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Abstract 

Background:  Our aim was to measure the impact of two cycles of standard chemotherapy on tumoural neoangio-
genesis by [18F] fluorine arginine-glycine-aspartic (RGD-K5) positron emission tomography–computed tomography 
(PET) on patients presenting with lymphoma. Nineteen patients at Rouen’s Henri Becquerel Cancer Centre were pro-
spectively included. Fluorodeoxyglucose (FDG) and RGD-K5 PET were performed before (C0) and after (C2) two cycles 
of chemotherapy. End-of-treatment FDG PET was performed for final evaluation. Maximum standardised uptake value 
(SUVmax), SUVmean, Metabolic Tumour Volume (MTV) and Angiogenic Tumour Volume (ATV) were measured for all 
lesions. RGD SUVmax and SUVmean were also analysed in 13 normal organs at C0 and C2. The patient’s treatment 
response was considered using the Deauville score (DS) at the end of FDG PET treatment (DS 1–3 were considered 
responders, and 4 and 5 non-responders).

Results:  Eighteen patients had both C0 FDG and RGD PET. Twelve patients had both C2 FDG and RGD, completed 
the treatment protocol and were included in end-of-treatment analysis. No statistical difference was found in RGD 
uptake of normal organs before and after chemotherapy for SUVmax and SUVmean. On C0 RGD, apart from classical 
Hodgkin lymphoma (cHL; n = 5) and grey zone lymphoma (GZL; n = 1), other lymphoma sub-types (n = 12) had low 
RGD uptake (p < 0.001). Regarding FDG, there was no significant difference for SUVmax, SUVmean and MTV at C0 and 
C2 between patients with cHL and non-Hodgkin lymphoma (NHL). At C2 RGD, non-responders had higher SUVmax 
and SUVmean compared to responders (p < 0.001). There was no significant difference in RGD ATV between respond-
ers and non-responders.

Conclusions:  Our study showed significant higher initial RGD uptake in patients presenting with cHL and GZL com-
pared to NHL. Non-responder also had higher post-chemotherapy RGD uptake compared to responders. Issues raised 
by RGD uptake, particularly in cHL, are yet to be explored and need to be confirmed in a larger population.
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Background
Angiogenesis is a fundamental process involved in a 
variety of physiological and pathological conditions. The 
growth of solid tumours remains restricted to 2–3 mm in 
diameter until the onset of angiogenesis [1]. The concept 
of antiangiogenic therapy in clinical oncology is to stop 
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cancer progression by suppressing the tumour’s blood 
supply, and more than 20 angiogenic growth factors have 
been studied, including their receptors and signal trans-
duction pathways. This increasing use of targeted thera-
pies has led to a growing demand for imaging the tumour 
response to these treatments. Such biomarkers not only 
would facilitate clinical trials of new drugs but could also 
be used to aid in the selection of optimal treatment for 
individual patients (personalised medicine).

Positron emission tomography–computed tomogra-
phy (PET) using tracers for the assessment of glucose 
metabolism by [18F] fluorodeoxyglucose (FDG) is well 
established, and it plays a crucial role in initial stag-
ing and treatment response assessment, especially in 
patients with lymphoma [2]. Integrin αvβ3 is a heterodi-
meric transmembrane glycoprotein consisting of α- and 
β-subunits which plays an important role in angiogenesis 
[3]. These glycoproteins interact in cell–cell and cell–
matrix interactions, easing endothelial growth and cell 
migration, therefore paving the way to angiogenesis [4]. 
Integrins assist in the progress of tumour development 
and metastasis by facilitating endothelial and tumour 
cell migration. An important phenomenon that depends 
on cell–extracellular matrix (ECM) interactions is the 
growth or sprouting of new blood vessels from a pre-
existing vascular bed [4]. It has been found that several 
ECM proteins, like vitronectin, fibrinogen and fibronec-
tin, interact with integrins via the amino acid sequence 
arginine–glycine–aspartic acid (RGD in the single letter 
code) [3]. Based on these findings, monomeric, multi-
meric and cyclic peptides, including the RGD sequence 
have been introduced to allow integrin αvβ3 imaging 
and picture pathological angiogenesis. Targeting specific 
angiogenesis molecular markers by PET imaging, like the 
integrin αvβ3, can be used for angiogenesis imaging. Li 
et al. recently showed that high RGD uptake on pre-treat-
ment PET predicted antiangiogenic response in refrac-
tory patients presenting with solid cancer [5]. Patients 
presenting with solid tumours that showed low RGD 
uptake did not benefit from the antiangiogenic effect. 
Patients presenting with high RGD uptake benefited 
from the antiangiogenic effect. Therefore, RGD imaging 
could also be used for response assessment of antiangio-
genic therapies.

[18F] fluorine arginine-glycine-aspartic (RGD-K5) PET/
CT has been used in clinical studies on patients present-
ing with head and neck cancer [6], breast cancer [7] and 
lung cancer [8]. To the best of our knowledge, no clinical 
imaging study of angiogenesis in patients presenting with 
lymphoma has been performed.

The main objective of this study was to measure the 
impact of two cycles of standard chemotherapy on 
tumoural neoangiogenesis assessed by RGD-K5 PET/

CT in patients presenting with lymphoma. The second-
ary objective was to analyse RGD uptake according to the 
lymphoma subtype.

Methods
Population and treatment
This prospective study included 21 patients at Rouen’s 
Henri Becquerel Cancer Centre who presented with 
biopsy-proven lymphoma between July 2016 and Novem-
ber 2019 (Table  1). To avoid a partial volume effect on 
RGD PET, only patients with a target lesion at least 3 cm 
in size on CT were included. All patients were treated 
according to standard routine practice and national 
guidelines and their histological subtype. Patients with 
indolent lymphomas and no treatment criteria did not 
receive treatment. All patients were staged using FDG 
PET/CT. Additional RGD-K5 PET/CT was performed 
before or after initial and interim FDG (median + 7 days, 
range –4; + 22 for initial FDG and median –0.5  days, 
range –5; + 1 for interim FDG). Interim imaging using 
FDG and RGD was performed after 2 cycles of chemo-
therapy for patients receiving treatment. No additional 
treatment was given between FDG and RGD imaging. 
All patients had a final FDG for final Deauville score 
evaluation at the end of treatment. Patients with a final 
Deauville score of 4 or 5 were considered non-responders 
and those with score of 1, 2 or 3 as responders [9]. No 
end-of-treatment RGD PET was performed. All partici-
pants were followed at least 12 months after the end of 
treatment. The study was conducted in accordance with 
the precepts of the Helsinki Declaration and received 
approval by the Ethical Committee. All patients gave 
written consent for the study. A favourable opinion from 
the North-west Committee for the Protection of Persons 
was given (ref. CPP 02/008/2014). The EudraCT number 
is 2015–000757-20 and the study’s National Clinical Trial 
identifier is NCT02490891, first posted on 7 July 2015 
(https://​www.​clini​caltr​ials.​gov/​ct2/​show/​NCT02​490891).

PET‑CT imaging
Patients underwent baseline (C0) and interim (C2) FDG 
and RGD PET. Regarding the protocol, interim RGD was 
not performed at C2 if it was negative at C0 (RGD was 
considered negative if SUVmax was ≤ 1 at C0). FDG was 
performed according to European Association of Nuclear 
Medicine (EANM) procedure guidelines [10]. For this 
procedure, 3.5  MBq/kg of [18F] FDG was injected after 
20 min of rest. Sixty minutes later (± 10 min), the acqui-
sition began with non-injected CT (100  kV; 80 mAs) 
in the cephalocaudal direction on a General Electric 
710 PET/CT (Buc, France). The images were acquired 
with the patient’s arms positioned over the head while 
breathing freely. The PET data were then acquired in the 
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caudocephalic direction using a whole-body protocol 
(2  min per bed position). The delay between injection 
and acquisition was 60 min.

18F RGD was provided by Siemens® PETNET. Produc-
tion, labelling, delivering and Quality Control results 
were performed and provided by Siemens® PETNET. 
(Radiochemical purity > 95%, radiochemical impurities 
are in trace amount, i.e. of the order of less than 1% of 
the total radioactivity. The radiopharmaceutical prepa-
rations of RGD-K5, intended for parenteral administra-
tion, has been sterilised by a terminal sterilisation using 
a 0.22µ filter according to a validated industrial process. 
Patients did not fast prior to RGD administration. A 
standard dose of 4  MBq/kg (maximum 450  MBq) was 
administered after 60 min of rest. Images were acquired 
on the same PET instrument as for FDG, using the same 
bed protocol, but with parameters of 100 kV and 80 mAs 
CT to avoid unnecessary irradiation. The estimated addi-
tional dose delivered for RGD was 10  mSv. The tracer 
uptake was quantified using the standardised uptake 
value (SUV), calculated as tissue concentration (Bq/g)/
[injected dose (Bq)/body weight (g)].

PET analysis
All FDG and RGD PET scans were read by 2 nuclear 
physicians, one junior (2 years’ experience) and one sen-
ior (over 20 years’ experience). On FDG, all lesions (pri-
mary tumour and involved lymph nodes) with significant 
uptake were considered for determining maximal stand-
ardised uptake value (SUVmax), mean SUV (SUVmean) 
and metabolic tumour volume (MTV) using a 41% of 
SUVmax threshold.

On RGD, in addition to SUVmax, SUVmean for all 
lesions, SUVmax and SUVmean were also considered 
for 13 regions: occipital cortex, thyroid, ascending aorta 
(wall not included), inside left ventricle, lung, liver, 
spleen, gallbladder, kidney cortex, iliopsoas muscle, fem-
oral head, T12 vertebra and inferior vena cava. All meas-
urements were made on the right side (when applicable) 
regarding the middle third of the organ. For the liver, 
measurements assessed by placing a spherical volume of 
interest (VOI) of diameter 3 cm in the right upper lobe 
of the liver, avoiding the edge and any single ‘hot’ pix-
els likely to represent noise, sampling several axial slices 
to obtain a representative maximum liver SUVmax and 
SUVmean[10] (Additional file 1: Figure). For the spleen, 
measurements were made in the middle third. Organs 
were excluded from normal uptake analysis if they were 
found to be pathological on FDG PET or CT. For RGD, 
we measured an Angiogenic Tumour Volume (ATV) 
which mirrors the MTV only for RGD not FDG. The 
threshold for the ATV measurement was determined by 
the adaptive method and, if necessary, by expert visual 

Table 1  Baseline characteristics of included patients

Clinical features Value

Mean age at diagnosis ± SD (years) 55 ± 13

Mean height ± SD (cm) 171.6 ± 7.55

Mean weight ± SD (kg) 78 ± 16

Sex (n)

 Female 7

 Male 12

ECOG performance status (n)

 0 11

 1 7

 2 1

 3–4 0

Histological subtype (n)

 Classical Hodgkin lymphoma 6

 DLBCL 4

 Follicular lymphoma 3

 Mantle-cell lymphoma 3

 T-cell lymphoma 1

 Poppema 1

 Grey zone lymphoma 1

Tumour stage (n)

 IE 1

 II A 3

 II B 4

 III 2

 IV 9

Bone marrow biopsy  involvement (n)

 Negative 13

 Positive 5

 Unknown 1

 Nodal site (n) 18

Extra-nodular site (n)

 Spleen 3

 Lung 1

 Liver 1

 Skin 1

 Tongue 1

Mean LDH level ± SD (UI/L) 485 ± 256

Chemotherapy type (n)

 ABVD 7

 R-CHOP 6

 None 3

 Bendamustine 1

 R-CVP 1

 ACVBP 1

Prophylactic intrathecal methotrexate

 Yes 2

 No 17

Number of patients analysed (n) 19

Total number of patients (n) 21



Page 4 of 9Tonnelet et al. EJNMMI Res           (2021) 11:37 

sampling, i.e. experts visually adapted the threshold for 
the ATV to coincide with the tumour RGD uptake.

Treatment and follow‑up
All patients were treated according to national guidelines 
based on their histological subtype. Chemotherapy was 
performed using standard protocols. The patients were 
followed up by physical examination and FDG imaging. 
Biopsy was performed for any suspicious residual/recur-
rent tumours whenever possible.

Histopathological analysis
All patients had biopsy-proven lymphoma. All tumour 
tissues were routinely fixed in 4% buffered formaldehyde 
and processed by standard methods into paraffin blocks, 
and 4-µm slides were prepared and stained with haema-
toxylin and eosin. A senior pathologist noted the number 
of vascular sections and the presence of capillary vascu-
larisation via ERGmarker by field of view. For the ERG 
antibody (EP111, 1/100, pH 9; Epitomics, Burlingame, 
CA, USA), immunochemistry was performed with VEC-
TASTAIN ABC Rabbit IgG Kit (Vector Laboratories, 
Burlingame, CA, USA). Samples were examined under 
an Olympus DX51 microscope (Olympus, Paris, France). 
All pathological samples were reviewed by one senior 
pathologist.

Statistical analysis
Mean and standard deviation were used for descrip-
tive data. Student’s t-test (or Mann-Whiney test for 
population sample < 5) was performed for patients and 
PET comparison. All significance thresholds were set at 
0.05 (2-tailed test). Statistics were analysed using Med-
Calc® software (version 13.1.2; MedCalc Software bvba, 
Ostend, Belgium).

Results
The patients’ clinical data are summarised in Table 1. In 
all, 19 patients (7 women and 12 men) were included. 
Mean age at diagnosis was 55 ± 13  years. ECOG per-
formance status was ≤ 1 for 18 patients (95%; ECOG 
performance status = 2 for the remaining patient). Nine 
patients had stage IV lymphoma (47%). The median fol-
low-up time was 17.8 months (range 12–28). No patient 
died during or after treatment. One patient had synchro-
nous follicular and classical Hodgkin lymphoma, thus 
both primary lesions were analysed. All 19 patients had 
both C0 FDG and RGD PET; 12 patients had both C2 
FDG and RGD, completed the treatment protocol and 
were included for end-of-treatment analysis.

SUVmax for normal RGD organs is shown in Fig. 1 No 
statistical difference was found in normal organs before 
(C0) and after (C2) chemotherapy for SUVmax and 

Fig. 1  SUV max uptake in organs before (C0) and after (C2) chemotherapy.
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SUVmean. High RGD uptake in the gallbladder (SUVmax 
15.5 ± 6.7 (range 6.8–25.8) on C0 and 18.4 ± 9.6 (range 
6.3–34.7) on C2, not shown in Fig. 1 for ease of visualisa-
tion), was due to radiotracer elimination.

Ex vivo analysis was performed on the initial biop-
sies of 10 patients. No correlation was found between 
endothelial cell marking via the ERGmarker, the number 
of vascular sections and C0 and C2 RGD uptake (data not 
shown).

RGD uptake was analysed according to histological 
subtype (Fig. 2). Apart from classical Hodgkin lymphoma 
(HL) and grey zone lymphoma (GZL), other lymphoma 
subtypes had low RGD uptake. RGD uptake was there-
fore compared between cHL and non-Hodgkin lym-
phoma (NHL), including grey zone lymphoma.

To illustrate these results, Fig. 3 shows information on 
a patient who had synchronous follicular and classical 
Hodgkin lymphoma. The patient had a history of cHL in 
2014 which was considered in full remission after eight 
ABVD cycles, with early bone relapse in 2015. Bone 
relapse was successfully treated with four ICE cycles. 
The patient could not undergo autologous bone marrow 
transplant due to stem cell collection failure. In Septem-
ber 2017, the patient saw her haematologist for cervical 
swelling. Cervical biopsy revealed grade II follicular lym-
phoma. Initial FDG revealed lymph node and left sacral 
wing involvement. However, RGD uptake was only sig-
nificant for the left sacral wing. The dissimilarity between 

FDG and RGD uptake was questioned with regard to the 
patient’s histopathological subtype. Bone biopsy was per-
formed and confirmed concomitant bone cHL relapse.

Table  2 summarises FDG and RGD uptake at C0 and 
C2 for patients presenting with HL and NHL. At C0 and 
C2 FDG, there was no significant difference in SUVmax, 
SUVmean, MTV and ATV between patients with HL 
and NHL. At C0 RGD, patients with HL tended to have 
higher SUVmax, SUVmean and ATV than those with 
NHL. At C2 RGD, there was no significant difference in 
SUVmax, SUVmean and ATV between HL and NHL. An 
example is presented in Fig. 4.

Table  3 summarises FDG and RGD uptake at C0 and 
C2 according to final Deauville score. At C0 and C2 FDG 
and C0 RGD, there was no significant difference in SUV-
max, SUVmean, MTV and ATV between responders and 
non-responders. At C2 RGD, non-responders tended 
to have higher SUVmax and SUVmean compared to 
responder (Fig. 5). There was no significant difference in 
RGD ATV between patients who responded to treatment 
or not.

Discussion
To the best of our knowledge, this is the first clinical 
study to use RGD in patients with lymphoma. Patients 
presenting with cHL had significantly higher RGD uptake 
at baseline than NHL. Our prospective study shows that 

Fig. 2  C0 RGD uptake according to histological subtype
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non-responders had higher RGD uptake at C2 RGD com-
pared to responders.

RGD–K5 is a product that is expensive (around 1000 €) 
and difficult to synthesise. Due to technical problems in 
production, two patients were lost, two RGD PET scans 
were delayed and the investigator withdrew 10 poten-
tially eligible patients. No patients had their treatment 
delayed because of RGD.

An end-of-treatment RGD PET would have allowed 
further description of angiogenic behaviour and 
changes and a more thorough analysis. Unfortunately, 

an end-of-treatment RGD PET was not performed for 
many reasons: logistics, cost, radiopharmaceutical dif-
ficulties and radiation exposure with no clear therapeu-
tic implications.

As RGD is a new tracer, there is no clear reference or 
validation to determine the best threshold method to 
calculate ATV with RGD. However, Vera et al. showed 
that a fixed threshold of 1.4 SUV was the best for low 
tumour-to-background tracers [11]. As RGD has low 
uptake (Table  2), we tested this method to determine 
RGD ATV. However, the results were disappoint-
ing. We also tested all methods described in the paper 

Fig. 3  FDG maximum intensity projection (left) in patient presenting with synchronous biopsy-proven follicular (full red cross) and Hodgkin (empty 
red cross) lymphoma. On axial PET/CT (middle and right column), both lesions had significant FDG uptake (middle column). No RGD uptake in 
follicular lymphoma (right column, upper row). Significant RGD uptake in Hodgkin lymphoma (right column, bottom row)

Table 2  FDG and RGD uptake in Hodgkin and non-Hodgkin patients before (C0) and after (C2) chemotherapy

FDG C0 C2

Hodgkin Non-Hodgkin p-value Hodgkin Non-Hodgkin p-value

n = 6 n = 13 n = 6 n = 10

SUVmax ± SD 14.8 ± 4.7 17.0 ± 8.6 0.56 2.6 ± 1.3 5.1 ± 2.0 0.02

MTV ± SD 91.8 ± 60 254 ± 306 0.22 33 ± 65 27.6 ± 40.6 0.4

RGD n = 6 n = 13 n = 5 n = 7

SUVmax ± SD 3.9 ± 1.4 1.9 ± 1.1 0.002 3.1 ± 1.1 3.6 ± 1.8 0.6

ATV ± SD 145 ± 125 3.2 ± 9  < 0.001 46 ± 45 45 ± 99 0.9



Page 7 of 9Tonnelet et al. EJNMMI Res           (2021) 11:37 	

published by Vera et al., with no success [11]. Thus, we 
decided to determine RGD ATV by visual sampling.

Our study allowed us to measure RGD uptake in nor-
mal organs before and after chemotherapy. Chemother-
apy did not affect normal organ uptake [12].

Preliminary histopathological results performed 
on initial biopsies showed no correlation between 

endothelial cells marked via the ERGmarker, the num-
ber of vascular sections and C0 and C2 RGD uptake. 
Endothelial cell marking via the ERGmarker is an indi-
rect expression of neovascularisation. The number of 
vascular sections per 3.15 cm2 frame was counted. Fur-
ther histopathological biopsies are necessary to confirm 
these results.

Fig. 4  FDG (left column) and RGD (right column) uptake at baseline (C0) in two patients, one presenting with non-Hodgkin lymphoma (upper row) 
and one with classical Hodgkin lymphoma (bottom row)

Table 3  FDG and RGD uptake on initial (C0) and interim (C2) PET-CT according to final Deauville score (DS) (responder = 4 or 5; non-
responder = 1, 2 or 3)

FDG C0 C2

Responder Non-Responder p-value Responder Non-Responder p-value

n = 6 n = 6 n = 6 n = 6

SUVmax ± SD 18.3 ± 7.3 14.6 ± 5.7 0.35 3.4 ± 1.9 5.6 ± 2.3 0.09

MTV ± SD 183 ± 189 462 ± 474 0.32 10.4 ± 19.1 53.9 ± 54.6 0.18

RGD n = 6 n = 6 n = 6 n = 6

SUVmax ± SD 2.61 ± 1.8 3.21 ± 1.6 0.56 2.41 ± 1.1 4.43 ± 1.1 0.01

ATV ± SD 43.5 ± 67.1 21 ± 40.4 0.59 10.5 ± 8.53 96.0 ± 124 0.22
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Patients with cHL had higher RGD uptake. cHL is 
mainly characterised by the presence of Reed Sternberg 
cells (RSCs), which are multinucleated neoplastic cells. 
RSCs are derived from B germinal centre and produce 
their own growth factors, Th2 cytokines and chemokines, 
creating a highly inflammatory infiltrate [13]. RSCs con-
stitute only a minor component of the tumour (usu-
ally 1–3%); the majority of the malignancy is made up 
of a mixed inflammatory infiltrate variably composed of 
lymphocytes, eosinophils, fibroblasts, macrophages and 
plasma cells [14]. RSCs also express high levels of vascu-
lar endothelial growth factor (VEGF), which facilitates 
tumour progression [15]. The high RGD uptake in cHL 
compared to NHL could be due to αvβ3 overexpression 
in neovessels. An alternate explanation could be the pres-
ence of αvβ3 receptors on tumoural inflammatory cells. 
Complementary histopathological studies are being con-
sidered to verify these hypotheses.

SUVmax FDG was non-significant between respond-
ers and non-responders, because two patients presenting 
with DLBCL had an interim Deauville score of 4 and a 
final score of 2.

One of the major issues raised about RGD uptake is its 
ability to predict antiangiogenic drug response. Patients 
with DLBCL in our study had low RGD uptake. Seymour 
et al. [16] showed a lack of bevacizumab (anti-VEGF) effi-
cacy in DLBCL when added to standard chemotherapy 
compared to chemotherapy alone. The low RGD uptake 
in DLBCL could therefore be linked to the lack of anti-
angiogenic treatment efficiency. In contrast, patients with 
HL in our study had high RGD uptake. A pre-clinical 
study of xenografted Hodgkin lymphoma showed the 
efficiency of anti-angiogenic treatments [17]. No clini-
cal data of antiangiogenic drugs in HL in humans are 

available. However, with the high RGD uptake in HL 
found in our study, the testing of anti-angiogenic treat-
ments in refractory patients presenting with HL could be 
considered for further studies.

The increased C2 RGD uptake in NHL (Table  1) was 
not statically significant. Non-responders tended to 
have higher RGD uptake than responders on C2 PET 
(Fig.  5). Further studies are necessary to understand if 
the uptake is due to neoangiogenesis or an inflammatory 
process. Integrins are a class of heterodimeric cell surface 
adhesion receptors that are overexpressed on tumour 
endothelial cells during tumour angiogenesis, resulting 
in cancers that are more invasive, more migratory and 
better able to survive in different microenvironments. 
Among integrins, αvβ3 is highly expressed in tumours 
such as osteosarcomas, neuroblastomas, glioblastomas, 
malignant melanomas, and breast, lung and prostate car-
cinomas, but its expression is weak in most healthy organ 
systems (34).

The limit of our study is the small number of patients, 
but the patients did present with heterogeneous histolog-
ical lymphoma subtypes.

Conclusion
Our study showed a trend of higher initial RGD uptake 
in patients presenting with cHL compared to NHL, and 
non-responders also had higher post-chemotherapy RGD 
uptake compared to responders. Issues raised about RGD 
uptake, particularly in cHL, are yet to be explored and 
need to be confirmed in a larger population.
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Fig. 5  FDG (left) and RGD (right) SUVmax on initial (C0) and interim (C2) PET-CT according to final Deauville score (DS) (non-responder = 4 or 5, 
responder = 1, 2 or 3)



Page 9 of 9Tonnelet et al. EJNMMI Res           (2021) 11:37 	

Classical Hodgkin lymphoma; DS: Deauville score; EANM: European Associa-
tion of Nuclear Medicine; ECM: Extracellular matrix; GZL: Grey zone lymphoma; 
MTV: Metabolic tumour volume; NHL: Non-Hodgkin lymphoma; PET: Positron 
emission tomography; RGD/K5 [18F]: Fluorine arginine-glycine-aspartic.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13550-​021-​00776-9.

Additional file 1 Figure in additional data: RGD PET/CT (left column),  PET 
(middle column) and CT (right column). Upper row: coronal view. Lower 
row: axial view. A spherical volume of interest (VOI) of diameter 3 cm is 
placed in the right upper lobe of the liver, avoiding the edge and any 
single ‘hot’ pixels likely to represent noise, sampling several axial slices to 
obtain a representative maximum liver SUVmax and SUVmean.

Authors’ contributions
DT was involved in data acquisition, literature research and manuscript 
writing. PB was involved in study design, pharmaceutical preparation and 
theoretical support. SB, PD and ST were involved in revising the manuscript 
and theoretical support. VC, HT and FJ were involved in study design and 
review. PV was involved in data acquisition, theoretical support and revising 
the manuscript. All authors agreed on the content of the final manuscript, and 
read and approved the final manuscript.

Funding
This study was funded by a Ligue Contre le Cancer grant.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the institutional and/or national 
research committee and the 1964 Declaration of Helsinki and its later 
amendments or comparable ethical standards. This prospective study was 
approved by the North-west Committee for the Protection of Persons (ref 
CPP 02/008/2014). The EudraCT number is 2015–000757-20 and the National 
Clinical Trial identifier is NCT02490891. All patients signed written consent 
prior to inclusion.

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interests.

Author details
1 Department of Nuclear Medicine, Henri Becquerel Cancer Center, Rouen 
University Hospital & QuantIF-LITIS, University of Rouen, 1 rue d’amiens, 
76000 Rouen, France. 2 Inserm U1245 and Department of Hematology, Henri 
Becquerel Cancer Center, Rouen University Hospital & QuantIF-LITIS, University 
of Rouen, Rouen, France. 3 Depatment of Radiotherapy Henri Becquerel 
Cancer Center, Rouen University Hospital & QuantIF-LITIS, University of Rouen, 
Rouen, France. 

Received: 18 January 2021   Accepted: 19 March 2021

References
	1.	 Beer AJ, Kessler H, Wester H-J, Schwaiger M. PET imaging of integrin αVβ3 

expression. Theranostics. 2011;1:48–57.
	2.	 Younes A, Hilden P, Coiffier B, Hagenbeek A, Salles G, Wilson W, et al. 

International working group consensus response evaluation criteria in 
lymphoma (RECIL 2017). Ann Oncol. 2017;28:1436–47.

	3.	 Ruoslahti E, Pierschbacher M. New perspectives in cell adhesion: RGD and 
integrins. Science. 1987;238:491–7.

	4.	 Cristofanilli M, Charnsangavej C, Hortobagyi GN. Angiogenesis modula-
tion in cancer research: novel clinical approaches. Nat Rev Drug Discov. 
2002;1:415–26.

	5.	 Li L, Ma L, Shang D, Liu Z, Yu Q, Wang S, et al. Pretreatment PET/CT 
imaging of angiogenesis based on 18F-RGD tracer uptake may predict 
antiangiogenic response. Eur J Nucl Med Mol Imaging. 2019;46:940–7.

	6.	 Chen S-H, Wang H-M, Lin C-Y, Chang JT-C, Hsieh C-H, Liao C-T, et al. RGD-
K5 PET/CT in patients with advanced head and neck cancer treated with 
concurrent chemoradiotherapy: Results from a pilot study. Eur J Nucl 
Med Mol Imaging. 2016;43:1621–9.

	7.	 Yoon H-J, Kang KW, Chun IK, Cho N, Im S-A, Jeong S, et al. Correlation of 
breast cancer subtypes, based on estrogen receptor, progesterone recep-
tor, and HER2, with functional imaging parameters from 68Ga-RGD PET/
CT and 18F-FDG PET/CT. Eur J Nucl Med Mol Imaging. 2014;41:1534–43.

	8.	 Beer AJ, Lorenzen S, Metz S, Herrmann K, Watzlowik P, Wester H-J, et al. 
Comparison of integrin v 3 expression and glucose metabolism in 
primary and metastatic lesions in cancer patients: a PET study using 
18F-galacto-RGD and 18F-FDG. J Nucl Med. 2007;49:22–9.

	9.	 Barrington SF, Kluge R. FDG PET for therapy monitoring in Hodgkin and 
non-Hodgkin lymphomas. Eur J Nucl Med Mol Imaging. 2017;44:97–110.

	10.	 Boellaard R, Delgado-Bolton R, Oyen WJG, Giammarile F, Tatsch K, Eschner 
W, et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: 
version 2.0. Eur J Nucl Med Mol Imaging. 2015;42:328–54.

	11.	 Thureau S, Chaumet-Riffaud P, Modzelewski R, Fernandez P, Tessonnier 
L, Vervueren L, et al. Interobserver agreement of qualitative analysis and 
tumor delineation of 18F-fluoromisonidazole and 3’-Deoxy-3’-18F-fluoro-
thymidine PET images in lung cancer. J Nucl Med. 2013;54:1543–50.

	12.	 Doss M, Kolb HC, Zhang JJ, Belanger M-J, Stubbs JB, Stabin MG, et al. 
Biodistribution and radiation dosimetry of the integrin marker 18F-RGD-
K5 determined from whole-body PET/CT in monkeys and humans. J Nucl 
Med. 2012;53:787–95.

	13.	 Poppema S, van den Berg A. Interaction between host T cells and 
Reed-Sternberg cells in Hodgkin lymphomas. Semin Cancer Biol. 
2000;10:345–50.

	14.	 Skinnider BF. The role of cytokines in classical Hodgkin lymphoma. Blood. 
2002;99:4283–97.

	15.	 Doussis-Anagnostopoulou IA, Talks KL, Turley H, Debnam P, Tan DC, Mari-
atos G, et al. Vascular endothelial growth factor (VEGF) is expressed by 
neoplastic Hodgkin-Reed-Sternberg cells in Hodgkin’s disease. J Pathol. 
2002;197:677–83.

	16.	 Seymour JF, Pfreundschuh M, Trneny M, Sehn LH, Catalano J, Csinady E, 
et al. R-CHOP with or without bevacizumab in patients with previously 
untreated diffuse large B-cell lymphoma: final MAIN study outcomes. 
Haematologica. 2014;99:1343–9.

	17.	 Reiners KS, Gossmann A, von Strandmann EP, Böll B, Engert A, Borch-
mann P. Effects of the Anti-VEGF Monoclonal Antibody Bevacizumab in a 
Preclinical Model and in Patients With Refractory and Multiple Relapsed 
Hodgkin Lymphoma. J Immunother. 2009;32:508–12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s13550-021-00776-9
https://doi.org/10.1186/s13550-021-00776-9

	Angiogenesis imaging study using interim [18F] RGD-K5 PETCT in patients with lymphoma undergoing chemotherapy: preliminary evidence
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Population and treatment
	PET-CT imaging
	PET analysis
	Treatment and follow-up
	Histopathological analysis
	Statistical analysis

	Results
	Discussion
	Conclusion
	References


