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I N TRODUC TION

Aggressive large B-cell lymphoma (LBCL) including diffuse 
large B-cell lymphoma (DLBCL), high grade B-cell lymphoma 
(HGBL) and primary mediastinal B-cell lymphoma (PMBL) 

are the most common subtypes of non-Hodgkin lymphoma.1,2 
The addition of rituximab to cyclophosphamide-doxorubicin-
vincristine-prednisone (R-CHOP) chemotherapy has greatly 
improved the outcome of LBCL patients.3 However, approxi-
mately 20%–50% still experience a poor outcome.4,5
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Summary
Approximately 20%–50% of patients with large B-cell lymphoma (LBCL) experience 
poor outcomes. We aimed to evaluate the combined prognostic value of circulating 
tumour DNA (ctDNA) and total metabolic tumour volume (TMTV) in LBCL. This 
observational single-centre study included 112 newly diagnosed LBCL patients, re-
ceiving R-CHOP/R-CHOP-like chemotherapies. CtDNA load was calculated follow-
ing next-generation sequencing of cell-free DNA (cfDNA) using a targeted 40-gene 
lymphopanel. TMTV was measured using a fully automated artificial intelligence-
based method for lymphoma lesion segmentation. CtDNA was detected in cfDNA 
samples from 95 patients with a median concentration of 3.15 log haploid genome 
equivalents per mL. TMTV measurements were available for 102 patients. The me-
dian TMTV was 501 mL. High ctDNA load (>3.57 log hGE/mL) or high TMTV 
(>200 mL) were associated with shorter 1-year PFS (44% vs. 83%, p < 0.001 and 64% 
vs. 97%, p = 0.002, respectively). When combined, three prognostic groups were iden-
tified. The shortest PFS was observed when both TMTV and ctDNA load were high 
(p < 0.001). Even with a short follow up, combining ctDNA load with TMTV im-
proved the risk stratification of patients with aggressive LBCL. In the near future, 
very high-risk patients could benefit from CAR T-cell therapy or bispecific antibod-
ies as first-line treatments.
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Several scores have been developed to improve their prog-
nostic stratification. The International Prognostic Index 
(IPI) remains the most widely used tool for assessing patient 
prognosis in routine clinical practice.6–9 Other prognos-
tic factors have been identified like gene expression profil-
ing10–16 or HGBL subtype.1,2,17–20 However, these clinical 
and pathological features are not sufficient to reflect the full 
LBCL heterogeneity.

Imaging by 18F-fluorodeoxyglucose-positron emission 
tomography/computed tomography (FDG-PET/CT) is now 
recommended for the initial evaluation and response as-
sessments of aggressive lymphoma.21–23 The total metabolic 
tumour volume (TMTV) is obtained by summing the met-
abolic volumes of all the nodal and extranodal lesions and 
seems to provide a good reflection of tumour burden at di-
agnosis.22,24 A high TMTV at diagnosis has been reported to 
be associated with a poorer outcome.15,25,26

Circulating tumour DNA (ctDNA) is a new biological 
parameter not yet widely used in clinical practice. CtDNA 
is being increasingly studied as a potential new strategy for 
lymphoma profiling and patient management. Circulating 
cell-free DNA (cfDNA) refers to extracellular DNA frag-
ments present in the body fluid. Higher concentrations 
have been observed in cancer patients due to the presence 
of ctDNA derived from tumour cells undergoing apop-
tosis.27 Next-generation sequencing (NGS) and advances 
in PCR have enabled the detection of somatic variants in 
ctDNA. Panels of target genes have been validated for lym-
phoma10,28,29 allowing the molecular characterization of 
LBCL in the plasma, as well as in tumour biopsies. It has 
been suggested that ctDNA analysis would provide a bet-
ter reflection of the genetic heterogeneity of LBCL than the 
analysis of the tissue biopsy itself.27,28,30 Some studies have 
also reported that a high ctDNA load at diagnosis may be 
associated with a poorer prognosis.29–35

The goal of this study was to evaluate the real-world prog-
nostic value of TMTV and cfDNA, both individually and in 
combination, in a cohort of patients with newly diagnosed 
aggressive LBCL.

M ETHODS

Study design and patients

This observational single-center study was conducted on 
patients attending the Lymphoma Unit, Créteil University 
Hospital, APHP, France and included during two periods. 
From May 2017 to March 2019, cfDNA was analysed from 
plasma prospectively collected in EDTA tubes from pa-
tients participating in the RT3 trial (Real Time Molecular 
Characterization of Diffuse Large B Cell Lymphoma trial)36 
with sufficient tumoral material available for NGS analyses. 
From March 2019 to December 2020, cfDNA was analysed 
from plasma samples collected in Streck tubes from all newly 
diagnosed patients, regardless of the amount of tumoral 
material available. The date of the last follow up was 3 July 

2021. All patients provided written informed consent before 
being included in the analysis for the current study, in ac-
cordance with both institutional ethical guidelines and the 
Declaration of Helsinki. The local institutional review board 
(CPP number 15071, ANSM IDRCB2015-A00342-47) ap-
proved the retrospective collection and analysis of the data.

Patients meeting the following inclusion criteria were 
included: (i) aged ≥18 years, (ii) untreated LBCL, diagnosed 
as DLBCL-not otherwise specified (NOS), HGBL double hit 
(HGBL-DH), triple hit (HGBL-TH) or NOS (HGBL-NOS) 
and as PMBL, according to the criteria of the 2016 WHO 
classification,2 (iii) eligible for first-line treatment with a 
combination of anthracycline-based chemotherapy and an 
anti-CD20 monoclonal antibody and (iv) with blood sam-
ples for cfDNA analysis collected at diagnosis. Patients with 
untreated transformed low-grade NHL and those with pos-
itive HIV serology were eligible. Patients with diagnoses of 
Burkitt lymphoma, follicular lymphoma grade IIIB, primi-
tive cerebral lymphoma or plasmablastic lymphoma, as well 
as those eligible for immunotherapy alone, were excluded.

Data on clinical features at diagnosis and treatment reg-
imens were retrospectively collected from hospital records. 
Data concerning responses to treatment and the date of first 
event (relapse, progression, death of any cause), were col-
lected during follow up.

Sample collection and cfDNA sequencing

For all patients, blood samples were collected at baseline be-
fore any treatment. Plasma (2–4 mL) was isolated within 4 h 
and frozen at −20°C. DNA extraction was performed using a 
QIAsymphony automated extraction device (Qiagen). DNA 
samples were then stored at −20°C until analysis (Research 
collection, Assistance Publique Hôpitaux de Paris).

Quantification of cfDNA was carried out by droplet digi-
tal PCR (ddPCR) assay using the QX200 Droplet Digital PCR 
system (Bio-Rad Laboratories), as previously described.37 
The quantity of cfDNA in plasma was expressed as the hap-
loid genome equivalents per mL of plasma (log hGE/mL).

Sequencing libraries were prepared using the QIAseq li-
brary kit (QIAgen) according to the manufacturer's instruc-
tions. Briefly, 10–40 ng of cfDNA were end-repaired, A-tailed, 
and ligated to UMI (Unique molecular identifier) barcoded 
adapters. The adapter-ligated libraries were target enriched 
by PCR (6 cycles) using a panel of loci-specific primers target-
ing a lymphopanel of 40 targeted genes (Table S1). The target-
enriched libraries were then further amplified with 21 cycles 
of PCR. The library profile was analysed using the Agilent 
2100 Bioanalyzer (Agilent Technologies) and quantified by 
qPCR using the QIAseq Library Quant Assay Kit (QIAgen). 
For each single sequencing run, a multiplexed (8-plex) library 
was created by pooling libraries at an equal molar ratio, as 
determined by qPCR. The multiplexed library was denatured 
and sequenced using the Illumina MiSeq kit (2 × 150 cycles 
with pair-end runs). Bioinformatic analysis was performed 
using the QIAseq open sources analysis pipeline.
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The mean variant allele frequency (VAF) was calcu-
lated for non-synonymous coding variants by dividing by 
2 the VAF of variants for which the deletion of the corre-
sponding normal allele could be visualized by the loss of a 
known polymorphism and/or confirmed by biopsy analysis. 
Concentrations of ctDNA were expressed in log hGE/mL, 
calculated by multiplying the mean VAF by the concentra-
tion of cfDNA.

18F-Fluorodeoxyglucose-positron emission 
tomography/computed tomography

All patients underwent 18F-fluorodeoxyglucose-positron 
emission tomography/computed tomography (FDG-PET/
CT) in the nuclear medicine department at the following 
times during the study period: at diagnosis for initial stag-
ing, mid-treatment depending on the treatment strategy, 
and at the end of treatment or in case of suspected relapse or 
progression. Disease response was assessed by FDG-PET/CT 
in accordance with the Lugano Classification23 and using 
the Deauville five-point scale.38

FDG-PET/CT scans were performed 60 minutes after 
injection of FDG, either on a Gemini GXL16 scanner 
(Philips) or on a Biograph Vision 450 scanner (Siemens). 
Quality control of image reconstruction was ensured by 
measuring the SUVmax in a spherical volume of interest 
(VOI) in the liver and in the mediastinum. Image vol-
umes were imported in a DICOM format onto an Imagys 
workstation (Keosys). Lymphoma lesions were identified 
visually as areas of increased uptake outside areas of phys-
iological uptake. The CT fusion display was used to ensure 
that the metabolic volumes did not spill over into anatom-
ical structures. The TMTV was obtained by summing the 
metabolic volumes of all individual nodal and extranodal 
lesions, using a semi-automated artificial-intelligence-
based tool for the segmentation of lymphoma lesions using 
the PAIRE software v1.0.0.39

Pathology

The diagnosis was made by expert hematopatholo-
gists belonging to the French Lymphopath network, ac-
cording to the criteria of the 2016 WHO classification.2 
Immunohistochemistry was performed using a panel of 
antibodies comprising at least those directed against CD20, 
CD5, CD10, BCL-6, MUM-1, Ki67, BCL-2 and MYC allow-
ing for the determination of the cell-of-origin status of the 
DLBCL according to the Hans algorithm.40

Analysis of BCL6, MYC and BCL2 rearrangements was 
done by fluorescence in situ hybridization (FISH) as previ-
ously described20 to identify patients with HGBL-DH (MYC 
and BLC2 or BCL6 rearrangements) or HGBL-TH (MYC, 
BLC2 and BCL6 rearrangements).

When available, tumour tissue samples were also se-
quenced by NGS. Tumour sequencing was conducted in the 

pathology department (Henri Mondor University Hospital), 
according to the method described by Bohers et al.41 using 
a 36-gene lymphopanel (Table  S1, sheet 1) and amplicon-
based libraries on an Ion Torrent Personal Genome machine 
(Thermo Fisher Scientific). All the genes included in the 36-
gene lymphopanel were also included in the 40-gene cfDNA 
lymphopanel.

Statistical analysis

Receiver-operating characteristic (ROC) and X-tile analy-
sis42 analysis were performed to determine optimal cut-off 
values for survival predictions. Briefly, a ROC analysis was 
performed to determine the optimal cut-off value for each 
continuous variable (ctDNA and TMTV) for stratifying the 
population according to binary progression-free survival 
(PFS) patient status (0 = no progression vs. 1 = progression) 
and for achieving the best compromise between sensitiv-
ity and specificity (Youden index = Se + Sp−1). The X-tile 
software40 was then used for biomarker assessment and 
outcome-based cut-off optimization, and Kaplan–Meier 
analyses of survival were performed for each continuous 
variable (ctDNA and TMTV), taking into account the time 
of progression and time of censoring, in addition to the bi-
nary classification of PFS.

Patient characteristics according to ctDNA group were 
compared using the chi-squared or Fisher exact tests for 
categorical variables, as appropriate, and the Student's t test 
for continuous variables after assessing the normality of the 
distribution.

PFS was measured from the date of diagnosis to the date 
of progression, relapse, death from any cause, or last fol-
low up (censored data). Overall survival (OS) was measured 
from the date of diagnosis to the date of death from any 
cause or last follow up (censored data). Survival rates were 
expressed as percentages with 95% confidence intervals 
(CIs). Kaplan–Meier survival curves were compared using 
the log-rank test. The proportional hazards assumption 
was verified. Uni- and multivariable analyses were per-
formed using Cox proportional hazards models. Variables 
associated with a p < 0.2 or deemed clinically relevant were 
selected as candidates for the multivariable Cox model 
for PFS. The final model was reached using a backward 
selection procedure, leading to elimination of the non-
significant variables with the highest p-values (>0.05) only 
when this elimination did not lead to a significant change 
in the coefficient and/or p-value of the other variables in 
the model. As less than 40 events were observed in our co-
hort, the number of variables included in the multivariate 
analysis was limited. Interactions were tested and hazard 
ratios (HRs) with 95% CIs were calculated.

Statistical significance was defined as a p < 0.05. Statistical 
analyses were conducted using the X-tile 3.6.1 software (Yale 
University), MedCalc 12.2.1.0 (MedCalc Software) and 
the STATA 17 software (StataCorp 2021. Stata Statistical 
Software: Release 17.; StataCorp LLC.).
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R E SU LTS

Clinical and histological features

Between May 2017 and December 2020, 112 untreated LBCL 
patients were included in the study (Figure 1). The clinical and 
demographic characteristics of the patients are listed in Table 1.

There were 87 DLBCL-NOS (78%); 17 HGBL15; 5 PMBL 
(4%); 2 T-cell-rich B-cell lymphoma (2%) and 1 intravascular 
DLBCL (1%). Transformed low-grade lymphoma was iden-
tified in 28 patients (25%). Median age was 67 years. Most 
of them presented an advanced disease: 93 (83%) had stage 
III or IV disease according to the Ann Arbor classification43 
and 61 (54%) had high IPI scores 3–5. Central nervous sys-
tem (CNS) involvement was documented at diagnosis by 
flow cytometry in five patients.

Treatments

Treatments are described in Table S2. Most patients received 
R-CHOP (n = 83, 74%) or R-CHOP-like (n = 11, 10%) chemo-
therapy. Seven patients (6%) with particularly aggressive dis-
ease (HGBL or CNS involvement at diagnosis), who were fit 
enough to meet the treatment criteria, received more intensive 
therapy following a Burkitt lymphoma treatment regimen.44

Patients considered as at high risk of CNS relapse (CNS-
IPI score ≥4 or extranodal involvement, mostly in the tes-
tis) or treated with the intensive regimen, received CNS 
prophylaxis.

Clinical outcomes

The median follow up was 17 months (range: 3–44 months). 
At last follow up, OS and PFS were 59% [95% CI: 26.9–81.3] 

and 60% [95% CI: 46.6–70.4], respectively. The 1-year PFS 
was 73% [95% CI: 63.8–80.6] (Figure 2).

Nineteen patients (17%) presented disease progres-
sion during therapy, with a median time to progression of 
3 months (range: 1–7 months). Complete and partial FDG-
PET/CT metabolic responses after first-line treatment were 
observed in 88 (79%) and 5 (4%) patients, respectively. 
Relapse occurred in 17 patients (15%), with a median time 
to relapse of 9 months (range: 1–24 months). During follow 
up, 18 patients (16%) died: 12 from disease progression, one 
from hematologic toxicity and five from other causes not 
related to lymphoma (one from head and neck cancer, two 
from SARS-CoV-2 infection, one from sudden death likely 
due to cardiovascular or pulmonary embolism, and one after 
a fall and subsequent massive subdural hematoma). The me-
dian time to death was 10 months from diagnosis. At last fol-
low up, five patients were still in progression and 89 were in 
complete metabolic response.

Significantly shorter PFS was observed in patients with 
HGBL (p < 001), bone marrow involvement (p = 0.001), IPI 
scores of 3–5 (p < 0.001) or CNS involvement (p = 0.016).

FDG-PET/CT at diagnosis

TMTV data at diagnosis were available for 102 patients (the 
tumour was removed before FDG-PET/CT in four cases, 
urgent chemotherapy was required before FDG-PET/CT in 
three cases, data were uninterpretable in one case and the 
images could not be recovered in two cases).

The median baseline TMTV was 501 mL (range: 4–5151 mL).
A baseline TMTV threshold of 200 mL was selected and 

validated as the optimal cut-off for evaluating the correla-
tion between baseline TMTV and PFS.

In univariate analysis, patients with a high TMTV at base-
line (>200 mL, n = 69) had significantly lower rates of 1-year 

F I G U R E  1   Flow chart of patient study inclusion. 

Study population (n=112)

Eligible patients with LBCL
(n=129)

Excluded patients (n=17)
Burkitt lymphoma, n=4
Follicular lymphoma grade 3B, n=2
Primary cerebral lymphoma, n=3
Lost to follow up, n=1
Immunotherapy alone, n=4
Diagnostic error, n=1
cfDNA analysis failure, n=2

Baseline TMTV available (n=102)

Patient status at last follow up (n=10)
Death, n=2
Disease progression, n=1
Complete metabolic response, n=7

Patient status at last follow up (n=102)
Death, n=16
Disease progression, n=4
Complete metabolic response, n=82

Without baseline TMTV available (n=10)
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PFS than those with a TMTV<200 mL at baseline (64% vs. 
97%, respectively, p = 0.002, HR = 4.6 [95% CI: 1.6–13.2]) 
(Table  2 and Figure  3A). The same results were obtained 
when the analysis was restricted to patients who received 
R-CHOP-like treatment (p = 0.001, HR = 7.49 [95% CI: 3.47–
16.17]). No interaction between the period of collection and 
TMTV prognostic value was found (p = 0.155).

Molecular characteristics

The mean coverage of the cfDNA samples was 518 UMI 
(range: 177×−1500×). At least one mutation was detected in 
95 of 112 cases (85%; Table S1). The median number of non-
synonymous coding variants per sample was 7 (range: 0–30) 
and the mean allele fraction was 16.9% (range: 1.2%–47%). 
The ctDNA genotyping results are presented in Figure 4. As 
expected, TP53, PIM1 and KMT2D were the most frequently 
mutated genes. Tumour tissue samples from 77 patients were 
available for analysis (variants are detailed in Table S1). On 
average, 66% of the variants detected in ctDNA were present 
in the tumour (Table S1).

The ctDNA was quantified from the coding variants, with 
a median of 3.15 log hGE/mL (range: 1.4–5.0 log hGE/mL).

A ctDNA threshold of 3.57 log hGE/mL was selected 
and validated as the optimal cutoff for analysing the cor-
relation between baseline ctDNA load and PFS. In univar-
iate analysis, a significantly lower 1-year PFS was observed 
in patients with a high ctDNA load (>3.57 log hGE/mL, 
n = 28) compared to those with a ctDNA load below the 
threshold: 44% vs. 83%, respectively; p < 0.001, HR = 3.1 
[95% CI: 1.6–6.1] (Table  2 and Figure  3B). The same re-
sults were obtained when the analysis was restricted to 
patients who received R-CHOP-like treatment (p < 0.001, 
HR = 3.12 [95% CI: 1.31–7.42]). No interaction between 
the period of collection and ctDNA prognostic value was 
found (p = 0.448).

Patients with a high ctDNA load presented more ad-
vanced disease at diagnosis with significantly more patients 
having stage III/IV disease (p = 0.039), IPI scores of 3–5 
(p < 0.001) and above normal lactate deshydrogenase (LDH) 
levels (p < 0.001) at diagnosis (Table 3).

Among the 95 patients with samples in which ctDNA was 
detected, 25 had a TP53 mutation (26%) and had a shorter 
PFS (p = 0.004, HR = 2.63 [95% CI: 1.31–5.29]) (Figure 5).

Combined prognostic value of ctDNA load at 
diagnosis and baseline TMTV

As expected, we found a significant relationship between 
ctDNA load at diagnosis and baseline TMTV (p < 0.001). 
(Figure S1).

Combining baseline TMTV and ctDNA loads led 
to the identification of three groups with significantly 

T A B L E  1   Patient characteristics for the whole cohort.

Characteristics
Patients 
(n = 112)

Male sex, n (%) 68 (61)

Age (years), median [range] 67 [20–91]

Histological diagnosis, n (%)

DLBCL 87 (78)

HGBL 17 (15)

PMBL 5 (4)

Othera 3 (3)

Transformed low grade, n (%) 28 (25)

Stage, n (%)

I/II 19 (17)

III/IV 93 (83)

IPI, n (%)

0–2 51 (46)

3–5 61 (54)

CNS-IPI, n (%)

0–1 22 (20)

2–3 55 (49)

4–6 35 (31)

LDH level above normal, n (%) 67 (60)

Central nervous system localizationb, n (%) 5 (4)

Bone marrow involvementc, n (%) 14 (13)

Histological features, n (%)

GC 54 (48)

Non-GC 58 (52)

Double hit 11 (10)

Triple hit 2 (2)

Baseline circulating tumour DNA

Detected, n (%) 95 (85)

Median [min-max], log hGE/mL 2.9 [0–5.0]

TP53 mutationd, n (%) 25 (26)

FDG-PET/CTe

Baseline TMTV available, n (%) 102 (91)

Median [range] baseline TMTV, mL (n = 102) 501 [4–5151]

Median [range] baseline SUVmax (n = 102) 23.3 [4.6–54]

Abbreviations: CNS-IPI, Central Nervous system-International Prognostic Index 
(a score of 0–1 indicates low risk of CNS relapse, a score of 2–3 intermediate risk 
of CNS relapse and a score ≥4 points indicates high risk of CNS relapse); DLBCL, 
diffuse large B-cell lymphoma; FDG-PET/CT, 18F-f luorodeoxyglucose-positron 
emission tomography/computed tomography; GC, germinal centre (according 
to Hans algorithm); HGBL, high grade B-cell lymphoma; IPI, International 
Prognostic Index (score of 0–2 indicate low to intermediate risk disease, score of 
3–5 points indicate high-risk disease); LDH, lactate deshydrogenase level; PMBL, 
primary mediastinal large B-cell lymphoma; TMTV, total metabolic tumour 
volume.
aTwo patients had T-cell-rich B-cell lymphoma and one had intravascular DLBCL.
bData available for 109 patients.
cData available for 105 patients.
dAmong patients with ctDNA detected (n = 95).
eFDG-PET/CT data were available for 102 patients.
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6  |      CTDNA AND TMTV AS EARLY OUTCOME PREDICTORS IN LBCL

different prognoses for PFS. Patients with both values 
above the thresholds (n = 28) had a lower 1-year PFS 
than those with discrepant values (n = 41; ctDNA low 
and TMTV high) or with both values below the thresh-
olds (n = 33). One-year PFS estimates for the three 
groups were 44%, 78% and 97%, respectively (p < 0.001; 
Figure 6).

In the multivariate Cox analysis, only the IPI and 
the histologic subtype remained significant for predict-
ing PFS (p = 0.0015 and p = 0.003, respectively; Table  2). 
Similar results were obtained using a model in which 
TMTV and ctDNA were considered as a combined vari-
able (low-low/discrepant/high-high), with only IPI and 
histology remaining significant (p = 0.160 for the com-
bined variable).

DISCUSSION

This monocentric real-world study reports the combined 
prognostic value of baseline TMTV and ctDNA load in a co-
hort of newly diagnosed LBCL patients. A high ctDNA load 
or a high TMTV at diagnosis were associated with signifi-
cantly poorer outcome. Correlations between ctDNA load 
and TMTV have been reported in a few studies, mostly ret-
rospective.29,33,34,45 To our knowledge, none of these studies 
assessed their combined prognostic value. Here, we showed 
that the combination of these two factors highlighted three 
prognostic groups.

Our study was conducted in a real-world setting with a 
large cohort of patients. As expected, LBCL subtype distri-
bution and clinical characteristics, including PFS, OS and 

F I G U R E  2   Overall survival (A) and progression-free survival (B) for the whole cohort. 

T A B L E  2   Univariate and multivariate analyses for progression-free survival.

Characteristic
Univariate analysis Crude HR 
[95% CI] pa

Multivariate analysis adjusted HR [95% CI] 
n = 102 pb

TMTV (n = 102)

≤200 mL 1 (ref) 0.002 1 (ref) 0.175

>200 mL 4.58 [1.59–13.15] 2.23 [0.70–7.12]

ctDNA

≤3.57 log hGE/mL 1 (ref) <0.001 1 (ref) 0.385

>3.57 log hGE/mL 3.11 [1.60–6.06] 1.41 [0.65–3.07]

IPI

0–2 1 (ref) <0.001 1 (ref) 0.015

3–5 6.63 [2.57–17.08] 4.04 [1.31–12.41]

Histological diagnosis

Other subtypesc 1 (ref) <0.001 1 (ref) 0.003

HGBL 3.96 [1.95–8.02] 3.27 [1.50–7.14]

Abbreviations: ctDNA, circulating tumoral DNA; HGBL, high grade B-cell lymphoma; IPI, International Prognostic Index; TMTV, total metabolic tumour volume.
aLog-rank test.
bMultivariable Cox model.
cOther subtypes: PMBL and DLBCL.
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      |  7LE GOFF et al.

IPI scores, were in accordance with those observed in previ-
ously published studies.4

Interest in liquid biopsies is growing. Indeed, liquid bi-
opsies allow the determination of two prognostic parame-
ters: the tumour genetic profile and the quantity of tumoral 
DNA. In our cohort, ctDNA mutations were detected in 85% 
of patients. Different rates have been found in previous stud-
ies: 63% for Bohers et al.,29 66% for Rossi et al.,28 87% for 
Rivas-Delgado,35 and 98% for Kurtz et al.33 These differences 
may be explained by the use of different gene panels. In the 
current study, we used a lymphopanel designed in 2015 for 
the purpose of diagnosis, prognosis or theragnosis of B-cell 
lymphoma.41 This strategy was similar to that described by 
Rivas-Delgado et al.35 and gave similar results. This panel 
did not include some of the genes used in the most recent 
DLBCL classifications (such as those described in ref.46,47). 
Nevertheless, it allowed the detection of TP53 mutations, 
one of the major prognostic genetic factors identified. Our 

results suggested once again the value of this gene in routine 
prognostic evaluations.

The median ctDNA load reported in our study (2.9 log 
hGE/mL) was similar to that reported previously.33,35 As 
noted in previous studies,30,31,33–35 a higher pretreatment 
ctDNA load was prognostic for PFS. No universal cut-off has 
been defined for ctDNA load. Our threshold of 3.57 log hGE/
mL was determined as the optimal cut-off for distinguishing 
between high- and low-risk patients. This cut-off was sig-
nificantly higher than those previously reported,33 which is 
probably explained in part, by our short follow up.

TMTV is a well-established strong prognostic factor for 
lymphoma. Our optimal TMTV cut-off was estimated at 
200 mL, which was relatively low compared to that used in 
other studies. TMTV was considered as high when >220 mL in 
the study by Vercellino et al.,26 >300 mL in that by Cottereau 
et al.15 or >550 mL in the study by Sasanelli et al.25 To date, 
several different calculation methods have been proposed 

F I G U R E  3   Kaplan–Meier estimates of progression-free survival according to baseline TMTV (A) or baseline ctDNA status (B). 

F I G U R E  4   Mutational landscape based on ctDNA analysis. Colours indicate the number of variants (green: 1, yellow: 2–3, blue ≥4). 
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8  |      CTDNA AND TMTV AS EARLY OUTCOME PREDICTORS IN LBCL

and could explain these differences.48 However, irrespec-
tive of methodology, TMTV remains a robust prognostic 
parameter in DLBCL.15,22,25,26,35,48 In our study, TMTV was 
calculated using a fully automated artificial intelligence-
based method for the segmentation of lymphoma lesions.39 
Volume quantification and lymphoma segmentation are key 
to ensuring reliable measurement of TMTV. Fully automatic 
segmentation has been shown to improve the reproducibil-
ity of TMTV assessments. As proposed by Barrington and 
Meignan,48 standardization will improve the use of this pa-
rameter in clinical practice.

Associations between TMTV and other prognostic fac-
tors15,26 have been studied and allowed a better stratification 
of LBCL patients. The combination of baseline TMTV and 

ctDNA load, reported here, stratified the population into 
three different groups prognostic for PFS and provided a 
strong predictor of early disease events. Patients with both 
values below the thresholds had a significantly better PFS 
than the other groups. The fact that all the patients with 
discordant values presented high TMTV (>200 mL) was un-
expected. Moreover, these patients had a better 1-year PFS 
than those with both values above the thresholds. Our find-
ings suggest that ctDNA, as a good indicator of tumour mass 
and aggressiveness, provides additional information for 
estimating LBCL prognosis, mitigating the strong impact 
of TMTV. Thus, our results enabled, in a short follow-up 
time, the identification of patients with a very good prog-
nosis (TMTV≤200 mL) and the identification of patients 

T A B L E  3   Patient characteristics stratified according to pretreatment ctDNA load with the 3.57 log hGE/mL cutoff.

Characteristics ctDNA ≤3.57 log hGE/mL (n = 84) ctDNA >3.57 log hGE/mL (n = 28) p

Male sex, n (%) 54 (64) 14 (50) 0.18b

Age (years), median [IQR] 65 [53.5–73.5] 71 [55–77] 0.094c

Histological diagnosis, n (%)

DLBCL 66 (79) 21 (75) 0.228d

HGBL 10 (12) 7 (25)

PMBL 5 (6) 0 (0)

Othera 3 (4) 0 (0)

Histological diagnosis, n (%)

Other subtypes 74 (88) 21 (75) 0.127d

HGBL 10 (12) 7 (25)

Transformed low grade, n (%) 19 (23) 9 (3) 0.313b

Stage, n (%)

I/II 18 (21) 1 (4) 0.039d

III/IV 66 (79) 27 (96)

IPI, n (%)

0–2 48 (57) 3 (11) <0.001b

3–5 36 (43) 25 (89)

CNS-IPI, n (%)

0–1 22 (26) 0 (0) <0.001b

2–3 47 (56) 8 (29)

4–6 15 (18) 20 (71)

LDH above normal, n (%) 39 (46) 28 (100) <0.001b

Central nervous system localizatione, n (%) 5 (6) 0 (0) 0.330d

Bone marrow involvementf, n (%) 7 (9) 7 (29) 0.019d

Histological features, n (%)

GC 48 (57) 6 (21) 0.001b

Non-GC 36 (43) 22 (79)

Abbreviations: CNS-IPI, Central Nervous system-International Prognostic Index; DLBCL, diffuse large B-cell lymphoma; FDG-PET/CT, 18F-f luorodeoxyglucose -positron 
emission tomography/computed tomography; GC, Germinal Center (according to Hans algorithm); HGBL, high grade B-cell lymphoma; IPI, International Prognostic Index; 
LDH, lactate deshydrogenase level; PMBL, primary mediastinal large B-cell lymphoma; TMTV, total metabolic tumour volume.
aTwo patients had T-cell-rich B-cell lymphoma and one had intravascular DLBCL.
bChi-squared test.
cStudent's t test.
dFisher test.
en = 82 for the ctDNA≤3.57 log hGE/mL group and n = 27 for the ctDNA >3.57 log hGE/mL group.
fn = 78 for the ctDNA≤3.57 log hGE/mL group and n = 24 for the ctDNA >3.57 log hGE/mL group.
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with a very high risk of early relapse (TMTV >200 mL and 
ctDNA>3.57 log hGE/mL). Further studies involving larger 
cohorts are needed to confirm these findings, and to develop 
and evaluate the potential use of a prognostic score includ-
ing ctDNA, TMTV, IPI and TP53 mutations.

The non-significance of ctDNA in the multivariate anal-
ysis results were unexpected and contradicts the findings of 
previous studies.33 This may be explained by our short fol-
low-up period, which limited the number of disease events. 
Studies with a longer follow-up period are required.

In conclusion, combining ctDNA load with TMTV at 
diagnosis improved the risk stratification of patients with 
aggressive B-cell lymphoma and appeared to be strong 

predictor of early disease events, allowing better and earlier 
identification of very high-risk patients, who could benefit 
from the rapid introduction of new therapies, like CAR T-
cell therapy or bispecific antibodies.
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