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ABSTRACT

We aimed to explore the predictive value of total metabolic tumor volume (TMTV) and beta-2-microglobulin (B2M) levels in

patients with follicular lymphoma (FL) with a high tumor burden receiving standard first-line immunochemotherapy. We

analyzed 125 patients with the following characteristics: median age, 61 years (55; 67), advanced-stage disease, 88.8%; high
FLIPI, 49.6%; TMTV, > 510 cm?; B2M, > 3 mg/L (24.8%); and R-CHOP-like treatment, 86.4%. We defined the following cat-
egories: low-risk (36%), TMTV < 510 cm® and B2M < 3 mg/L; intermediate-risk (45.6%), TMTV > 510 cm’ or B2M > 3 mg/L;
and high-risk (18.4%), TMTV > 510 cm? and B2M > 3 mg/L. The 5-year overall survival rates were estimated to be 96.1%, 89.1%
and 73.7% for low-, intermediate- and high-risk patients, respectively (p = 0.003). Patients at intermediate and high risk ac-

cording to the TMTV/B2M score were at high risk of disease progression within 24 months of treatment initiation (HR = 2.45
[95% CI: 1.23-4.85] and HR = 3.75 [95% CI: 1.7-8.2], respectively). This TMTV/B2M score may identify patients with the highest

unmet medical needs.

1 | Introduction

Follicular lymphoma (FL) is the most common low-grade
lymphoma subtype, accounting for approximately 6% of all
mature B-cell lymphomas in Western countries, with a median
age at diagnosis of 64 years [1, 2]. Although the median survival
is approximately 20 years, the evolution of the disease is
extremely heterogeneous. Currently, FL is still considered an
indolent and noncurable lymphoma with a risk of early or late
relapse and aggressive histological transformation, which re-
sults in a poor prognosis. Thus, indications for initial treatment

are still based on the GELF (Groupe d'Etude des Lymphomes
Folliculaires) criteria, which define high-burden FL [3]. Obi-
nutuzumab or rituximab in combination with cyclophospha-
mide, doxorubicin, vincristine and prednisone (CHOP) or
bendamustine followed by 2 years of rituximab or obinutuzu-
mab maintenance [4-6] remains the gold standard treatment. If
there is evidence of a more aggressive clinical course, ESMO
guidelines recommend applying obinutuzumab/rituximab-
CHOP [6]. Multiple prognostic scores accounting for clinical
and biological criteria, including the FLIPI, FLIPI-2, PRIMA-PI
and m-7 FLIPI scores, have been developed over the years [7-
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10]. These tools are effective in identifying populations at
greater risk but are of limited clinical value because they lack
the precision needed to select individual patients who may
benefit from a more aggressive treatment strategy or closer
follow-up. More recently, the concept of disease progression
events within the first 2 years following first-line treatment
(POD24) was used to define a group of approximately 20% of FL
patients with impaired overall survival (OS) and the highest
unmet medical need [11, 12]. However, predictors of POD24
have not yet been validated for routine use, and standard first-
line treatment for patients at higher risk of POD24 (including
high FLIPI scores and male sex) remains the same as that for
other patients.

'8F.FDG PET-CT has been recommended as a staging assess-
ment for follicular lymphoma for less than 10 years [13]. Its
superiority over CT has been demonstrated for baseline staging
of patients and follow-up of the response to first-line induction
immunochemotherapy, with more sensitive and specific detec-
tion of pathological sites. The predictive ability of nonclassical
PET markers, such as total metabolic tumor volume (TMTV)
and total tumor glycolysis (TLG), is less recognized in FL than
in other subtypes of NHL, especially diffuse large B-cell lym-
phoma (DLBCL) [14-16]. Nevertheless, Meignan et al. demon-
strated that the baseline TMTV is a strong independent
predictor of outcomes in FL patients, with markedly inferior
survival in 29% of patients with a TMTV > 510 cm? [17]. The
main prognostic scores used in routine clinical practice do not
refer to these radiomic tools. To date, the PRIMA-PI score is the
simplest scoring system for FL based on baseline beta-2-
microglobulin (B2M) levels and the results of bone marrow bi-
opsy (BMB) and has shown relevant prognostic value [10]. BMB
in the context of FL is not a common practice among hemato-
logical care centers because the procedure is considered invasive
and has no direct therapeutic impact. Moreover, the interpre-
tation is closely linked to the quality of the biopsy. Thus, the
main predictor of the outcome of the PRIMA-PI score appears to
be the B2M level. Moreover, B2M was one of the covariates
permitting the highest inclusion frequencies in the bootstrap
procedure to elaborate the FLIPI score and was therefore
considered the covariate with the most relevant prognostic
weight. Therefore, the B2M level was included in additional
analyses to build the FLIPI-2 score [8]. Because the TMTV and
B2M score individually showed prognostic value in several
studies, we aimed to evaluate the prognostic relevance of a new
score that combines the evaluation of baseline TMTV and B2M
levels in FL patients with high tumor burdens.

2 | Materials and Methods

Consecutive patients admitted to the Henri Becquerel Center
(Rouen, France) between January 1, 2006, and December 31,
2018, were included in this retrospective analysis if they met the
following eligibility criteria: age > 18 years, newly diagnosed and
histologically confirmed grade 1-3A FL with high tumor burden
according to the GELF criteria, treatment with first-line standard
immunochemotherapy (rituximab [R] or obinutuzumab [G]
associated with the CHOP regimen or bendamustine [B] or
lenalidomide), available baseline PET-CT and patient

nonopposition statements. Patients who presented with Grade
3B FL, histological arguments for high-grade/aggressive lym-
phoma transformation or concomitant neoplasia were excluded
from this analysis. We collected data from the electronic medical
files of the patients in the hospital database. Baseline clinical and
biological characteristics at the time of treatment, including Ann
Arbor staging, B symptoms, bone marrow and extranodal
involvement, FLIPI and PRIMA-PI prognostic scores, albumin
levels, hemoglobin levels, LDH, and B2M, were analyzed.

All patients underwent '*F-FDG PET/CT with acquisitions
performed according to the Society of Nuclear Medicine and
Molecular Imaging (SNMMI) and the European Association of
Nuclear Medicine (EANM) guidelines [18]. Patients were
instructed to fast for at least 6 h before '*F-FDG injection. In-
jection was not performed unless the blood glucose level was
below < 1.8 g/L. Approximately 2.5-4 MBq/kg ‘*F-FDG was
intravenously injected to ensure a maximum activity of 450 MBq
after 30 min of rest as a function of the PET/CT device used:
Biograph 16 (Siemens Medical Solutions, Knoxville, TN, USA),
Biograph 40 (Siemens Medical Solutions, Knoxville, TN, USA),
Discovery 710 (GE Healthcare, Milwaukee, WI, USA) or Bio-
graph Vision-600 (Siemens Medical Solutions, Knoxville, TN,
USA). Scans were acquired approximately 60 min (+ 5 min) after
injection. CT scans for attenuation correction and anatomic
localization were acquired from the mid-thigh toward the base of
the skull in most cases, and whole-body acquisition in helical
mode was conducted in all other cases, with 100-120 kV and
100-150 mAs (based on the patient's weight). Contrast media
was not injected. Images were reconstructed with validated and
commercially available iterative algorithms (ordered-subset
expectation maximization iterative reconstruction). The PET
systems were normalized daily, and the calibration coefficient
was validated if the day-to-day variation remained below 0.3%.
The global quantification, from the dose calibrator to the imag-
ing system, was measured internally on a quarterly basis and
double checked by the EARL's quality assurance program.

5F.FDG PET/CT data were anonymized and collected in
DICOM format. All the data were then retrospectively reviewed
and integrated into an eCRF. Quantitative PET parameters and
measurements were performed and extracted by a trained nu-
clear physician who was unaware of the clinical outcome or
patient characteristics. The data were analyzed via the plug-in
PET/CT viewer for FIJI (ImajeJ), which is freeware from the
Beth Israel Deaconess Medical Center, Division of Nuclear
Medicine and Molecular Imaging [7, 19]. Forty-one percent of
the maximum standardized uptake value (SUVmax) was applied
as a threshold [8]. First, segmentation was performed auto-
matically via the software and was then checked visually to
confirm the inclusion of only pathological lesions. Manual
verification and adaptation were then performed if needed. The
lesion sites were identified via visual assessment with '*F-FDG
PET/CT images scaled to a fixed SUV display and color table.
Each hypermetabolic focus suspected of malignant disease
localization was segmented on fused PET/CT images. Segmen-
tations of the hypermetabolic lymph nodes, spleen, bone and
other pathological foci were saved separately.

Lesions considered pathological were identified visually as areas
of increased uptake outside areas of physiological uptake (e.g.,
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the brain, heart, and urinary system). For bone marrow and
spleen involvement, only focal uptake was included. However,
in the case of diffuse and intense spleen uptake, the whole
spleen was included if its SUV exceeded 150% of the liver
background [20].

Response to first-line treatment was assessed according to the
international standardized Lugano classification [21].

To assess the primary objective, we designed a new score that
combines the baseline TMTV and B2M levels with the following
risk categories:

- Low risk: TMTV less than or equal to 510 cm® in our cohort
and B2M level less than or equal to 3 mg/L

- Intermediate risk: TMTYV strictly exceeding 510 cm® or B2M
level strictly exceeding 3 mg/L

- High risk: TMTV strictly exceeding 510 cm® and B2M level
strictly exceeding 3 mg/L

The TMTV value was specifically retained at 510 cm? as the
main threshold based on previous studies with this cutoff value
[17, 22].

The B2M threshold was set to 3 mg/L according to its prognostic
value in the PRIMA-PI score [10, 23]. The primary endpoints
were OS and PFS according to the three risk categories.

The secondary endpoints included risk factors associated with
OS, PFS and POD24 occurrence.

This retrospective study was approved by our internal review
board (N°2005B) and was conducted in accordance with the
Declaration of Helsinki.

3 | Statistical Analysis

The statistical analysis was performed via R software, version
4.0.0. The characteristics of the sample are described as
numbers and percentages for qualitative variables and as the
mean, standard deviation (SD), median, first quartile and third
quartile for quantitative variables.

Continuous data were compared via the Wilcoxon rank sum test
for independent samples, and categorical data were compared
via the chi-square test or Fisher's exact test if appropriate. The
OS and progression-free survival (PFS) of FL patients with a
large tumor burden were estimated from Day 1 infusion of
immunochemotherapy treatment (R-CHOP/R-CHOP-like).
Survival probabilities and general survival curves were esti-
mated via the Kaplan-Meier method. A log-rank test was per-
formed to estimate differences between the distributions of
survival curves according to the different modalities of potential
prognostic factors. Univariate regression Cox models were also
used, and the results are presented in the corresponding sum-
mary tables with the associated HRs (95% CIs). Multivariate
regression Cox models were estimated by retaining significant
variables in univariate analysis while minimizing the AIC/BIC
and nonredundant variables (not including individual

parameters that are within the definitions of different scores).
POD24 was defined for all patients who experienced a pro-
gression event within 24 months after the start of treatment. The
POD24 risk factors were explored via univariate logistic
regression models. ORs and their 95% CIs are presented in a
table along with the sample size on which each model was
estimated, showing the proportion of missing data for some
variables. In accordance with Casulo et al. [12], we evaluated OS
according to POD24 status with a 24-month landmark model.
For this analysis, patients who died or were censored within
24 months were excluded. The baseline axis timepoint of the
Kaplan-Meier curves corresponds to 24 months after the start of
treatment. We therefore removed five POD24+ patients and five
POD24- patients from the analysis. A two-tailed p value less
than 0.05 was considered statistically significant.

4 | Results

4.1 | Population

Initially, 142 patients were identified for inclusion in the study.
Ten patients were not enrolled because they did not meet the
eligibility criteria. Baseline PET-CT scans were not suitable for
analysis in 6 patients, and baseline B2M values at the time of
treatment information were not available for 1 patient. Thus,
the final population included 125 FL patients (Figure 1). The
characteristics of the studied population are provided in Table 1.
The median (q1; q3) age at the time of treatment was 61 (55; 67)
years, and the sex ratio was relatively balanced. Patients
frequently presented with advanced-stage disease (88.8%), a
good ECOG performance status of 0-1 (92%), and a median
number of extranodal involvement of 1 (0; 2). Among the pa-
tients evaluated by MBM, fifty-nine (48.8%) presented with bone
marrow involvement. The B2M level was > 3 mg/L in 31 pa-
tients (24.8%). The R-CHOP/R-CHOP-like regimen was the
most commonly used immunochemotherapy (86.4%). Approxi-
mately two-thirds of patients received maintenance therapy
with an anti-CD20 monoclonal antibody (63.2%). The median
time between diagnosis and Day 1 (D1) of treatment was 56 days
(34; 92). According to the PRIMA-PI score categories, 49
(40.8%), 40 (33.3%) and 31 patients (25.8%) were considered
low-, intermediate- and high-risk, respectively. The median
SUVmax and TMTV were 11.8 (10; 16) and 600 cm? (261; 1213),
respectively. At the time of last follow-up, 70 patients (56.5%)
were in first complete remission (CR). The median follow-up
time in the cohort was 99 months (64.7; 123.8).

4.2 | Outcomes and Risk Factors

The median PFS was 101.2 months (72.6; NA), and the median
OS was not reached in the overall population. At 5 years, the
PFS rate was 61.1% (95% CI: 53-70.5). Twenty-eight patients
(22.4%) experienced a POD24 event, and 31 patients (24.4%)
experienced a progression event or died within 24 months after
the initial diagnosis. The TMTV did not significantly affect OS
but did have a significant effect on PFS (p < 0.006): the 5-year
PFS was estimated at 71.9% (95% CI: 61.4; 84.2) for patients
who had a TMTV less than or equal to 510 cm® compared with
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10 patients did not meet eligibility criteria

- 6 diagnosed with grade 38 FL

regimen

FIGURE 1 | Flow chart of the study.

50.2% (95% CI: 39.0; 64.7) for patients who had a TMTV greater
than 510 cm® (Figure 2).

With respect to the B2M level, a significant difference was
observed for both OS and PFS: the 5-year PFS and OS rates were
estimated at 44.1% (95% CI: 29.5; 66.1) and 73.8% (95% CI: 59.7;
91.2) for patients who had baseline B2M values strictly higher
than 3 mg/L versus 66.8% (95% CIL: 57.7; 77.3) and 94.4% (95%
CI: 89.8; 99.3) for patients who had B2M values less than or
equal to 3 mg/L (Figure 3), respectively.

Neither OS nor PFS significantly differed according to bone
marrow involvement status at diagnosis (Figure S1). Moreover,
we compared bone marrow involvement data with ®F-FDG
PET/CT and bone marrow biopsy data, which revealed meta-
bolic bone marrow involvement in approximately one in five
patients for whom the biopsy was negative (Table S1).

4.3 | Prognostic Score Combining TMTV and B2M
According to the 3 predefined risk categories of the
TMTV + B2M score with a TMTV cutoff of 510 cm?, 45 (36%),
56 (44.8%) and 24 (19.2%) patients were considered low-, in-
termediate- and high-risk, respectively. Overall, the 5-year PFS
rates were estimated to be 81.7% (95% CI: 71-94), 52.8% (95% CI:
40.8-68.3) and 41.3% (95% CI: 25.5-66.8) for low-, intermediate-
and high-risk patients, respectively (Figure 4B). In addition, the
5-year OS rates were estimated to be 96.1% (95% CI: 91-100),
88.9% (95% CI: 80.9-97.7) and 74.8% (95% CI: 59.2-94.5) for
low-, intermediate- and high-risk patients, respectively

- 3 did not benefit from standard immunochemotherapy

- 1 diagnosed with concomitant solid neoplasia

® 6 patients with baseline PET-CT not
suitable for analysis

® 1 patient with
unavailable
baseline B2M
measurement

(p = 0.005) (Figure 4A). We also demonstrated that these results
were consistent in the R-CHOP-treated population group
(Tables S1 and S2).

4.4 | Univariate and Multivariate Analyses for
PFS and OS

The following parameters were associated with an increased
risk of progression events in the univariate analysis: baseline
TMTV strictly greater than 510 cm® (HR 2.65; 95% CI: 1.48;
4.76), B2M level strictly greater than 3 mg/L (HR 2.5; 95% CI:
1.5; 4.4), TMTV/B2M intermediate-risk group (HR 2.79; 95% CI:
1.41; 5.53), TMTV/B2M high-risk group (HR 4.41; 95% CI: 2.09;
9.33), high-risk PRIMA-PI score (HR 2.8; 95% CI: 1.4; 5.3), he-
moglobin rate at the time of treatment (HR 0.4; 95% CI: 0.2; 0.8)
and male sex (HR 2.3; 95% CI: 1.3; 4.1).

To avoid multicollinearity in regression models due to adjust-
ment for redundant factors, PRIMA PI was not included in
multivariate models because the score TMTV/B2M included the
of B2M level, which is also a parameter of the PRIMA-PI score.
Moreover, after an analysis of the AIC (Akaike information
criterion) and BIC (Bayesian information criterion) for goodness
of fit, the PRIMA PI score did not minimize these criteria. After
these analyses, the most adequate multivariate regression model
was adjusted for male sex (HR 2.22; 95% CI: 1.27-3.90), the
hemoglobin rate at the time of treatment (HR 0.46; 95% CI:
0.22-0.97), the TMTV/B2M intermediate-risk group (HR 2.5;
95% CI: 1.26-4.96) and the TMTV/B2M high-risk group (HR
3.51; 95% CI: 1.62-7.62); these parameters were associated with
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TABLE 1 | Characteristics of the studied FL population. TABLE 1 | (Continued)

Variable Variable
N (NA) FL with GELF criteria N (NA) FL with GELF criteria
N (%) N =125 N (%) N =125
Mean + SD Mean + SD
Median (IQR) Median (IQR)
Age at time of treatment (years) 125 (0) Metabolic parameters
60.7 (£ 10.2) SUVmax 125 (0)
61 (55; 67) 13.6 (+ 5.5)
Sex 125 (0) 11.8 (10; 16)
Male 60 (48) TMTV (cm®) 125 (0)
Female 65 (52) 858 (& 726)
Histology 125 (0) 600 (261; 1213)
Grade 1 39 (31.2) TMTV (in class) 125 (0)
Grade 2 72 (57.6) <510 cm?® 52 (41.6%)
Grade 3A 14 (11.2) > 510 cm® 73 (58.4%)
Ann Arbor stage 125 (0) FLIPI-score 125 (0)
I-11 14 (11.2) Low risk 12 (9.6)
II-1v 111 (88.8) Intermediate risk 51 (40.8)
B symptoms 125 (0) High risk 62 (49.6)
Yes 103 (82.4) PRIMA-PI score 120 (5)
No 22 (17.6) Low risk 49 (40.8)
ECOG 125 (0) Intermediate risk 40 (33.3)
0-1 115 (92) High risk 31 (25.8)
2-4 10 (8) First-line treatment 125 (0)
Bone marrow involvement 121 (4) R-CHOP 108 (86.4)
Yes 59 (48.8) G-CHOP 2 (1.6)
No 62 (51.2) R-BENDAMUSTINE 5(4)
Number of extranodal 125 (0) G-BENDAMUSTINE 1(0.8)
involvement 5.6 (+ 2.4) R-LENALIDOMIDE 9(7.2)
6 (3; 8) Maintenance treatment 125 (0)
Biological parameters at time of treatment Yes 79 (63.2)
Hemoglobin (g/dL) 125 (0) No 46 (36.8)
13.4 (+ 1.6) Delay between diagnosis and D1 125 (0)
13.5 (13; 14) of treatment (days) 194.6 (+ 501)
Albumin (g/L) 122 (3) 56 (34; 92)
40.7 (+ 5.6) Status at time of last news 124 (1)
41 (38; 44) 1st CR 70 (56.5)
B2M (mg/L) 125 (0) PR 2 (1.6)
2.9 (£ 2.5) Progression/relapse 25 (20.2)
24(2;3) > 2 CR or more 27 (21.8)
B2M (in class) 125 (0) Death 25 (4)
<3 mg/L 94 (75.2%) Death related to progression 11 (52.4)
> 3 mg/L 31 (24.8%) disease
LDH (UI/L) 124 (1) Toxicity 2(9.5)
147.6 (& 142.3) Others 8 (38.1)
91.5 (72; 136) Abbreviations: B2M, beta-2-microglobulin; CR, complete response; G,

obinutuzumab; LDH, lactate dehydrogenase; PR, partial response; R, rituximab;
(Continues) TMTV, total metabolic tumor volume.
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FIGURE 3 | Overall (A) and progression-free (B) survival according to the baseline B2M level.

14.53), the TMTV/B2M high-risk group (HR 7.03 95% CI: 1.90-
26.04), a high-risk PRIMA-PI score (HR 6.2; 95% CI: 2-19.2) and
male sex (HR 4.06; 95% CI: 1.5-10.8).

In the multivariate analysis, male sex (HR 2.13; 95% CI: 1.22—
3.74), the TMTV/B2M intermediate-risk group (HR 2.46; 95%
CI: 1.24-4.89) and the TMTV/B2M high-risk group (HR 4.13;
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Overall (A) and progression-free (B) survival according to the TMTV + B2M score risk groups.

Univariate analysis Multivariate analysis

Inf Sup Inf Sup
Variable HR 95% CI 95% CI P HR 95% CI 95% CI P
TMTV max at diagnosis (> 510 cm?, ref: < 510) 2.65 1.48 4.76 0.001
B2M at diagnosis (> 3, ref: < 3 mg/L) 259 1.50 4.47 6e—04
Score TMTV (cutoff 510 cm®) + B2M—intermediate risk 2.79 1.41 5.53 0.003 2.50 1.26 4.96 0.009
(ref: low risk)
Score TMTV (cutoff 510 cm®) + B2M—High risk 4.41 2.09 9.33 < 0.001 3.51 1.62 7.62 0.002
(ref: low risk)
SUVmax at diagnosis (> 12, ref: < 12) 0.93 0.55 1.57 0.8
Bone marrow invasion (Yes ref: No) 1.35 0.79 2.31 0.3
PRIMA PI—intermediate (ref: Low) 1.38 0.70 2.7 0.4
PRIMA PI—high (ref: Low) 2.8 1.45 5.39 0.002
Hemoglobin at time of treatment (> 12, ref: < 12 g/dL) 0.40  0.20 0.80 0.01 046 022 0.97 0.04
LDH at time of treatment (> ULN, ref: < ULN) 1.20 0.59 2.45 0.6
Sex (M, ref: F) 2.38 1.36 4.15 0.002 2.22 1.27 3.90 0.005
FLIPI—intermediate (ref: Low) 0.89 0.33 2.39 0.8
FLIPI—high (ref: Low) 1.57 0.61 4.03 0.3

Note: Values are bolded when they are considered statistically significant, meaning they are associated with a p-value less than 0.05.
Abbreviations: B2M, beta-2-microglobulin; LDH, lactate dehydrogenase; TMTV, total metabolic tumor volume.

95% CI: 1.96-8.73) were associated with an increased risk of
death adjusted for male sex and hemoglobin at the time of
treatment (Table 3).

4.5 | POD24 Analysis

The 5-year (from Day 1 infusion of immunochemotherapy)
survival probability for patients whose disease progressed

within the first 24 months was 86.7% (95% CI, 73.8-100),
whereas it was 97.6% (95% CI, 94.4-100) for patients who were
progression free at 24 months (p = 0.0033) (Figure 5).

In univariate logistic regression analysis, a hemoglobin level
> 12 g/dL (OR 0.32: 95% CI: 0.11; 0.9), a B2M level > 3 mg/L
(OR 2.66; 95% CI: 1.07; 6.59), a TMTV > 510 cm® (OR 4.32; 95%
CIL: 1.52; 12.3), an intermediate TMTV/B2M value and a high-
risk TMTV/B2M value (OR 3.42; 95% CI: 1.04; 11.25 and OR
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TABLE 3 | Prognostic factors associated with OS.
Univariate analysis Multivariate analysis
Inf Sup Inf Sup
Variable HR 95% CI 95% CI P HR 95% CI 95% CI P
B2M at diagnosis (> 3, ref: < 3 mg/L) 4.31 1.96 9.49 3e—04
Score TMTV (cutoff 510 Cm3) + B2M— 4.13 1.18 14.53 0.03 2.46 1.24 4.89 0.01
intermediate
risk (ref: low risk)
Score TMTV (cutoff 510 cm3) + B2M—High 7.03 1.90 26.04 0.003 4.13 1.96 8.73 < 0.001
risk (ref: low risk)
SUVmax at diagnosis (> 12, ref: < 12) 1.32 0.6 2.92 0.5
Bone marrow invasion (Yes ref: No) 1.07 0.47 2.42 0.9
PRIMA PI—intermediate (ref: Low) 2.0 0.58 6.83 0.3
PRIMA PI—high (ref: Low) 6.26 2.04 19.24 0.001
Hemoglobin at time of treatment 0.48 0.18 1.28 0.1
(> 12, ref: < 12 g/dL)
LDH at time of treatment (> ULN, ref: < ULN) 1.10 0.38 3.23 0.9
Sex (M, ref: F) 4.06 1.52 10.83 0.005 2.13 1.22 3.74 0.008
FLIPI—intermediate (ref: Low) 0.85 0.18 3.98 0.8
FLIPI—high (ref: Low) 1.31 0.30 5.77 0.7

Note: Values are bolded when they are considered statistically significant, meaning they are associated with a p-value less than 0.05.
Abbreviations: B2M, beta-2-microglobulin; LDH, lactate dehydrogenase; TMTV, total metabolic tumor volume.
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FIGURE 5 | Overall survival according to POD24 status (landmark model).
7.32; 95% CI: 1.98; 27.1, respectively) were significantly associ- 5 | Discussion

ated with the occurrence of POD24 events. In a multivariate
regression model, only the TMTV/B2M score remained signifi-
cantly associated with POD24 (intermediate risk category: OR
3.18; 95% CI: 0.96; 10.56); high-risk category: OR 5.83; 95% CIL:
1.49; 22.82 (Table 4).

In this study, we explored outcomes in a relatively homoge-
neous series of 125 FL patients with high tumor burdens treated
with standard first-line immunochemotherapy; the median PFS
was approximately 8 years, and the median OS was not reached.
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TABLE 4 | Factors associated with POD24 (logistic regression model).
Univariate analysis Multivariate analysis
Variable OR (CI 95%) P (Wald's test) Adj. OR (95% CI) P (Wald's test)

Sex: M (ref: F)
Ann Arbor stage: III-IV (ref: I-1T)

1.58 (0.67; 3.72)
1.07 (0.28; 4.12)
0.85 (0.37; 1.97)
2.53 (0.66; 9.68)

Age at time of treatment (> 61 years)
ECOG: 2-4 (ref: 0-1)
FLIPI (ref: low risk)
0.93 (0.17; 5.07)
2.05 (0.41; 10.28)

Intermediate risk
High risk
PRIMA-PI (ref: low risk)
Intermediate risk
High risk
Biological parameters at time of treatment
Hemoglobin > 12 (ref: < 12 g/dL)
B2M: > 3 (ref: < 3 mg/dL)
LDH (> ULN)
Metabolic parameters
TMTV at diagnosis (> 510 cm?)
TMTV (510 cm®) + B2M (ref: low risk)
Intermediate risk

High risk

0.94 (0.32; 2.80)
2.44 (0.87; 6.86)

0.32 (0.11; 0.9)
2.66 (1.07; 6.59)
1.74 (0.59; 5.1)

432 (1.52; 12.3)

3.42 (1.04,11.25)
7.32 (1.98,27.1)

0.297
0.926
0.703
0.176

0.933
0.385

0.916
0.089

0.03
0.03
0.312

0.5 (0.17,1.51) 0.22

0.006

0.043
0.003

3.18 (0.96,10.56)
5.83 (1.49,22.82)

0.059
0.011

Note: Values are bolded when they are considered statistically significant, meaning they are associated with a p-value less than 0.05.
Abbreviations: B2M, beta-2-microglobulin; LDH, lactate dehydrogenase; TMTV, total metabolic tumor volume.

Overall, 22% of patients experienced a POD24 event, and our
data are consistent with those previously reported in the liter-
ature [11, 12, 24]. However, overall better OS was observed in
our cohort than in the recently reported pooled analysis of
clinical trial data, which validated POD24 as a robust indicator
of poor FL survival [12].

To our knowledge, this study is the first to evaluate the com-
bination of baseline TMTV and B2M values as an approach to
predict the prognosis of patients with high tumor burden FL. In
contrast to the PRIMA-PI score, the TMTV/B2M score did not
require invasive bone marrow biopsy and was sufficiently
powerful to predict PFS, OS and POD24 in multivariate models.
We selected a TMTV cutoff of 510 cm® to homogenize our data
with other previously published studies of this value [22].

Rituximab and obinutuzumab prolong survival for most FL pa-
tients, but predicting the individual prognosis of patients with FL
remains challenging due to the heterogeneity of the patients. In
addition, lymphoma remains the main cause of death in FL pa-
tients, especially after disease transformation and POD24 events
[25]. The prognostic value of the TMTV has already been studied
in FL. Meignan et al. demonstrated that patients who had a
baseline TMTV > 510 cm® generally had more advanced-stage
disease and extranodal involvement, including bone marrow
involvement. Compared with patients with a baseline TMTV <
510 cm?, the 5-year PFS was clearly reduced [26]. Given its dy-
namic capacity and precision in detecting lesions, PET-CT and
radiomic analysis seem to be the most promising prognostic tools

to study and build on for years to come. These metabolic-based
prognostic models are currently under investigation because
one of their main limitations is the harmonization of daily prac-
tice concerning the evaluation of tumor volumes. The classical
segmentation method, which refers to the SUV41% model used
for volume contouring [27], increases the risk of an underesti-
mation of true lesion volumes if the FDG uptake is very hetero-
geneous. Conversely, a low SUVmax value increases the risk of
overestimation of the TMTV of lesions Another method of seg-
mentation based on an SUV threshold of 4 has already been dis-
cussed and applied in other subtypes of lymphomas [28-30] to
differentiate benign and malignant lesions. However, this method
may not be as sensitive in detecting all metabolically active lesions
and, to date, has not been validated in FL cohorts. In the future,
the use of modern software may help practitioners obtain volume
computations with precision in a very short time.

Moreover, we found that male sex was associated with a nega-
tive prognostic impact on OS and PFS in our FL population.
This sex effect has already been reported in numerous studies.
For example, male sex was clearly identified as a risk factor for
histological transformation in the FL population [31, 32]. Other
studies have suggested that the larger distribution volume in
men has an impact on rituximab pharmacokinetics, resulting in
faster clearance in the male DLBCL population than in the fe-
male DLBCL population [33, 34]. More generally, male sex is a
well-known risk factor for developing solid tumors that are
directly linked to increased exposure to toxic smoking or alcohol
consumption and to cardiovascular comorbidities. These
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underlying mechanisms remain unclear for the population
suffering from hematological malignancies, and other studies
are necessary to explain differences in incidence and excess
mortality within the male population [35].

These considerations lead us to rethink therapeutic strategies in
this category of high-risk patients with early disease progres-
sion. First, confirming the diagnosis with a new biopsy, when
feasible, seems important to exclude histological trans-
formation. Over the last few years, one of the most commonly
considered salvage options has been autologous stem cell
transplant (ASCT) for eligible fit patients. Casulo et al. evalu-
ated the role of ASCT by comparing survival between patients
with early therapy failure who received ASCT and those who
did not. The 5-year overall survival did not differ between these
groups, whereas a subgroup analysis showed that the 5-year OS
was significantly better, estimated at 73%, for patients who
received early ASCT within 12 months of treatment failure than
for patients who did not receive ASCT (OS 60%) [23]. For pa-
tients who are not candidates for transplant, many other studies
have evaluated the efficacy of salvage regimens alone or in
combination with obinutuzumab, an alkylating agent such as
bendamustine [36], lenalidomide [37] or inhibitors of PI3K [38,
39]. Thus, we can question the importance of innovative ther-
apies such as CAR-T cells and bispecific antibodies in FL
treatment strategies. Early use of this type of treatment is an
option for DLBCL patients. For example, axicabtagene cil-
oleucel is now recommended for DLBCL patients with re-
fractory/relapse disease within the first year after initial first-
line immunochemotherapy [40]. The combination of bispecific
anti-CD3/anti-CD20 antibodies and the traditional R-CHOP
first-line regimen is currently being investigated in ongoing
clinical trials (NCT04980222; NCT05578976).

Several limitations may affect the general relevance of our results.
First, work this was a single-center retrospective study, which, by
its very nature, may have created selection and sampling bias and
could partly explain missing data, especially regarding some
biological characteristics. The FLIPI-2 score could not be exploi-
ted in our cohort because of missing data concerning the largest
diameter of affected lymph nodes. Second, POD24 survival data
must be interpreted with caution. The population included in the
analysis was clearly selected via a landmark approach because 10
patients were excluded. A The survival probabilities may have
been overestimated because we only considered patients who
were still alive at the 24-month follow-up after the start of initial
treatment. Third, our work lacks a mechanistic or biological study
to explore the underlying mechanisms associated with elevated
TMTV and B2M values and early disease progression. An ancil-
lary study concerning the molecular data of this FL population
based on the m7-FLIPI model, circulating tumoral DNA and
mutational profiles of these tumors is underway. Finally, our
findings need to be confirmed in a larger prospective model study
with a dedicated external validation cohort.

6 | Conclusion
Combining the baseline TMTV and B2M values as a prognostic

tool in previously untreated FL patients with high tumor bur-
dens may help physicians identify very high-risk patients with

the poorest outcomes. Novel first-line therapeutic approaches
are warranted in this population. A large prospective cohort
study is needed to reproduce and confirm the relevance of this
prognostic scoring system.
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