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Abstract

Purpose The preferred hypothesis for the dissemination patterns of Hodgkin lymphoma (HL) is the contiguity hypothesis.
However, this hypothesis is based on studies performed before the advent of ['®F]-FDG PET/CT which is now the estab-
lished reference for HL staging. This study aims to extract the dissemination patterns of HL using ['®F]-FDG PET/CT and
a probability network model.

Methods We retrospectively analyzed ['®F]-FDG PET/CT performed for initial staging of patients with classical HL. The
HL involvement status (presence of absence) was reported for 19 supra- and infra-diaphragmatic lymph node regions and 4
extranodal regions (lung, spleen, liver, and osteo- medullary). The analysis of HL dissemination was carried out using HL
involvement status for all regions through 3 distinct methods: comparison of nearby lymph node regions, correlation assess-
ment between all regions and relationship strength between all regions using Ising network model.

Results A total of 196 patients were included. Our results showed strong relationships between nearby involved lymph
node regions (for example between the left pelvic and the abdominal lymph node regions (relationship strength =0.980))
and between more distant regions (for example between right and left axillary lymph node regions (strength=0.714)). Fur-
thermore, involvement of the infra-diaphragmatic lymph node regions was significantly correlated with Ann Arbor stage
IV (phi=0.56, p <0.001).

Conclusion This study confirms the hypothesis of lymphatic dissemination of HL in a contiguous mode, with additional links
between more distant regions. These predictable dissemination patterns could be useful for the initial staging assessment of
patients with HL using ['®F]-FDG PET/CT.
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Introduction

Predictable dissemination patterns could be useful for the
initial staging assessment of patients with Hodgkin lym-
phoma (HL) using 2-fluoro-2-deoxy-D-glucose positron
emission tomography/computed tomography (['*F]-FDG
PET/CT). The preferred hypothesis for lymphatic dissemi-
B< Xavier Palard-Novello nation is the so-called contiguity theory. The contiguity

X.palard @rennes.unicancer.fr theory suggests that HL disease spreads from an initial
involved lymph node region to other lymph node regions
along lymphatic channels. Rosenberg and Kaplan first
studied it in 1966 [1]. However, Smithers et al. suggested
another hypothesis so-called “susceptibility theory” a few
years later [2, 3]. Authors hypothesized that HL is spread
by a causative agent with de novo induction in different
sites, for example viral. The remaining lymph node regions
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would have an independent probability of being the next
ones involved. Lymphography was the imaging modality
used on the previous studies. Until the 1990s, this imaging
modality was considered as the best investigation for evalu-
ating the deep lymph nodes of patients with lymphoma
[4]. Then, spiral multi-slice computed tomography (CT)
replaced lymphography due to better performances for
detecting HL lesions [5]. Compared to lymphography, CT
is less invasive and enables detection of nodal and extra-
nodal lesions. However, ['®F]-FDG PET/CT is now rec-
ognized as the reference standard for the initial staging of
patients with HL because it demonstrated excellent perfor-
mance to detect simultaneously HL nodal and extranodal
lesions in the whole body [6]. ['®F]-FDG PET/CT has the
same advantages as CT compared to lymphography, and
outperforms CT for staging newly diagnosed HL [7], espe-
cially for osteo-medullary involvement [8]. To the best of
our knowledge, there is no study that already assessed dis-
semination patterns of HL using ['®F]-FDG PET/CT. The
study aims to analyze the distribution of involved nodal
and extranodal regions using ['®F]-FDG PET/CT in order
to extract the dissemination patterns of HL using a prob-
ability network model.

Material and methods
Patients

Patients aged > 18 years with classic HL. who performed
['®F]-FDG PET/CT between 2009 and 2021 at the Eugene
Marquis Center (Rennes, France) for initial staging were
retrospectively included. Age, gender, histological subtype
of HL, B-symptoms status (presence or absence unex-
plained unintentional weight loss of 10% within 6 months
or night sweats or unexplained fever > 38°C), and Epstein-
Barr virus (EBV) status (presence or absence of surrogate
marker of EBV extracted from the pathological analysis)
were collected. This study was approved by the local insti-
tutional review board of the University Hospital of Rennes
(IRB-No. 21/94).

[18F]-FDG PET/CT data

['®F]-FDG PET/CT scans were acquired using 4 different
PET/CT systems (Discovery ST (General Electric Health-
care), Biograph mCT (Siemens Healthineers), Biograph
mCT flow (Siemens Healthineers) and Discovery MI
(General Electric Healthcare)). The recommended interval
between FDG administration and the start of acquisition
was 60 minutes [9]. PET/CT scans were acquired at least
from skull base to proximal thighs. PET/CT images were

analyzed by a nuclear medicine physician using Syngo.
via software (Siemens Healthineers). Every focal tracer
uptake deviating from physiological distribution and back-
ground was regarded as suggestive of HL lesion. The HL
involvement status (presence or absence) was reported for
19 supra- and infra-diaphragmatic lymph node regions
and 4 extranodal regions (lung, spleen, liver, and osteo-
medullary region). For each patient, the region with the
maximal intensity of pathological uptake was reported
(maximal Standardized Uptake Value (SUVmax)). For
each voxel, the SUVbody weight was obtained with the
following formula:

SUV body weight = activity concentration (Bq/mL)
/injected activity (Bq)/body weight (g).

Lymph node region status involvement and patient
characteristics

Correlation assessment between involvement status of 4
lymph node regions (cervical, axillary, mediastinal/hilar,
and infra-diaphragmatic), and age (> 35 or < 35), gender,
B-symptoms status, Ann Arbor stage IV status, and EBV
status was performed using the phi correlation test which
calculates the degree of association between two binary
variables [10]. Absolute values of phi from 0 to 0.29 were
regarded as weak correlation, from 0.30 to 0.59 as moder-
ate correlation, and from 0.60 to 1.00 as strong correlation.

Assessment of HL dissemination

Regarding the HL dissemination assessment, a total of 185
patients were included because patients with Ann Arbor
Stage I (N = 11) were excluded.

Comparison of the nearby lymph node regions involvement
status

Pairs of adjacent lymph node regions were defined as fol-
lows (lymph node region 1/lymph node region 2): upper
right cervical/lower right cervical, upper left cervical/
lower left cervical, lower right cervical/right supra-clavic-
ular, lower left cervical/left supra-clavicular, right supra-
clavicular/right axillary, left supra-clavicular/left axillary,
right supra-clavicular/upper mediastinum, left supra-
clavicular/upper mediastinum, upper mediastinum/lower
mediastinum, upper mediastinum/left hilar, upper medi-
astinum/right hilar, lower mediastinum/left hilar, lower
mediastinum/right hilar, right internal mammary/right
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costo- phrenic, left internal mammary/left costo-phrenic,
abdominal/left pelvic, abdominal/right pelvic lymph
node region. The frequency of simultaneous involvement
of the pairs was compared with that expected with a y?
distribution.

Correlation analysis between the involvement status
of the different regions

Correlation assessment between the involvement status of
the different lymph node and extranodal regions was per-
formed using the phi correlation test. Absolute values of
phi from O to 0.29 were regarded as weak correlation, from
0.30 to 0.59 as moderate correlation, and from 0.60 to 1.00
as strong correlation.

Ising network model

The Ising model has been used to infer a graph structure
that estimates the relations between the different lymph
node and extranodal regions. The method combines logis-
tic regression with model selection using a LASSO regu-
larization to obtain a sparse network [11]. To select the
optimal parameter of the LASSO regularization, we used
the extended Bayesian information criterion (EBIC). The
mathematical model is described in the Supplementary
Information 1. The links between the different regions
are illustrated with edges in the network. To measure the
strength of edges, bootstrapping was performed (500 resa-
mples of the original dataset). The strength value of each
edge refers to the frequency of the edge selected in the 500
bootstraps. Values of strength from 0 to 0.29 were regarded

Fig.1 Flowchart

as weak strength, from 0.30 to 0.59 as moderate strength,
and from 0.60 to 1.00 as strong strength.

Statistical analysis

p < 0.05 was considered statistically significant. The Bon-
ferroni correction was applied for multiple comparisons.
Statistical analysis was performed using R software version
3.6.0 [12].

Results
Patients

A total of 196 patients were included after exclusion of
9 with concomitant hematological disease (6 with post-
transplant lymphoproliferative disorders and 3 with chronic
lymphocytic leukemia), exclusion of 16 patients because
['®F]-FDG PET/CT were not analyzable (8 with corrupted
data, 5 with brown fat activity, 2 with hyperinsulinism,
and 1 with image artifact), and 1 patient was excluded for
extranodal involvement only (Fig. 1).

The median age of the patients was 35 years (range
18-89). There was a balanced distribution regarding the
gender (54% of men) and the B-symptoms (47% of patients
had B-symptoms). There was 28% of the patients with Ann
Arbor stage IV and only 5.5% with Ann Arbor stage 1. The
most common histological subtype was the nodular scle-
rosis subtype (79%). The patient characteristics are sum-
marized in Table 1.

Patients with age > 18 years referred

for initial staging of classical Hodgkin lymphoma

(N=222)

» Lymphoproliferative-associated diseases (N = 9)
(post-transplantation lymphoproliferative disorders.N =6.
chronic lymphocytic leukemia, N = 3)

Non-analysable FDG PET/CT data (N = 16)
(corrupted data, N = 8.
fat brown activation, N =5,
hyperinsulinism. N =2,
image artefact N=1)

Patients included

(N =196)
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Table 1 Patient characteristics (N=196)

Characteristics Value
Age (years), median (range) 35 (18-89)
Gender, n (%)
Men 106 (54%)
Women 90 (46%)

Ann Arbor stage, n (%)
I, supra-diaphragmatic/infra-diaphragmatic

II, supra-diaphragmatic/infra-diaphragmatic

11 (5.5%), 7/4
101 (51.5%), 97/4

1 29 (15%)

v 55 (28%)
Subtype, n (%)

Nodular sclerosis 156 (79.5%)

Mixed cellularity 10 (5%)

Lymphocyte-rich 4 2%)

N/A 26 (13.5%)
B-symptoms, 7 (%)

Presence 92 (47%)

Absence 104 (53%)
EBV status, n (%)

Positive 96 (49%)

Negative 58 (30%)

N/A 42 (21%)

n, number of patients; N/A, non-available

Description of involved lymph node and extranodal
regions

A sum of 1141 lymph node regions were involved in the 196
patients, with an average of 7 involved lymph node regions
per patient (range 1-19). The most frequent involved region
was the upper mediastinum lymph node region (164 patients,
84%). The right cardio-phrenic lymph node region was the
least frequent involved lymph node region (35 patients, 18%)
(Fig. 2). Splenic, osteo-medullary, hepatic, and pulmonary
involvement were respectively found in 45 patients (23%),
42 patients (21%), 16 patients (8%), and 16 patients (8%).
The SUVmax was most frequently measured in the upper
mediastinum lymph node region (61 patients, 31%) and was
never measured in the right or left cardio-phrenic lymph
node regions.

Lymph node region status involvement and patient
characteristics

The results showed a moderate correlation between infra-
diaphragmatic lymph node region involvement and age >
35 years (phi = 0.39, p < 0.001), male gender (phi = 0.33,
p < 0.001), B-symptoms (phi = 0.32, p < 0.001), and Ann
Arbor stage IV (phi = 0.56, p < 0.001). Our results showed

also a significant but weak correlation between cervical
lymph node involvement and age > 35 years (phi = 0.20,
p < 0.029) and between mediastinal/hilar involvement
and female gender (phi = 0.29, p = 0.001). No significant
correlation was observed between lymph node regions
involvement status and EBV status. The results are sum-
marized in Table 2.

Assessment of HL dissemination

Comparison of the nearby lymph node regions involvement
status

The number of simultaneous adjacent involved lymph node
regions were 1121, whereas the number expected with a y?
distribution were 727 (p < 0.001) (Table 3). Nearby lymph
node regions were more frequently involved than expected,
suggesting contiguous dissemination.

Correlation analysis between the involvement status
of the different regions

Our results showed a significant correlation of the involve-
ment status between different nearby lymph node regions
(for example between the left pelvic and the abdominal
lymph node regions (phi = 0.63), between the lower left cer-
vical and the left supra-clavicular lymph node regions (phi
= 0.50), or between the right axillary and the right supra-
clavicular lymph node regions (phi = 0.28)).

The results showed also a significant but moderate cor-
relation between several distant lymph node regions (for
example between the right and left upper cervical lymph
node regions (phi = 0.37), between the right and left axillary
lymph node regions (phi = 0.37), and between the right and
left internal mammary lymph node regions (phi = 0.61)).

A strong correlation was found between the abdominal
lymph node region and the spleen (phi = 0.60). No signifi-
cant correlation was found between the abdominal and the
left supra-clavicular lymph node region. The correlation
results between all regions are detailed in Supplementary
Information 2.

Ising network model

Strong links were found between adjacent lymph node
regions in the probabilistic Ising network model (for exam-
ple between the lower left cervical and the left supra-clav-
icular lymph node regions (strength = 1.000), between the
lower mediastinum and the left hilar lymph node regions
(strength = 0.994), between the left pelvic and the abdomi-
nal lymph node regions (strength = 0.939), or between the
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Table 2 Correlation assessment of lymph node regions involvement status and patient characteristics
Involved lymph node region Age>35 Female gender B-symptoms Ann Arbor stage IV Surrogate
marker of
EBV
Cervical —0.20/>0.029* —0.05/1.000 0.06/1.000 0.07/1.000 —0.02/1.000
Axillary —0.01/1.000 —0.06/1.000 0.11/0.703 0.17/0.109 —0.04/1.000
Supra-clavicular —0.17/0.118 0.14/0.322 0.12/0.522 0.09/1.000 —0.19/0.136
Mediastinal/hilar —0.15/0.247 0.29/0.001* 0.10/0.880 0.15/0.246 —0.16/0.348
Infra-diaphragmatic 0.39/<0.001* —0.33/<0.001* 0.32/<0.001* 0.56/<0.001* 0.08/1.000

Phi correlation value/p-value with Bonferroni correction, *p-value <0.05

EBYV, Epstein-Barr virus

upper mediastinum and the right supra-clavicular lymph
node regions (strength = 0.762)).

The model showed also strong links between several
distant regions (for example between right and left pelvic
lymph node regions (strength = 1.000), between right and
left internal mammary lymph node regions (strength =
1.000), between right and left cardio-phrenic lymph node

@ Springer

regions (strength = 0.982), or between right and left axillary
lymph node regions (strength = 0.713)).

A strong relationship was found between the abdomi-
nal lymph node region and the spleen (strength = 1.000).
The relationship strength results between all regions are
detailed in the Supplementary Information 3. Strong links
(strength > 0.6) between regions are displayed in Fig. 3.
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Table 3 Nearby lymph node regions involvement status

Observed results Non- Involved
involved lymph
lymph node node
region 2 region 2

Non-involved lymph node 1418 305

region 1
Involved lymph node region 1 671 1121
Expected results with 2 Non- Involved p<0.001
distribution involved lymph
lymph node
node region
region 2 2
Non-involved lymph node 1024 699
region 1
Involved lymph node region 1 1065 722

Lymph node region 1 and 2 refer to the pairs of adjacent lymph node
regions defined as follows (lymph node region 1/lymph node region
2): upper right cervical/lower right cervical, upper left cervical/lower
left cervical, lower right cervical/right supra-clavicular, lower left
cervical/left supra-clavicular, right supra-clavicular/right axillary, left
supra-clavicular/left axillary, right supra-clavicular/upper mediasti-
num, left supra-clavicular/upper mediastinum, upper mediastinum/
lower mediastinum, upper mediastinum/left hilar, upper mediastinum/
right hilar, lower mediastinum/left hilar, lower mediastinum/right
hilar, right internal mammary/right costo-phrenic, left internal mam-
mary/left costo-phrenic, abdominal/left pelvic, abdominal/right pelvic
lymph node region

Fig.3 Ising network model o

with strength link between
regions > 0.6. Strong links f
were found between several
adjacent lymph node regions
(for example between the lower
left cervical and the left supra-
clavicular lymph node regions)
and between several more
distant lymph node regions (for
example between right and left

Discussion

The results of this study confirm the contiguous pattern
of lymphatic dissemination of HL from the distribution
analysis of HL lesions using ['®F]-FDG PET/CT in a
large cohort of newly diagnosed patients. Indeed, our
study exhibited strong relationships between nearby
involved lymph node regions. Moreover, our results
showed a significant link between several distant lymph
node regions, especially between regions located on the
right and left side of the body. Furthermore, our study
revealed a significant correlation between infra-dia-
phragmatic involvement and age > 35 years, male gender,
B-symptoms, and Ann Arbor stage I'V.

Regarding the contiguous pattern of lymphatic dis-
semination, Rosenberg and Kaplan first developed this
hypothesis of lymphatic dissemination in a study includ-
ing 100 patients with HL [1]. Two more recent stud-
ies were consistent with this hypothesis. First, Mauch
et al. performed a detailed analysis of anatomic sites of
involvement with physical examination, lymphography,
and histopathologic findings including 719 patients [13].
They found that the most common site of involvement
was mediastinum like in our study. A y? test was per-
formed between contiguous pair of lymph node regions
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to explore associations between sites of involvement.
Associations between adjacent lymph node regions were
found, so authors concluded that HL spreads contigu-
ously. Then, Roth et al. analyzed lymphatic dissemination
as a function of distribution involvement using also lym-
phography with also physical examination, lymphogra-
phy, and histopathologic findings including 297 patients
[14]. Authors compared the number of gaps observed
for the different pattern of distribution with the number
expected according to a probability model for random
progression. Authors concluded also that HL spreads via
functionally contiguous lymph nodes.

In relation to the significant link between distant
lymph node regions, Mauch et al. already exhibited an
association between right and left cervical lymph node
regions and right and left axillary lymph node regions
[13]. The creation of a collateral lymphatic network
linked to the obstruction of the main lymphatic net-
work by the invasion and thus the enlargement of the
lymph nodes could be an explanation for the association
between these distant lymph node regions. This explana-
tion is supported by the results of an experimental study
suggested that the ligation of the thoracic duct led to the
opening of pre-existing collateral lymphatic networks
[15]. Moreover, using lymphography, lymphatic obstruc-
tion may be revealed in patients with the lymph flows via
collaterals within regions not usually permeated [16].

Concerning the significant correlation between infra-
diaphragmatic involvement and age > 35 years, male
gender, B-symptoms, and Ann Arbor stage IV, Mauch
et al. already showed an association between infra-dia-
phragmatic involvement and age > 35 years and the pres-
ence of B-symptoms [11]. Related to these findings, dif-
ferent studies exhibited an association between isolated
infra-diaphragmatic HL and older age [17-20] and male
gender [17-21]. No hypothesis in literature has been
suggested to explain these correlations. Furthermore,
the results of our study show a significant correlation
between infra-diaphragmatic involvement and extran-
odal involvement. However, only 8 patients (4%) have
involvement limited to the infra-diaphragmatic lymph
node regions, which is consistent with literature (only
3-11% of adult patients have an isolated infra-diaphrag-
matic HL [18]). The risk of hematogenous dissemina-
tion of HL is probably higher with HL disseminated on
both sides of the diaphragm than involvement limited
to one side, which could be an explanation for the asso-
ciation between infra-diaphragmatic involvement and
extranodal involvement. This could also explain the cor-
relation of infra-diaphragmatic involvement in our study
with the presence of B-symptoms. Indeed, the presence

@ Springer

of B-symptoms is more frequent in patients with an
advanced stage [21].

Whether through correlation analysis or the Ising
network model, no significant association was observed
between the abdominal lymph node region and the left
supra-clavicular lymph node region. However, the pres-
ence of a lymphatic pathway linking the chyle cistern (or
Pecquet’s cistern) and the left jugulo-subclavian venous
confluence via the thoracic duct is known from anatomi-
cal description [22]. On one hand, different studies con-
firmed the existence of a link between the abdominal
lymph node region and the left supra-clavicular lymph
node region [2, 23, 24]. On the other hand, a lymphatic
dissemination from the abdominal lymph node region
to the mediastinal/hilar lymph node regions was exhib-
ited in two studies [13, 14]. However, the results of
our study did not reveal any association between these
regions neither. As suggested by Mann et al., the link
between the supra-diaphragmatic lymph node regions
and the abdominal lymph node regions could be the
spleen [25]. Indeed, the authors suggested an hematog-
enous dissemination to the spleen and a lymphatic dis-
semination from the spleen to the abdominal lymph node
regions. In anatomical description, the spleen has only
efferent lymphatic vessels [26], which is consistent with
this hypothesis. In our study, results showed a strong
relationship between the spleen and the abdominal lymph
node region. Moreover, our results exhibited a strong
link between spleen involvement and liver involvement,
suggesting an hematogenous dissemination to the spleen.
So, if we consider in our study that most of the patients
with infra-diaphragmatic involvement have a supra-dia-
phragmatic origin of HL, most of the involved abdominal
lymph node regions could come from the spleen. How-
ever, the results of our study do not exhibit a strong link
between the lymphovenous junctions (supra-clavicular
lymph node regions) and the spleen.

This study has some limitations. Firstly, it is a retro-
spective study, which may lead to possible selection bias.
Secondly, HL involvement in the different regions has been
assessed by ['®F]-FDG PET/CT, with a risk of false posi-
tive or false negative. Thirdly, ['*F]-FDG PET/CT scans
were performed on different systems with different detec-
tion efficiency. For instance, involved lymph node regions
with low ['"®*F]-FDG uptake could be missed using a PET/
CT device with a low detection efficiency whereas it could
be detected using a high-performance PET/CT device.
However, no quantitative metrics were compared in this
study. Fourthly, the impossibility to define the initially
involved lymph node region did not allow to model an ori-
ented probabilistic network model.
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To the best of our knowledge, we report the first lym-
phoma dissemination patterns obtained from a probabilis-
tic network model which enables to assess the relationship
strength between all regions simultaneously.

Conclusion

This study confirms the hypothesis of lymphatic dissemina-
tion of HL in a contiguous mode and exhibits additional
link between more distant lymph node regions. This predict-
able pattern of spread could be useful for the initial staging
assessment of patients with HL using ['®F]-FDG PET/CT.
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