The incidence of VAHL differed signi�cantly between the three groups: only 2 of 20 (10%)
patients with negative serology showed VAHL on imaging, while 31.3% of those with low anti-spike titers
and 72.2% of those with high anti-spike titers had VAHL on their PET study. Figure 2 (upper row)
illustrates that VAHL grades were different as well between the groups, and that the differences were
more prominent in the patients having their [18F]FDG PET-CT after the booster vaccine dose.
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Calculation of the predictive values of [18F]FDG PET-CT in predicting the humoral immunity and potential
to have a positive post-vaccination serology is illustrated in Fig. 2, lower row. The positive predictive
values (PPV) were high: 90% (95% CI, 76.9%-100%) for All-PET patient and 93.3% (95% CI, 81.9%-100%)
for PET-2 patients. Negative predicting values were low: 52.9% (95% CI, 36.2%-69.7%) for All-PET patient
and 65.2% (95% CI, 45.8%-84.7%) for PET-2 patients.

A Spearman's rank-order correlation was run to determine the relationship between serology-based and
VAHL-based ranks. In the total 54 patients, there was a positive correlation between the variables, which
was statistically signi�cant (rs = 0.530, Pv < 0.001). No statistically signi�cant correlation was observed in
the population of 16 PET-1 patients (rs = 0.279, Pv = 0.295), but a stronger correlation was observed in the
38 PET-2 patients (rs = 0.642, Pv < 0.001). Similar results were observed in subgroups of patients with
lymphoma and myeloma separately (Fig. 3).

Discussion
The immune responses elicited by vaccines [31] is studied in depth lately, particularly since the
introduction of the novel anti-SARS-CoV-2 mRNA vaccines [32–34]. After intramuscular administration of
the vaccine, antigen-presenting cells (APCs) loaded with antigen migrate to regional lymph nodes, where
they present peptide antigens and elicit two main responses: cellular response, with the formation of
cytotoxic T lymphocytes capable of directly killing infected cells, and humoral response, which depends
on B-cells proliferation in the germinal center (GC) of the lymph node and the formation of matured B-
cells as antibody secreting plasma cells and memory B-cells [32].

Recent studies have highlighted the prominent GC response elicited by mRNA vaccines in the lymph
nodes reactive to the vaccine, and the pivotal role the GC response plays in the humoral response [33–
34]. Lederer et al showed the stronger GC response elicited by SARS-CoV-2 mRNA vaccine compared with
recombinant protein formulated vaccine [33]. A recent study by Ellebedy et al, that also included �ne
needle aspirates of draining axillary lymph nodes, emphasizes how the robust and persistent GC B-cell
response is essential for durable humoral immunity [34].

In this study, we aimed to investigate the correlation between VAHL and the humoral response elicited by
Covid-19 vaccine in patients with hematologic malignancy. [18F]FDG-positivity in ASLN ipsilateral to the
vaccine injection site re�ects hypermetabolism and proliferation of cells within the involved lymph nodes.
A group of patients that were recently treated with anti-CD20 antibodies were our model for B-cell
depletion. The signi�cant lower rates of VAHL observed in this patient group enforces the possibility that
VAHL is a re�ection of GC B-cell proliferation as part of the early stage of the humoral response to
vaccination. This observation motivated us to further explore the correlation between VAHL and the later
stage of the humoral response: antibody secretion as assessed by serologic testing.

We identi�ed in this study a subgroup of 54 patients with hematologic malignancy that had [18F]FDG
PET-CT study after vaccination and also had post-vaccination serologic testing. The �ndings of VAHL on
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imaging was found to be concordant with serology results: VAHL incidence was the highest among
patients with high anti-spike titers, and the �nding of VAHL showed an overall PPV of 90% in predicting
post-vaccination serology positivity. Statistically signi�cant positive correlation was found between
VAHL-based and serology-based ranks. All of the above results were more prominent in patients having a
[18F]FDG PET-CT study after the booster dose of the vaccine. This positive correlation indicates that the
detection VAHL suggests an effective humoral response and a higher likelihood that antibodies may be
produced. However, one should not consider the absence of VAHL on PET as indicative of impaired
humoral response.

Conclusions
In patients with hematologic malignancy, VAHL detected on [18F]FDG PET-CT positively correlates with
antibody-mediated immune response to Covid-19 vaccine and is barely observed in patients exposed to
anti-CD20 antibody containing therapy during the last year prior vaccination.
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Table 1
Study population characteristics

  All patients with hematologic
malignancy

Lymphoma
patients

Myeloma patients

  (n = 137) (n = 102) (n = 34)

Age (years) 68.5 (58.4–76.1) 68.4 (58.4–76.8) 68.3 (56.1–74.9)

Male 75 (54.7%) 52 (51.0%) 22 (64.7%)

Vac-1 patients

Days from Vac-1 to PET-
CT

51 (37.2%)

10 (6–15)

39 (38.2%)

10 (5–15)

11 (32.4%)

12 (8–16)

Vac-2 patients

Days from Vac-2 to PET-
CT

86 (62.8%)

19 (10–27)

63 (61.8%)

17 (10–27)

23 (67.6%)

22 (11–30)

Staging

Monitor response to
therapy

Recurrence

Follow-up with NED

26 (19.0%)

59 (43.1%)

22 (16.1%)

30 (21.9%)

20 (19.6%)

38 (37.3%)

18 (17.6%)

26 (25.5%)

6 (17.6%)

20 (58.8%)

4 (11.8%)

4 (11.8%)

Categorical variables are reported as frequency and percentage; Continuous variables are reported as
median and IQR. Vac-1, �rst vaccine dose; Vac-2, booster vaccine dose; NED, no evidence of disease
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Table 2
Characteristics of the subgroup of patients with post-vaccination serology testing

  All patients with hematologic
malignancy

Lymphoma
patients

Myeloma
patients

  (n = 54) (n = 33) (n = 20)

Age (years) 68.8 (61.2–76.8) 66.6 (52.3–
76.4)

70.7 (63.5–
77.0)

Male 32 (59.3%) 19 (57.6%) 12 (60.0%)

Vac-1 patients

Days from Vac-1 to PET-CT

Days from PET-CT to
Serology

16 (29.6%)

11 (7-15.75)

29.5 (21-34.5)

8 (24.2%)

10 (4-14.75)

32 (21-37.25)

7 (35.0%)

14 (10–17)

26 (21–31)

Vac-2 patients

Days from Vac-2 to PET-CT

Days from PET-CT to
Serology

38 (70.4%)

17 (10–31)

0.5 (-12–8)

25 (75.8%)

14 (9–28)

1 (-9.5–9.5)

13 (65.0%)

25 (11.5–32.5)

-4 (-13.5–5)

Days from Vac-2 to
serology

17 (14.75-21) 17 (15-21.5) 16.5 (14.25-
21)

Staging

Monitor response to
therapy

Recurrence

Follow-up with NED

7 (13.0%)

35 (64.8%)

3 (5.6%)

9 (16.7%)

3 (9.1%)

21 (63.6%)

2 (6.1%)

7 (21.2%)

4 (20.0%)

13 (65.0%)

1 (5.0%)

2 (10.0%)

Categorical variables are reported as frequency and percentage; Continuous variables are reported as
median and IQR. Vac-1, �rst vaccine dose; Vac-2, booster vaccine dose; NED, no evidence of disease



Page 14/18

Table 3
VAHL incidences in the study groups

All-PET group (n 
= 137)

  All patients with hematologic
malignancy

Lymphoma
patients

Myeloma
patients

  (n = 137) (n = 102) (n = 34)

no VAHL 94 (68.6%) 71 (69.6%) 22 (64.7%)

VAHL 43 (31.4%) 31 (30.4%) 12 (35.3%)

grade 1–2
VAHL

31 (22.6%) 21 (20.6%) 10 (29.4%)

grade 3–4
VAHL

12 (8.8%) 10 (9.8%) 2 (5.9%)

PET-1 group

(n = 51)

  All patients with hematologic
malignancy

Lymphoma
patients

Myeloma
patients

  (n = 51) (n = 39) (n = 11)

no VAHL 38 (74.5%) 29 (74.4%) 8 (72.7%)

VAHL 13 (25.5%) 10 (25.6%) 3 (27.3%)

grade 1–2
VAHL

11 (21.6%) 9 (23.1%) 2 (18.2%)

grade 3–4
VAHL

2 (3.9%) 1 (2.6%) 1 (9.1%)

PET-2 group

(n = 86)

  All patients with hematologic
malignancy

Lymphoma
patients

Myeloma
patients

  (n = 86) (n = 63) (n = 23)

no VAHL 56 (65.1%) 42 (66.7%) 14 (60.9%)

VAHL 30 (34.9%) 21 (33.3%) 9 (39.1%)

grade 1–2
VAHL

20 (23.3%) 12 (19.0%) 8 (34.8%)

grade 3–4
VAHL

10 (11.6%) 9 (14.3%) 1 (4.3%)

Categorical variables are reported as frequency and percentage. All-PET group refers to all patients with
hematologic malignancy that underwent [18F]FDG PET-CT after BNT162b2 administration. PET-1 group
includes those received the �rst vaccine dose only before imaging, and PET-2 group to those received the
booster dose as well
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Table 4
Patients characteristics in different serology-based groups

  negative serology low titer high titer Pv

  (n = 20) (n = 16) (n = 18)  

Age (years) 73.21 (66.13–
77.98)

65.28 (54.71–
75.45)

66.00 (48.74–
76.51)

0.220

Male 13 (65%) 9 (56.3%) 10 (55.6%) 0.804

Lymphoma 16 (80%) 7 (43.8%) 10 (55.6%)  

Myeloma 4 (20%) 8 (50%) 8 (44.4%) 0.084

CLL 0 (0%) 1 (6.3%) 0 (0%)  

VAHL on PET-CT 2 (10%) 5 (31.3%) 13 (72.2%) < 0.001
b,c

VAHL on PET-CT after
Vac-1

1/4 (25%) 1/6 (16.7%) 3/6 (50%) 0.358

VAHL on PET-CT after
Vac-2

1/16 (6.3%) 4/10 (40%) 10/12 (83.3%) < 0.001
a,b,c

Categorical variables are reported as frequency and percentage; Continuous variables are reported as
median and IQR. Vac-1, �rst vaccine dose; Vac-2, booster vaccine dose

a: a statistically signi�cant difference found between negative serology and low titer groups;

b: a statistically signi�cant difference found between negative serology and high titer groups;

c: a statistically signi�cant difference found between low titer and high titer groups.

Figures
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Figure 1

Vaccine-associated hypermetabolic lymphadenopathy rates in myeloma and lymphoma patients. Note
on the lower row the signi�cant lower VAHL rates in lymphoma patients treated recently with anti-CD20
antibody containing therapy. All-PET group refers to all patients with hematologic malignancy that
underwent [18F]FDG PET-CT after BNT162b2 administration. PET-1 group includes those received the �rst
vaccine dose only before imaging, and PET-2 group to those received the booster dose as well a: a
statistically signi�cant difference of no VAHL rates was found between compared groups; b: a
statistically signi�cant difference of grade 1-2 VAHL rates was found between compared groups; c: a
statistically signi�cant difference of grade 3-4 VAHL rates was found between compared groups;
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Figure 2

Upper row: Vaccine-associated hypermetabolic lymphadenopathy rates in serology-based groups. Note
the low rates of VAHL in patients with negative serology result. Lower row: Note the signi�cant higher
positive serology rate in patients with VAHL on imaging. All-PET group refers to all patients with
hematologic malignancy that underwent [18F]FDG PET-CT after BNT162b2 administration. PET-2 group
includes those received the �rst and booster vaccine doses before imaging a: a statistically signi�cant
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difference of no VAHL rates was found between negative serology and low titer groups; b: a statistically
signi�cant difference of no VAHL rates was found between negative serology and high titer groups; c: a
statistically signi�cant difference of no VAHL rates was found between low titer and high titer groups; d: a
statistically signi�cant difference of grade 1-2 VAHL rates was found between negative serology and high
titer groups; e: a statistically signi�cant difference of grade 1-2 VAHL rates was found between low titer
and high titer groups;

Figure 3

Correlation between serology-based and VAHL-based ranks. All-PET group refers to all patients with
hematologic malignancy that underwent [18F]FDG PET-CT after BNT162b2 administration. PET-2 group
includes those received the �rst and booster vaccine doses before imaging


