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Abstract
Purpose  Treatment strategies of lymphoid malignancies have been revolutionized by immunotherapy. Because of the inher-
ent property of Hodgkin lymphoma and some subtypes of non-Hodgkin lymphoma as a highly FDG-avid tumor, functional 
18F-FDG PET/CT imaging is already embedded in their routine care. Nevertheless, the question is whether it is still valuable 
in the context of these tumors being treated with immunotherapy. Herein, we will review the value of 18F-FDG PET/CT 
imaging lymphoid tumors treated with immunotherapy regimens.
Methods  A comprehensive literature search of the PubMed database was conducted on the value of the 18F-FDG PET/CT 
for immunotherapy response monitoring of patients with malignant lymphoma. The articles were considered eligible if they 
met all of the following inclusion criteria: (a) clinical studies on patients with different types of malignant lymphoma, (b) 
treatment with anti-CD20 antibodies, immune checkpoint inhibitors or immune cell therapies, (c) and incorporated PET/
CT with 18F-FDG as the PET tracer.
Results  From the initial 1488 papers identified, 91 were ultimately included in our study. In anti-CD20 therapy, the highest 
pooled hazard ratios (HRs) of baseline, early, and late response monitoring parameters for progression-free survival (PFS) 
belong to metabolic tumor volume (MTV) (3.19 (95%CI: 2.36–4.30)), maximum standardized uptake value (SUVmax) (3.25 
(95%CI: 2.08–5.08)), and Deauville score (DS) (3.73 (95%CI: 2.50–5.56)), respectively. These measurements for overall 
survival (OS) were MTV (4.39 (95%CI: 2.71–7.08)), DS (3.23 (95%CI: 1.87–5.58)), and DS (3.64 (95%CI: 1.40–9.43)), 
respectively. Early and late 18F-FDG PET/CT response assessment in immune checkpoint inhibitors (ICI) and immune cell 
therapy might be an effective tool for prediction of clinical outcome.
Conclusion  For anti-CD20 therapy of lymphoma, the MTV as a baseline 18F-FDG PET/CT-derived parameter has the high-
est HRs for PFS and OS. The DS as visual criteria in early and late response assessment has higher HRs for PFS and OS 
compared to the international harmonization project (IHP) visual criteria in anti-CD20 therapy. Early changes in 18F-FDG 
PET parameters may be predictive of response to ICIs and cell therapy in lymphoma patients.
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Introduction

Treatment strategies of the lymphoid malignancies were 
revolutionized by immunotherapy in two major advances 
over the last 3 decades. In 1997, the introduction of anti-
CD20 monoclonal antibodies (mAbs) such as rituximab 
which targeted B-cells exclusively to evoke a direct anti-
tumor cytotoxic effect revolutionalized the treatment para-
digm for lymphoma. Then, in 2017, the introduction of 
immune checkpoint inhibitors (ICI) such as anti-PD1 and 
anti-CTLA4 monoclonal antibodies which stimulates the 
immune system via T cells appears to be the next promis-
ing step in lymphoma management [1–3]. Although immu-
notherapy now is common terminology for the class of 
drugs that stimulate the immune system to indirectly target 
cancer cells, conventionally, immunotherapy refers to any 
therapy that manipulates the immune system such as both 
anti-CD20 mAbs and new targeted immunotherapy, ICIs, 
and cell therapy.

Anti-CD20 monoclonal antibodies have FDA approval 
for treatment of non-Hodgkin lymphoma (NHL) for mul-
tiple indications as monotherapy or in combination with 
other lymphoma-directed therapeutics [4, 5], and have a 
place in treatment paradigms for many B cell lympho-
mas [6]. Among the immune checkpoint inhibitors, pem-
brolizumab and nivolumab have regulatory approval for 
the treatment management of the relapsed or refractory 
transplant ineligible or post-transplant relapsed classical 
Hodgkin lymphoma (HL) and relapsed or refractory pri-
mary mediastinal B cell lymphoma (PMBL) [7, 8]. CD19-
directed chimeric antigen receptor (CAR) T cell therapy is 
approved for the treatment of certain types of large B-cell 
lymphoma relapsed or refractory to at least two other treat-
ment regimens [9].

Because of the inherent property of HL and most sub-
types of NHL as highly 18F-FDG avid tumors, functional 
18F-FDG PET/CT imaging is a standard response assess-
ment tool for these diseases and has a decisive role in 
noninvasive response monitoring of therapies, including 
immunotherapeutics [10, 11].

In the abovementioned framework, multiple different 
visual 18F-FDG PET criteria were introduced to more con-
sistently evaluate 18F-FDG PET scans [10, 12]. Despite the 
available 18F-FDG PET criteria, following the introduc-
tion of ICIs some modified response assessment criteria 
were proposed. These criteria were developed based on 
the observation that some immunomodulatory drugs can 
alter tumoral glucose metabolism, changing the assumed 
association between the 18F-FDG uptake and treatment 
efficacy observed under conventional chemotherapy [2].

As evident from the literature, existing original articles 
have some differences in the population and methodologies. 

Specifically, the malignant lymphoma analysed (either HL 
or NHL), immunotherapy regimens and line of therapy 
(anti-CD20 mAbs, ICI versus immune cell therapy), and 
time points and time intervals of performing 18F-FDG PET 
scan (baseline, early, and late 18F-FDG PET imaging), all 
vary considerably.

Various studies have dealt with the issue of the value 
of metabolic imaging by 18F-FDG PET scan for immuno-
therapy management in malignant lymphoma patients, but 
the evidence for lymphoma treated with ICIs is lacking 
due to the current standard being that of a quantitative or 
semi-quantitative assessment, primarily using the Lugano 
or LYRIC criteria [13, 14]. Here, we will review the role of 
18F-FDG PET imaging in response assessment or response 
prediction in the lymphoid tumors treated with immunother-
apy regimens using the perspective of the mentioned studies.

Methods

Literature search

A comprehensive literature search of the PubMed database 
was conducted to retrieve relevant published articles concern-
ing the value of the 18F-FDG PET/CT for response monitor-
ing of patients with malignant lymphoma to immunotherapy 
including anti-CD20 therapy, ICI therapy, and cell therapy. 
The search was based on the various combinations of the 
Boolean operators and the following keywords “lymphoma,” 
“Hodgkin disease,” “Hodgkin lymphoma,” “non-Hodgkin 
lymphoma,” “18F-FDG PET/CT,” “positron emission tomog-
raphy,” “immunotherapy,” “immune checkpoint inhibitors,” 
“anti-CD20 therapy,” “CAR T cell therapy,” “Rituximab,” 
“Nivolumab,” “Ipilimumab,” “Pembrolizumab”…. No date or 
language restriction was applied and the search was updated 
until March 2021. The reference list of the eligible articles 
was manually screened to identify any pertinent study.

Eligibility criteria

The relevant original articles were considered eligible if 
they met all of the following inclusion criteria: (a) clini-
cal studies on patients with different types of malignant 
lymphoma including Hodgkin disease and non-Hodgkin 
lymphoma; (b) treatment with anti CD-20 mAbs, ICIs, 
or cell therapy; and (c) incorporation of PET/CT with the 
18F-FDG as the PET tracer. The exclusion criteria were 
as follows: (a) investigations on animals, (b) radioimmu-
notherapy as treatment, (c) PET/CT imaging with PET 
tracers other than 18F-FDG, (d) articles without sufficient 
data regarding performed 18F-FDG PET/CT, (e) duplicated 
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articles, (f) CNS lymphoma due to physiologic high 18F-
FDG uptake in the central nervous system, and (g) HIV-
related lymphoma.

Data extraction and quality assessment

The required study characteristics were extracted by 
reviewing the whole text of the eligible articles. The gath-
ered data were arranged in three main parts: basic study 
characteristics including the name of the first author and 
publication date; demographic information including the 
number of participants, lymphoma subtype, and immu-
notherapy regimen; and the technical aspects including 
18F-FDG PET imaging method and findings, response 
assessment criteria or technique, outcomes, and hazard 
ratios (HR). In the cases that HR was not directly reported 
using depicted Kaplan–Meier curve, Graph Digitizer 
version 2.24, Richard Steven’s excel workbook, the HR 
and its 95% CI were estimated. The quality of all eligi-
ble articles was evaluated by employing the established 
critical appraisal tool obtained from the Oxford Center for 
Evidence-Based Medicine [15]. This tool was designed to 
evaluate the quality of the prognostic studies by taking into 
account several factors consisting of patient registration 
time, follow-up duration, outcome criteria, and adjustment 
for important prognostic factors. All quality assessments 
have been tabulated in the supplemental table 1 [16–106].

For metabolic baseline parameters, we considered 
tumor burden indices, including metabolic tumor volume 
(MTV), and total lesion glycolysis (TLG), and tumor 
metabolism indices, including maximum of standardized 
uptake value (SUVmax). For the response assessment we 
considered visual methods, including Deauville score (DS) 
and ΔSUVmax as a semi-quantitative method [21, 22, 48, 
67, 77, 80, 89, 104].

Statistical analysis

The statistical analyses for pooling hazard ratios were 
carried out using Comprehensive meta-analysis software 
(CMA version 2). The random effects model was used to 
pool effect sizes across included studies. Heterogeneity 
was evaluated using Cochrane Q value (p-values less than 
0.05 were considered statistically significant) and I2 index. 
Publication bias was evaluated graphically using funnel 
plots. Because of discrepancies in methodological aspects 
of the included articles, the evaluation of publication bias 
was not possible for all papers, and only was performed 
for studies with similar reported indices (for more details 
see supplemental figures file).

Results

The performed search approach is presented as a PRISMA 
flowchart [107] in Fig. 1. From the initial 1488 identified 
papers, 91 were ultimately included in our study. As we 
expected, the eligible included studies showed discrepan-
cies in methodological aspects and the main remarkable 
one was the applied treatment strategy. In the first step, 
the enrolled studies were classified into studies on anti-
CD20 monoclonal antibodies (for example, rituximab), 
studies on ICIs (for example, nivolumab), and studies on 
cellular therapies (for example, CAR T-cell therapy or 
dendritic cell therapy). The former part involved 77 pub-
lications, whereas the two latter ones included a total of 14 
investigations. Basic study characteristics of each part are 
separately listed in three tables (Supplemental Table 234) 
[16–106].

Anti‑CD20 immunotherapy

Baseline metabolic parameters

Among 77 included articles in the anti-CD20 immunother-
apy group, 29 studies investigated the value of the meta-
bolic baseline parameters including tumor burden indices, 
metabolic tumor volume (MTV), and total lesion glycolysis 
(TLG), as well as tumor metabolism indices, maximum of 
standardized uptake value (SUVmax). Significant associa-
tion with progression-free survival (PFS) and overall survival 
(OS) was reported for both MTV and TLG in 5 articles [25, 
27, 32, 104, 105]. Several articles found significant correla-
tion between MTV [31, 52, 61, 67, 74, 76, 77, 83, 84, 92, 93, 
101, 103, 106], TLG [42, 53, 61, 67, 74, 101], and SUVmax 
(23,35, 9,43) [43, 84, 104] with PFS. Furthermore, a signifi-
cant correlation between MTV [16, 31, 76, 83, 84, 92, 93, 
103], TLG [53], and SUVmax [84] with OS was reported as 
well. Furthermore, high levels of MTV and TLG were related 
to the probability of central nervous system relapse [82]. In 
addition, some studies indicated the combination of the base-
line PET-derived metabolic parameters with patients clinical 
features and laboratory data [62], as well as other baseline 
parameters [31, 78] or interim [67, 101] or EOT response 
[74], can better stratify lymphoma patients outcome. Notably, 
a significant relation with one or two of these parameters was 
not essentially found in some of the mentioned investiga-
tions. One paper reported that these baseline parameters do 
not provide prognostic information beyond that can already 
be obtained by the International Prognosis Index (IPI) [16].

According to the forest plot of the effect of baseline 
metabolic parameters on clinical outcome of patients 
treated with anti-CD20 immunotherapy, depicted in 
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Figs. 2 and 3, the included studies reported quite hetero-
geneous hazard ratios from 1.1 to 16.73. On the basis of 
the meta-analysis calculations for PFS, one finds that the 
values of the pooled HRs of baseline MTV, TLG, and SUV-
max were equal to 3.19 (95%CI: 2.36–4.30; P = 0.000), 
2.54 (95%CI: 1.57–4.12; P = 0.000), and 1.18 (95%CI: 
0.79–1.75; P = 0.404), respectively, while, for OS, the 
pooled HRs were 4.39 (95%CI: 2.71–7.08; P = 0.000), 2.68 
(95%CI: 1.93–3.72; P = 0.000), and 1.65 (95%CI: 1.02–2.69; 
P = 0.041) for MTV, TLG, and SUVmax, respectively.

Bone marrow involvement based on hypermetabolic 
lesions in the bone marrow on baseline 18F-FDG PET/CT 
imaging is another factor which is predictive of clinical out-
comes and was previously assessed in some studies [29, 30, 
41, 50, 75, 81]. A poorer clinical outcome in patients with 
bone marrow 18F-FDG avid loci was reported by three inves-
tigations [29, 41, 50]. Likely, a poor outcome was associated 
with more than 2 sites of extra nodal involvement in baseline 
18F-FDG PET/CT imaging [40, 41]. Another study revealed 

histological transformation into aggressive lymphoma types in 
follicular lymphoma did not have any relation with SUVmax 
or SUV range in baseline 18F-FDG PET/CT imaging [69].

According to the funnel plots, publication bias is probable 
for the pooled HR of MTV, TLG, and SUVmax for PFS as 
well as MTV for OS (supplemental figures).

Interim response assessment

A total of 38 articles investigated response assessment via 
early 18F-FDG PET/CT imaging in the anti-CD20 immuno-
therapy, and of these, 19 studies were included in the meta-
analysis (Supplemental Table 2) [16, 18, 21–23, 25–27, 
29–35, 38–46, 48–57, 59–69, 71–78, 80–92, 96–106]. 
The meta-analysis was carried out on the DS, IHP, and 
ΔSUVmax for PFS and OS, and the obtained results are 
depicted as forest plots in Figs. 4 and 5. The pooled HR 
of the ΔSUVmax was the highest value for PFS of 3.25 
(95%CI: 2.08–5.08; P = 0.000). However, for OS, the DS 

Fig. 1   The PRISMA flowchart of performed search approach
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had the highest HR of 3.23 (95%CI: 1.87–5.58; P = 0.000). 
The pooled HRs of the IHP for PFS and OS were the lowest 
values, being 2.23 (95%CI: 1.04–4.78; P = 0.039) and 1.83 
(95%CI: 0.64–5.19; P = 0.254), respectively.

Several studies have reported that interim 18F-FDG PET/
CT could have a key role in survival prediction and early 
response assessment of patients with lymphoma treated 
with anti-CD20 therapy [21, 38, 48, 49, 55, 56, 64, 80, 99, 

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Adams, de Klerk et al. 2015 Baseline MTV PFS 2/093 0/960 4/564 1/857 0/063
Ceriani, Gritti et al. 2020/Testing set Baseline MTV PFS 3/400 1/626 7/112 3/250 0/001
Ceriani, Gritti et al. 2020/Validation set Baseline MTV PFS 2/900 1/126 7/471 2/205 0/027
Chang, Cho et al. 2017 Baseline MTV PFS 3/320 1/779 6/196 3/769 0/000
Cottereau, Nioche et al. 2020 Baseline MTV PFS 2/600 1/113 6/072 2/208 0/027
Cottereau, Lanic et al. 2016 Baseline MTV PFS 3/060 1/431 6/544 2/884 0/004
Delfau-Larue, van der Gucht et al. 2018Baseline MTV PFS 3/290 1/550 6/982 3/102 0/002
Esfahani, Heidari et al. 2013 Baseline MTV PFS 3/790 0/691 20/799 1/534 0/125
Gallicchio, Mansueto et al. 2014 Baseline MTV PFS 3/540 0/804 15/577 1/672 0/094
Kim, Hong et al. 2014 Baseline MTV PFS 11/200 1/412 88/847 2/286 0/022
Mayerhoefer, Staudenherz et al. 2019 Baseline MTV PFS 1/006 1/002 1/010 2/949 0/003
Mikhaeel, Smith et al. 2016 Baseline MTV PFS 6/421 2/243 18/380 3/466 0/001
Pinnix, Ng et al. 2018 Baseline MTV PFS 11/528 1/486 89/437 2/339 0/019
Sasanelli, Meignan et al. 2014 Baseline MTV PFS 2/150 0/918 5/037 1/762 0/078
Schmitz, Hüttmann et al. 2020 Baseline MTV PFS 1/420 1/239 1/628 5/026 0/000
Song, Chung, Shin, Lee et al. 2012 Baseline MTV PFS 5/797 2/832 11/864 4/809 0/000
Song, Chung, Shin, Moon et al. 2012 Baseline MTV PFS 12/042 5/050 28/714 5/613 0/000
Song, Yang et al. 2016 Baseline MTV PFS 5/249 2/546 10/821 4/492 0/000
Vercellino, Cottereau et al. 2020 Baseline MTV PFS 2/300 1/506 3/513 3/853 0/000
Zhang, Song et al. 2019 Baseline MTV PFS 10/320 2/418 44/047 3/152 0/002
Zhao, Yu et al. 2021 Baseline MTV PFS 5/221 2/294 11/884 3/938 0/000
Zhou, Zhao et al. 2019 Baseline MTV PFS 2/017 0/504 8/072 0/992 0/321
Zhou, Chen et al. 2016 Baseline MTV PFS 1/661 0/515 5/358 0/849 0/396

3/190 2/365 4/304 7/593 0/000
0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Adams, de Klerk et al. 2015 Baseline TLG PFS 1/114 0/525 2/363 0/281 0/778
Ceriani, Gritti et al. 2020/Testing set Baseline TLG PFS 2/600 1/264 5/348 2/597 0/009
Ceriani, Gritti et al. 2020/Validation setBaseline TLG PFS 2/200 0/933 5/185 1/802 0/071
Chang, Cho et al. 2017 Baseline TLG PFS 2/570 1/431 4/614 3/161 0/002
Cottereau, Lanic et al. 2016 Baseline TLG PFS 2/920 1/448 5/890 2/993 0/003
Esfahani, Heidari et al. 2013 Baseline TLG PFS 11/210 1/293 97/207 2/193 0/028
Gallicchio, Mansueto et al. 2014 Baseline TLG PFS 0/580 0/220 1/530 -1/101 0/271
Kim, Hong et al. 2014 Baseline TLG PFS 3/600 1/298 9/985 2/461 0/014
Mayerhoefer, Staudenherz et al. 2019Baseline TLG PFS 1/002 1/001 1/003 3/924 0/000
Pinnix, Ng et al. 2018 Baseline TLG PFS 8/989 1/960 41/227 2/826 0/005
Zhang, Song et al. 2019 Baseline TLG PFS 10/390 2/431 44/407 3/159 0/002
Zhou, Zhao et al. 2019 Baseline TLG PFS 5/540 0/977 31/424 1/933 0/053
Zhou, Chen et al. 2016 Baseline TLG PFS 3/830 1/648 8/903 3/120 0/002

2/549 1/574 4/128 3/803 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Adams, de Klerk et al. 2015 SUVmax PFS 1/033 0/487 2/190 0/085 0/932
Ceriani, Gritti et al. 2020/Testing set SUVmax PFS 0/600 0/300 1/200 -1/444 0/149
Ceriani, Gritti et al. 2020/Validation setSUVmax PFS 2/200 0/882 5/488 1/691 0/091
Chang, Cho et al. 2017 SUVmax PFS 1/320 0/774 2/251 1/019 0/308
Esfahani, Heidari et al. 2013 SUVmax PFS 3/640 0/662 20/028 1/485 0/138
Gallicchio, Mansueto et al. 2014 SUVmax PFS 0/130 0/038 0/441 -3/275 0/001
Kim, Hong et al. 2014 SUVmax PFS 1/200 0/516 2/789 0/424 0/672
Mayerhoefer, Staudenherz et al. 2019SUVmax PFS 1/130 0/974 1/311 1/609 0/108
Song, Chung, Shin, Moon et al. 2012 SUVmax PFS 3/333 1/474 7/536 2/892 0/004
Zhou, Zhao et al. 2019 SUVmax PFS 3/108 0/286 33/735 0/932 0/351

1/183 0/797 1/756 0/834 0/404

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Fig. 2   Meta-analysis of baseline parameters, MTV, TLG, and SUVmax for PFS in studies on anti-CD20 therapy
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Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Adams, de Klerk et al. 2015 Baseline MTV OS 2/402 1/031 5/599 2/030 0/042
Ceriani, Gritti et al. 2020/Testing set Baseline MTV OS 4/400 1/918 10/094 3/497 0/000
Ceriani, Gritti et al. 2020/Validation setBaseline MTV OS 3/900 1/294 11/750 2/419 0/016
Chang, Cho et al. 2017 Baseline MTV OS 4/050 2/067 7/937 4/075 0/000
Cottereau, Nioche et al. 2020 Baseline MTV OS 6/900 2/137 22/282 3/229 0/001
Cottereau, Lanic et al. 2016 Baseline MTV OS 3/010 1/351 6/706 2/696 0/007
Sasanelli, Meignan et al. 2014 Baseline MTV OS 4/700 1/817 12/159 3/191 0/001
Schmitz, Hüttmann et al. 2020 Baseline MTV OS 1/470 1/250 1/729 4/647 0/000
Song, Chung, Shin, Lee et al. 2012 Baseline MTV OS 8/097 3/395 19/310 4/716 0/000
Song, Chung, Shin, Moon et al. 2012 Baseline MTV OS 13/037 4/582 37/091 4/813 0/000
Song, Yang et al. 2016 Baseline MTV OS 4/921 2/525 9/590 4/681 0/000
Zhao, Yu et al. 2021 Baseline MTV OS 5/881 2/443 14/160 3/952 0/000
Zhou, Zhao et al. 2019 Baseline MTV OS 16/735 1/315 212/914 2/171 0/030
Zhou, Chen et al. 2016 Baseline MTV OS 1/630 0/074 35/815 0/310 0/757

4/390 2/719 7/088 6/052 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Adams, de Klerk et al. 2015 Baseline TLG OS 1/580 0/626 3/987 0/969 0/333
Ceriani, Gritti et al. 2020/Testing set Baseline TLG OS 3/400 1/491 7/753 2/910 0/004
Ceriani, Gritti et al. 2020/Validation setBaseline TLG OS 3/100 1/216 7/903 2/369 0/018
Chang, Cho et al. 2017 Baseline TLG OS 2/960 1/609 5/446 3/489 0/000
Cottereau, Lanic et al. 2016 Baseline TLG OS 2/390 1/160 4/922 2/364 0/018
Kim, Hong et al. 2014 Baseline TLG OS 3/200 1/012 10/119 1/980 0/048
Zhou, Zhao et al. 2019 Baseline TLG OS 1/832 0/004 839/171 0/194 0/846
Zhou, Chen et al. 2016 Baseline TLG OS 2/198 0/281 17/189 0/750 0/453

2/687 1/939 3/723 5/941 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Adams, de Klerk et al. 2015 Baseline SUVmax OS 0/826 0/371 1/839 -0/468 0/640
Ceriani, Gritti et al. 2020/Testing set Baseline SUVmax OS 2/000 0/800 5/000 1/483 0/138
Ceriani, Gritti et al. 2020/Validation setBaseline SUVmax OS 2/600 0/985 6/864 1/929 0/054
Chang, Cho et al. 2017 Baseline SUVmax OS 1/220 0/693 2/149 0/689 0/491
Kim, Hong et al. 2014 Baseline SUVmax OS 1/000 0/392 2/550 0/000 1/000
Song, Chung, Shin, Moon et al. 2012 Baseline SUVmax OS 4/896 1/720 13/934 2/977 0/003
Zhou, Zhao et al. 2019 Baseline SUVmax OS 10/657 0/303 375/151 1/302 0/193

1/657 1/020 2/692 2/040 0/041

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Fig. 3   Meta-analysis of baseline parameters, MTV, TLG, and SUVmax for OS in studies on anti-CD20 therapy
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Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Dunleavy, Fanale et al. 2018 Interim-DS PFS 1/057 0/692 1/615 0/256 0/798
Han, Joo Hyun et al. 2016 Interim-DS PFS 3/402 0/915 12/644 1/828 0/068
Itti, Meignan et al. 2013 Interim-DS PFS 1/486 0/554 3/987 0/786 0/432
Jeon, O et al. 2020 Interim-DS PFS 3/340 1/881 5/932 4/115 0/000
Kitajima, Okada et al. 2019 Interim-DS PFS 1/346 0/788 2/300 1/089 0/276
Kong, Qu et al. 2016 Interim-DS PFS 9/344 3/189 27/378 4/074 0/000
Mamot, Klingbiel et al. 2015 Interim-DS PFS 1/484 0/920 2/396 1/617 0/106
Mikhaeel, Smith et al. 2016 Interim-DS PFS 2/743 1/393 5/401 2/918 0/004
Song, Yoon et al. 2020 Interim-DS PFS 1/831 0/862 3/889 1/574 0/115
Sun, Yu et al. 2019 Interim-DS PFS 2/590 0/668 10/036 1/377 0/169
Toledano, Vera et al. 2019 Interim-DS PFS 4/210 2/616 6/775 5/921 0/000
Wang, Xu et al. 2018 Interim-DS PFS 10/166 2/909 35/529 3/633 0/000
Yim, Yhim et al. 2019 Interim-DS PFS 3/370 2/091 5/432 4/988 0/000
Zhou, Zhao et al. 2019 Interim-DS PFS 13/994 0/059 3340/001 0/945 0/345

2/568 1/798 3/668 5/185 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Casasnovas, Meignan et al. 2011Interim_IHP PFS 1/189 0/223 6/340 0/202 0/840
Cashen, Dehdashti et al. 2011 Interim_IHP PFS 1/190 0/185 7/663 0/183 0/855
Han, Joo Hyun et al. 2016 Interim_IHP PFS 2/229 0/704 7/057 1/363 0/173
Mamot, Klingbiel et al. 2015 Interim_IHP PFS 1/026 0/613 1/717 0/098 0/922
Younes, Oki et al. 2012 Interim_IHP PFS 3/175 0/290 34/780 0/946 0/344
Zhang, Fan et al. 2015 Interim_IHP PFS 4/750 2/627 8/590 5/155 0/000
Zhou, Zhao et al. 2019 Interim_IHP PFS 16/886 1/130 252/436 2/048 0/041

2/231 1/040 4/783 2/061 0/039

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Casasnovas, Meignan et al. 2011Interim-DSUVmax PFS 6/237 1/526 25/498 2/548 0/011
Itti, Meignan et al. 2013 Interim-DSUVmax PFS 1/981 0/729 5/383 1/340 0/180
Mikhaeel, Smith et al. 2016 Interim-DSUVmax PFS 4/283 2/078 8/831 3/941 0/000
Schmitz, Hüttmann et al. 2020 Interim-DSUVmax PFS 3/290 2/186 4/951 5/710 0/000
Song, Yoon et al. 2020 Interim-DSUVmax PFS 1/173 0/631 2/181 0/504 0/614
Toledano, Vera et al. 2019 Interim-DSUVmax PFS 5/390 3/325 8/737 6/835 0/000
Wang, Xu et al. 2018 Interim-DSUVmax PFS 4/376 1/350 14/179 2/461 0/014
Zhou, Zhao et al. 2019 Interim-DSUVmax PFS 14/903 0/092 2425/204 1/040 0/298

3/252 2/081 5/081 5/179 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Fig. 4   Meta-analysis of interim Response assessment using DS, IHP, and delta SUVmax for PFS in studies on anti-CD20 therapy
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100, 106]. In contrast, several studies reported a poor posi-
tive predictive value in early response assessment [45, 46, 
54, 60, 66, 72, 97, 104], whereby the interpretation of the 
18F-FDG PET/CT scan is of special importance. Indeed, the 
results obtained through visual analysis using IHP or DS 
criteria have shown poor positive predictive value for recur-
rence compared to the semi-quantitative analysis based on 

SUVmax values [22, 23, 38, 45, 48]. Moreover, the com-
bination of clinical variables and either interim-derived 
quantitative parameters or interim DS has been shown to 
improve the value of outcome prediction [56, 73, 85, 99]. 
In confirmation of this finding, the subgroup meta-analysis 
performed for interim PET scan showed the highest HR 
belonged to ΔSUVmax for prediction of both PFS and OS. 

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

de Oliveira Costa, Neto et al. 2016Interim-DS OS 5/020 1/041 24/216 2/010 0/044
Dunleavy, Fanale et al. 2018 Interim-DS OS 1/070 0/723 1/585 0/340 0/734
Han, Joo Hyun et al. 2016 Interim-DS OS 6/346 1/356 29/700 2/347 0/019
Jeon, O et al. 2020 Interim-DS OS 7/840 2/393 25/689 3/401 0/001
Kong, Qu et al. 2016 Interim-DS OS 7/105 2/155 23/425 3/221 0/001
Mamot, Klingbiel et al. 2015 Interim-DS OS 1/254 0/716 2/195 0/791 0/429
Toledano, Vera et al. 2019 Interim-DS OS 3/470 2/037 5/911 4/578 0/000
Wang, Xu et al. 2018 Interim-DS OS 5/790 1/528 21/941 2/584 0/010
Yim, Yhim et al. 2019 Interim-DS OS 3/530 2/130 5/850 4/894 0/000

3/237 1/877 5/583 4/224 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Cashen, Dehdashti et al. 2011Intreim-IHP OS 1/131 0/175 7/290 0/129 0/897
Han, Joo Hyun et al. 2016 Intreim-IHP OS 1/060 0/236 4/760 0/076 0/939
Mamot, Klingbiel et al. 2015 Intreim-IHP OS 1/131 0/692 1/849 0/492 0/623
Zhang, Fan et al. 2015 Intreim-IHP OS 5/841 2/821 12/093 4/754 0/000

1/832 0/647 5/192 1/140 0/254

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Mamot, Klingbiel et al. 2015 Interim-DSUVmax OS 1/704 0/891 3/256 1/612 0/107
Schmitz, Hüttmann et al. 2020Interim-DSUVmax OS 3/410 2/139 5/437 5/154 0/000
Toledano, Vera et al. 2019 Interim-DSUVmax OS 3/870 2/251 6/653 4/895 0/000
Wang, Xu et al. 2018 Interim-DSUVmax OS 1/725 0/310 9/591 0/623 0/533

2/875 1/929 4/284 5/187 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Fig. 5   Meta-analysis of interim response assessment using DS, IHP, and delta SUVmax for OS in studies on anti-CD20 therapy
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Several studies reported a high negative predictive value for 
early time point 18F-FDG PET/CT imaging [23, 35, 68, 89]. 
Subsequently, some investigations reported conventional 
treatment intensification based on interim 18F-FDG PET/
CT findings might had not clinical benefit and could not 
improve the final outcome and must be restricted to clinical 
trials [38, 86].

Early 18F-FDG PET/MRI using quantitative 18F-FDG 
PET and diffusion-weighted magnetic resonance imaging 
parameters has been shown to identify anti-CD20 therapy-
induced changes as early as 48–72 h after treatment initia-
tion [63, 64].

The presence of publication bias for the pooled HR of 
interim response assessment using DS for OS is probable 
(supplemental figures).

End of treatment (EOT) response assessment

Meta-analysis was performed using 16 articles on anti-CD20 
therapy. The reported HRs, for PFS, are widely ranged from 
1.27 to 14.54 and 1 to 11.58 for DS and IHP, respectively. 
For PFS, the pooled HR of the EOT response assessment 
using DS and IHP was 3.73 (95%CI: 2.50–5.56; P = 0.000) 
and 2.60 (95%CI: 1.82–3.71; P = 0.000), respectively. For 
OS, this range was from 0.89 to 12.21 for DS and from 
0.61 to 5.26 for IHP criteria. The pooled HR was 3.64 
(95%CI: 1.40–9.43; P = 0.008) and 2.01 (95%CI: 0.67–6.00; 
P = 0.208), respectively. The corresponding forest plots were 
illustrated in Figs. 6 and 7.

For EOT 18F-FDG PET/CT as well, the reports on 
potential prognostic effect have been mixed. Several 

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Annunziata, Cuccaro et al. 2018EOT-DS PFS 14/549 4/354 48/614 4/350 0/000
Ceriani, Martelli et al. 2017 EOT-DS PFS 12/501 0/709 220/488 1/725 0/085
Han, Joo Hyun et al. 2016 EOT-DS PFS 0/551 0/072 4/230 -0/573 0/567
Jeon, O et al. 2020 EOT-DS PFS 4/760 2/770 8/180 5/648 0/000
Kitajima, Okada et al. 2019 EOT-DS PFS 7/167 3/448 14/898 5/276 0/000
Kostakoglu, Martelli et al. 2021 EOT-DS PFS 3/703 2/760 4/969 8/726 0/000
Leppa, Jorgensen et al. 2020 EOT-DS PFS 2/700 1/087 6/704 2/141 0/032
Mamot, Klingbiel et al. 2015 EOT-DS PFS 3/342 2/111 5/292 5/146 0/000
Melani, Advani et al. 2018 EOT-DS PFS 1/278 1/023 1/597 2/164 0/030
Pinnix, Ng et al. 2018 EOT-DS PFS 2/049 1/137 3/693 2/387 0/017
Sun, Yu et al. 2019 EOT-DS PFS 6/100 1/841 20/216 2/958 0/003
Toledano, Vera et al. 2019 EOT-DS PFS 5/920 3/547 9/881 6/804 0/000
Trotman, Barrington et al. 2018EOT-DS PFS 5/000 3/333 7/501 7/778 0/000
Vaxman, Bernstine et al. 2019 EOT-DS PFS 4/160 1/548 11/182 2/826 0/005
Zhou, Zhao et al. 2019 EOT-DS PFS 2/074 0/398 10/808 0/866 0/386

3/730 2/501 5/563 6/455 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Annunziata, Cuccaro et al. 2018EOT-IHP PFS 2/157 0/821 5/669 1/559 0/119
Cashen, Dehdashti et al. 2011 EOT-IHP PFS 11/589 3/152 42/613 3/688 0/000
Han, Joo Hyun et al. 2016 EOT-IHP PFS 2/023 0/675 6/062 1/258 0/208
Mamot, Klingbiel et al. 2015 EOT-IHP PFS 2/603 1/671 4/055 4/232 0/000
Trotman, Barrington et al. 2018EOT-IHP PFS 2/500 1/660 3/765 4/386 0/000
Zhou, Zhao et al. 2019 EOT-IHP PFS 1/005 0/197 5/134 0/006 0/995

2/602 1/824 3/711 5/278 0/000

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Fig. 6   Meta-analysis of EOT response assessment using DS and IHP criteria for PFS in studies on anti-CD20 therapy
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studies reported the EOT 18F-FDG PET/CT using different 
evaluation systems could have a promising role in outcome 
prediction [18, 23, 44, 54, 57, 60, 65, 74, 87, 88, 90, 91, 
98, 104]. Aside from visual criteria, some newer quantita-
tive parameters such as the ratio between the SUVmax of a 
hypermetabolic lymphoma lesion and liver SUVmax on the 
EOT 18F-FDG PET/CT have a similar prognostic power as 
DS in predicting of the patient clinical outcome [18, 89]. On 
the other hand, some investigations reported a low positive 
predictive value for EOT imaging, which could limit the role 
of 18F-FDG PET/CT in end of treatment response evalua-
tion [26, 45, 46, 59, 65]. Similar to the interim imaging, a 
high NPV was reported on the EOT scan [46, 49, 65, 66, 
68, 85, 104].

Addition of rituximab to the conventional chemotherapy 
resulted in reduced positive predictive value of the interim 
and end of treatment 18F-FDG PET/CT-based response 
assessment [45, 46]. This may in part be explained by the 
inflammatory reactions as a consequence of recruitment 

of immune cells to the tumor following rituximab treat-
ment. Consequently, glucose consumption of the migrated 
immune cells might lead to a local hypermetabolism and 
false-positive PET results [46].

Immune checkpoint inhibitors (ICI)

Baseline metabolic parameters

Unlike the large number of studies on anti-CD20 therapy, 
there are fewer studies on the value of 18F-FDG PET/
CT on response assessment of ICIs in lymphoma. These 
results in a limitation of small sample sizes and short 
follow-up duration since ICI is a more recently adopted 
therapy. Among the nine included articles under this cat-
egory, one reported that baseline MTV had no statistically 
significant correlation with achieving complete metabolic 
response after pembrolizumab therapy [17].

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Ceriani, Martelli et al. 2017 EOT-DS OS 12/218 0/680 219/449 1/699 0/089
Han, Joo Hyun et al. 2016 EOT-DS OS 0/894 0/108 7/392 -0/104 0/917
Jeon, O et al. 2020 EOT-DS OS 6/040 2/882 12/659 4/764 0/000
Kostakoglu, Martelli et al. 2021EOT-DS OS 6/250 4/606 8/481 11/766 0/000
Melani, Advani et al. 2018 EOT-DS OS 1/177 0/937 1/478 1/401 0/161
Toledano, Vera et al. 2019 EOT-DS OS 5/710 3/160 10/319 5/770 0/000

3/642 1/405 9/437 2/660 0/008

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Study name Subgroup within study Outcome Statistics for each study Hazard ratio and 95% CI

Hazard Lower Upper 
ratio limit limit Z-Value p-Value

Cashen, Dehdashti et al. 2011EOT-IHP OS 5/264 0/386 71/790 1/246 0/213

Han, Joo Hyun et al. 2016 EOT-IHP OS 0/615 0/122 3/102 -0/589 0/556

Trotman, Barrington et al. 2018EOT-IHP OS 2/900 1/341 6/271 2/705 0/007

2/017 0/677 6/008 1/260 0/208

0/01 0/1 1 10 100

Favours A Favours B

Meta Analysis

Fig. 7   Meta-analysis of EOT Response assessment using DS and IHP criteria for OS in studies on anti-CD20 therapy
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Response assessment

In the category of ICIs, early 18F-FDG PET/CT scans 
appear to be more important than end of treatment 
response assessment. Some studies stated that patients 
achieved objective response after 3  months of ICI 
initiation and early 18F-FDG PET/CT evaluation can 
detect responders at this time point [19, 36]. Various 
methods have been employed to assess early imag-
ing including quantitative (MTV) or qualitative (DS) 
approaches; however, early 18F-FDG PET/CT findings 
were associated with the best overall response [19, 24, 
36, 94] or patient survival [24, 28, 58, 70]. Reduction 
of MTV [24, 36, 94], ΔSUVmax [24, 36], decrease in 
TLG (92) [24], and visual analysis by DS [24, 70] was 
associated with the best overall response (Supplemen-
tal Table 3) [17, 19, 24, 28, 36, 58, 70, 94]. Although 
some of studies evaluated Lugano and LYRIC criteria, 
they were heterogeneous in methodology and reported 
results; so we could not enrolled them to meta-analysis 
[24, 28, 36, 70].

Immune‑related adverse events (irAEs)

The potential irAEs related to ICI treatment include fever, head-
ache, arthralgia, cytopenia, respiratory system involvement, gas-
trointestinal tract involvement, and skin rash [17, 19, 24, 58]. In 
one study, it was reported that the rate of irAE was higher in ICI 
responding patients in comparison to the non-responders; how-
ever, this finding was not significant [24]. There were no reports 
on irAEs leading to death in the articles reviewed [17, 24, 58].

Cellular therapy

Baseline metabolic parameters

In cell therapy, among the 8 related studies, only one indicated 
MTV had a significant association with PFS and OS [93]. On 
the other hand, one article stated MTV and TLG were not 
associated with response to treatment and OS [95].

Response assessment

Early 18F-FDG PET/CT imaging at ~ 1 month after therapy 
initiation has been reported to be useful for early response 
assessment following cellular therapy and may have a role in 
guiding treatment pathway [37, 79]. For example, MTV may 
be an effective tool for early response assessment [79] and 
early suppression of glucose consumption in lymphoid organs 
may be associated with poor outcome [37]. Also, 18F-FDG 
PET may have a role in monitoring the immune effects after 
allogeneic cell transplantation [47] (Supplemental Table 4) 
[20, 37, 47, 79, 93, 95].

Immune‑related adverse events (irAEs)

The most common irAEs of CAR-T cell therapy is cytokine 
release syndrome (CRS), and a concurrent local immune acti-
vation within a tumoral lesion that can cause a severe local 
inflammation which can lead to pseudo-progression. It has been 
reported that the baseline tumor burden was linked to CRS and 
pseudo-progression in treatment course [37]. It should be noted 
that there is a controversy in this issue and another study did not 
witness any relation between baseline FDG metabolic param-
eters and CRS [79]. Another study reported that the presence of 
pseudo-progression did not alter early response evaluation [58]. 
Moreover, another study indicated that CRS did not confound 
18F-FDG PET/CT interpretation [47].

Discussion

The high sensitivity of the 18F-FDG PET in detecting nodal 
and extranodal involvement has established its role in primary 
staging as a standard of care for all 18F-FDG-avid lympho-
mas [11]. Calculating quantitative baseline tumor burden and 
tumor metabolism indices following immunotherapy are com-
mon parameters used to predict prognosis in baseline 18F-FDG 
PET scans [25, 27, 32, 104, 105]. However, some studies have 
not found a definite correlation between one or more of these 
parameters with PFS or OS [37, 95]. This can, in part, be 
explained by heterogeneous patient characteristics, including 
a wide age range, different clinical stage and disease subtypes, 
and different software and the different ways used for defini-
tion of the marginal threshold of hypermetabolic foci [27]. 
Moreover, these discrepancies are obvious through the hetero-
geneity of reported HRs in Figs. 2 and 3. Based on the meta-
analysis performed in the present work, the highest pooled HR 
between baseline parameters belongs to MTV with HR of 4.39 
(95%CI: 2.71–7.08; P = 0.000] and the lowest one belongs to 
SUVmax with an HR of 1.18 (95%CI: 0.79–1.75; P = 0.404).

Many reports suggest response assessment via semi-
quantitative/quantitative methods in lymphoma patients 
provides better outcome discriminators than the visual 
criteria regardless of the considered background reference 
tissue [21, 22, 38, 48]. Moreover, it has been reported that 
inter-observer reproducibility was higher using semi quan-
titative methods than the visual approaches [48]. Our find-
ings showed the pooled HR of the early response assess-
ment following anti-CD20 treatment using ΔSUVmax 
for PFS is 3.25 (95%CI: 2.08–5.08; P = 0.000), which is 
higher than the DS and IHP criteria’s pooled HRs. Pooled 
HR for an early evaluation concerning OS did not support 
this point and the pooled HR of the ΔSUVmax is lower 
than the DS corresponding value, 2.87 (95%CI: 1.92–4.28; 
P = 0.000] versus 3.23 (95%CI: 1.87–5.58, P = 0.000). 
On the other hand, according to some studies, it seems 
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that visual assessment by DS is a better prognosticator 
than the IHP criteria [45]. Our findings in early response 
assessment pooled HRs also support this point. Pooled 
HR of the early response assessment for PFS and OS are 
respectively 2.56 (95%CI: 1.79–3.66; P = 0.000] and 3.23 
(95%CI: 1.87–5.58; P = 0.000) for DS, which are higher 
than the IHP criteria’s pooled HRs. These measurements 
for DS and IHP were relatively similar for EOT 18F-FDG 
PET/CT. This difference can in part be explained by the 
more conservative nature of the IHP criteria, which uses a 
lower visual reference (surrounding background or medi-
astinal blood pool) compared to the DS, which uses liver 
parenchymal uptake [18]. It should be mentioned that the 
SUV of the reference organs may be affected by the hyper-
metabolic tumor burden, and this point should be consid-
ered when interpreting serial 18F-FDG PET/CT scans [51].

In immunotherapy with ICIs, a decrease in tumor metab-
olism indices as early as 8 weeks after therapy initiation 
occurred in responders. On the other hand, modifications of 
tumor burden indices occurred appreciably later. This time 
interval may be due to immune system reactivation and glucose 
consumption by tumor-infiltrated lymphocytes [24]. It seems 
that immune-related adverse events in immune cell therapy 
and ICIs have more impressive influence on 18F-FDG PET/
CT scan, compared to the anti-CD20 immunotherapy. There 
are more anti-CD20 monoclonal antibody studies performed 
which allowed the analysis, while the current published studies 
in ICIs and cell therapy are quite heterogeneous with regard 
to response assessment and outcome prediction; therefore, 
dedicated analysis in this treatment cohort was not performed.

The number of enrolled papers on anti-CD20 monoclonal 
antibodies is quite different, compared to the other two cat-
egories: ICIs and cellular therapies. The latter ones have a 
small number of papers and do not have similar indices in all 
of them. This difference gives different strength to the results 
related to the anti-CD20 mAbs. With the support of the large 
number of studies on anti-CD20 mAbs, we could calculate 
pooled HRs, whereas meta-analysis and pooled ratio calcula-
tion were not possible for ICIs and cellular therapies. On the 
other hand, in the category of anti-CD20 mAbs, the depicted 
funnel plots showed asymmetry and probable publication bias 
in pooled HR of some of baseline parameters (MTV, TLG, 
and SUVmax for PFS and MTV for OS) as well as pooled HR 
of interim response assessment using DS for OS. This was 
the main limitation that we encountered in the present study.

Conclusion

Our present study revealed that with anti-CD20 therapy, 
baseline MTV on 18F-FDG PET/CT has the highest HRs 
for both PFS and OS. In response assessment of anti-CD20 

therapy, Deauville score in early and late time points has 
higher HRs for PFS and OS compared to the international 
harmonization project criteria. While early changes in 
18F-FDG PET parameters may be predictive of response 
to ICIs and cell therapy treatment, further studies are 
required to establish the optimal response parameters fol-
lowing treatment of lymphoma patients.
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