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ABSTRACT
Discordant results have been generated regarding the prognostic role of Total Metabolic Tumor Volume (TMTV) in Follicular 
Lymphoma (FL). The use of prospective data and the adoption of the newly defined standardized SUV4 method for calculating 
TMTV may generate stronger evidence. We conducted a pre-planned post hoc analysis of the prospective multicenter rand-
omized phase III FOLL12 trial for newly diagnosed high tumor burden FL (grade 1–3a), which mandated baseline staging 
with PET. Baseline PET/CT scans were reviewed centrally, and TMTV was calculated using the fixed threshold of SUV4. 
Kaplan–Meier and Cox regression were used for survival analysis. The primary study endpoint was Progression free Survival 
(PFS). A total of 689 FL patients were available for TMTV definition. Median TMTV was 161 mL (IQR 50 to 388 mL) and the 
best cutoff value was set at 180 mL. Patients with high TMTV had a significantly lower 5-year PFS compared to those with 
low TMTV: 59% (95% CI, 53–65%) vs. 74% (95% CI, 69–78%) HR 1.61 (95% CI, 1.24–2.09). Prognostic role of TMTV was inde-
pendent of study arm, chemotherapy regimen, and FLIPI2. Combined with FLIPI-2, we identified three groups with different 
5-yr PFS rates, with the lowest rates (51%) for patients with high TMTV and high FLIPI2. Combined TMTV and FLIPI model 
was also prognostic to predict the risk of early progression and of death. Applying the SUV4 standard method pre-treatment 
TMTV is confirmed as a strong and independent predictor of PFS in FL patients. Integrating TMTV with FLIPI-2 improves 
risk assessment.

1   |   Introduction

Follicular Lymphoma (FL) is the second most common type of 
non-Hodgkin lymphoma (NHL), characterized by slow-growing 
malignant B-cell proliferation [1]. Despite the high response 
rates to current therapies and excellent observed outcomes, FL 

presents a heterogeneous clinical course and the early and ac-
curate identification of high-risk patients is still identified as an 
unsolved problem [2–5].

In the past few years, the use of 18F-fluorodeoxyglucose posi-
tron emission tomography/computed tomography (FDG PET/
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CT) has gained widespread acceptance for the evaluation of 
FL either as a staging or restaging procedure at the end of 
treatment [6–9]. Among PET-derived measures, baseline total 
metabolic tumor volume (TMTV) has emerged as a promis-
ing prognostic biomarker in various lymphoma subtypes in-
cluding FL [10]. In a first retrospective study conducted on a 
retrospective series of 185 patients, high TMTV defined using 
a cut-off of 510 mL was associated with shorter survival com-
pared to low TMTV patients [11]. A subsequent retrospective 
analysis conducted on FL enrolled in the GALLIUM study 
(presented as an abstract) was not able to confirm the prog-
nostic role of TMTV, reducing the enthusiasm about the real 
usefulness of TMTV as a prognosticator in FL [12]. In a re-
cent retrospective analysis of a subset population obtained 
from the Relevance, the prognostic role for TMTV was finally 
reaffirmed in patients treated with immunochemotherapyc 
[13]. Available discordant evidence has been generated by 
retrospective analyses and using nonstandard segmentation 
protocols to define TMTV, aiming for additional data on ad-
ditional series of patients [14, 15]. In this context, we aimed to 
investigate the prognostic role of TMTV as a subset analysis of 
the FOLL12 trial, which is a multicenter, randomized, phase 
III trial that compared standard vs. response-adapted main-
tenance therapy in patients with grade 1–3a advanced stage 
FL [16]. The study included a prospective and preplanned cen-
tralization of baseline FDG PET/CT for all enrolled patients, 
allowing for the assessment of TMTV on patients' outcomes. 
In addition to the prospective design of this study, we provide 
for the first time TMTV data defined using the SUVmax ≥ 4 
contouring method recently approved as international stan-
dard [17].

2   |   Material and Methods

2.1   |   Study Population

The present study was conducted as a post hoc analysis of the 
prospective multicenter randomized phase III FOLL12 trial 
[16]. Briefly, the trial included previously untreated patients 
aged 18–75 years who had a confirmed diagnosis of FL grade 1, 
2, or 3a according to the 4th edition of WHO classification [1] 
had Ann Arbor stage II-IV, an Eastern Cooperative Oncology 
Group (ECOG) performance status of 0–2, and a FLIPI2 greater 
than 0. All patients had to have High tumor burden FL accord-
ing to GELF criteria [18]. Patients were randomized before the 
start of induction therapy to receive a standard or experimental 
treatment. In both study arms, induction therapy consisted of 
six cycles of either Rituximab in combination with cyclophos-
phamide, doxorubicin, vincristine, and prednisone (R-CHOP) 
or bendamustine (R-B), as determined by the local investigator. 
After completion of induction therapy, response to treatment 
was evaluated with FDG PET/CT and molecular assessment 
of t(14;18) chromosomal translocation by polymerase chain re-
action (PCR) on marrow and peripheral blood. For metabolic 
response, Lugano criteria with Deauville score (DS) were ad-
opted and defined upon centralized review of PET scans [19]. 
All patients randomized to the standard arm had to receive 12 
doses of rituximab maintenance regardless of their metabolic 
response. Post induction therapy in the experimental arm was 
observation for patients achieving complete metabolic response 

(DS1-3), weekly rituximab up to 12 doses for patients with mo-
lecular residual (MRD+) or relapse, and radioimmunotherapy 
followed by rituximab maintenance for patients not achieving a 
metabolic response (DS4-5) [16].

The evaluation of the prognostic role of baseline PET was in-
cluded among predefined secondary objectives, and central-
ization of baseline PET scans was required by the protocol. For 
the purposes of the current analysis, in addition to the FOLL12 
inclusion and exclusion criteria, patients were required to have 
a baseline FDG PET/CT scan eligible for central review and 
TMTV definition.

The main study endpoint was defined as Progression Free 
Survival; Overall Survival and Response to therapy were iden-
tified as secondary study endpoints. Response to therapy was 
calculated according to international criteria [19].

2.2   |   TMTV Calculation

To be included in this study, baseline PET scans were acquired 
according to current EANM guidelines for PET imaging of 
tumors on a PET/CT scanner that were accredited through 
FIL clinical trial qualification [20, 21]. The WIDEN platform 
was utilized to centrally collect baseline FDG PET/CT image 
data in anonymized Digital Imaging and Communications in 
Medicine (DICOM) format, uploaded by the local center in 
real time [22]. Then, PET images were used for the prospec-
tive calculation of TMTV. Analysis of TMTV was performed 
by three expert nuclear medicine physicians (AV, LG, and FF), 
who analyzed a randomized one third of the population each. 
The assessment of the reproducibility of TMTV measurements 
among the readers was conducted on a subset of patients ran-
domly selected, comprising 20% of the total study population. 
TMTV was computed using the free semiautomatic software 
Beth Israel Fiji (http://​petct​viewer.​org). TMTV was obtained 
from baseline scans by summing the metabolic volumes of all 
individual nodal and extra nodal lesions that were segmented 
using a semiautomated method, applying a fixed SUV of 4 
(SUVmax ≥ 4) [17]. Volumes including physiological uptake 
areas or uptake areas not correlated to lymphoma were ex-
cluded from TMTV calculation by the operator. Bone marrow 
involvement was included in volume measurement only if 
there was focal uptake. The spleen was considered as involved 
if there was focal uptake or diffuse uptake higher than 150% 
of the liver background [23].

2.3   |   Statistical Analysis

Continuous variables are reported as median, range, and inter-
quartile range (IQR); categorical variables are reported as abso-
lute and percentage frequencies for the total number of cases. 
The proportion is reported according to the exact binomial dis-
tribution with the 95% confidence interval (95% CI). The distri-
bution of time-to-event functions was estimated by using the 
Kaplan–Meier product-limit method. Comparisons of categori-
cal variables between two or more groups were performed using 
Fisher's exact test or Chi-squared test, when appropriate. The 
comparison of continuous covariates between any two groups 
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was performed by means of the Mann–Whitney test. The com-
parison of survival functions between two or more groups was 
performed using the log-rank test, and the effect of covariates 
was expressed as hazard ratio (HR) estimated by Cox propor-
tional hazard (PH) regression model with its 95% CI.

Three different approaches were used to define the cutoff for 
survival prediction for TMTV, stratified by random arm: maxi-
mum log-rank statistic [24], area under curve receiver operating 
characteristic (AUC-ROC) analysis for survival data [25] accord-
ing to Liu method, and Cox PH regression restricted cubic spline 
(RCS) used to evaluate the continuous nonlinear relationship 
between TMTV and PFS risk.

The knots in TMTV for the restricted cubic spline function were 
selected by minimum AIC (Akaike index criterion) after 1000 
bootstrap resamples of Cox PH regression adjusted by FLIPI-2, 
sex, induction treatment, and stratified by arm, with knots rang-
ing from 3 to 7 and placed at quantile positions as recommended 
by Harrel [26]. The cut-off was internally validated by means of 
a bootstrap procedure: from the bootstrap samples, the stability 
of the cut-off selected by RCS was evaluated, while in the out-
ofof-bootstrap sample (OOB, test set that exclude about 37% of 
record from original data) the possible repeatability of the cut-
off was expressed as HR with 95% CI.

The c-Harrell index was employed to evaluate the improvement 
in discrimination for PFS by TMTV compared with additional 
prognostic factors, stratified by random arm, and adjusted by 
sex and induction treatment. The reproducibility of TMTV was 
evaluated among the readers. The inter-reader agreement was 
determined by the Bland–Altman test.

All reported p values are two-sided.

2.3.1   |   Ethical Considerations

This study was conducted in accordance with the Declaration 
of Helsinki and Good Clinical Practice guidelines. The FOLL12 
trial (NCT02063685) was approved by the institutional review 
boards at each participating center, and all patients provided 
written informed consent before enrollment.

2.3.2   |   Data Sharing Statement

Individual participant data that underlie the results reported in 
this article, after de-identification, can be made available to in-
vestigators for research purposes on a case-by-case basis follow-
ing the time of this publication and in accordance with the FIL 
Data Sharing Policy.

3   |   Results

3.1   |   Study Population Characteristics

Between December 2012 and March 2018, the FOLL12 trial 
enrolled 786 patients, and 689 of them (85% of the whole pop-
ulation) with a baseline PET scan available for central review 

were included in the current analysis. Ninety-seven patients 
were excluded, primarily due to discrepancies found during the 
quality control assessment of PET/CT DICOM files, including 
incomplete scans or missing fields, or because the scan was not 
properly uploaded in the WIDEN platform for central revision. 
The baseline characteristics of the study population showed no 
significant differences comparing patients included with those 
not included in the analysis (Table S1 of patient's characteristics 
with and without PET; see Supporting Information).

Patients' characteristics are described in Table S2. After induc-
tion therapy, 553 patients achieved complete metabolic response 
(CMR, 80%, 95% CI, 77 to 83%) with an overall response rate 
(ORR) of 94% (95% CI, 92 to 96%). FLIPI2 was high (3- risk fac-
tors) in 35% of the patients.

Overall, the median TMTV was 161 mL (IQR 50 to 388 mL). 
Higher median TMTV values were associated with adverse clin-
ical features, including anemia, high B2M or LDH or LoDLIN, 
greater than 6 cm, and with high risk according to FLIPI and 
FLIPI2 (Table S2). Median TMTV showed no significant differ-
ence between the randomized arms (p = 0.349) and induction 
treatments (Table S2). The reproducibility of TMTV calculation 
between different readers was found to be high being the coeffi-
cient variation in the Bland–Altman test < 10%.

3.2   |   Progression Free Survival and TMTV

With a median follow-up of 57 months (95% CI 55–58; range 
1–97 months), we observed 231/689 disease progressions or 
deaths, resulting in a 5-year PFS of 67% (95% CI, 63 to 70%).

We first evaluated TMTV as a linear continuous variable, which 
was associated with the risk of PFS, showing a HR of 1.25 (95% 
CI 1.11 to 1.41, p < 0.001) by any increase of 500 mL when the 
analysis was stratified by randomized arm. We then applied 
three different methods to define the best prognostic cut-off 
for TMTV; using maximally log-rank test and RCS Cox re-
gression for PFS we obtained the two different cut-off values: 
235 mL and 181 mL, respectively. While using the AUC-ROC 
the cut-off was 171 mL. Finally, the cut-off > 180 mL was then 
chosen because it was associated with the best performances 
when applied to patients treated with standard therapy (i.e., in-
duction Immunochemotherapy followed by maintenance) (see 
Supporting Information for the procedures about the evalua-
tion of the thresholds; Figures S1, S2, S3 and Tables S3 and S4). 
Only 9% of patients had values between 180 and 240 mL and this 
small group had PFS similar to the high-risk (32 patients) in the 
standard arm but its PFS was similar to the low-risk group in 
the experimental arm (29 patients) Figure S4. Therefore, it was 
grouped with the high risk as the standard arm was the winning 
arm in FOLL-12. The original cut-off of 510 mL, obtained with 
the 41% SUVmax threshold method, suggested by available ret-
rospective studies was also tested showing unstable results (See 
Figure S5).

A univariate analysis was then conducted using the defined cut-
off for TMTV and including also other clinical and laboratory 
variables (Table 1). Five-year PFS rate was significantly lower for 
patients with high TMTV compared with those with low TMTV: 
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59% (95% CI, 53 to 65%) and 74% (95% CI, 69 to 78%), respec-
tively, with HR = 1.61 (95% CI, 1.24 to 2.09, p < 0.00, Figure 1A).

The prognostic role of TMTV was confirmed in both the standard 
and the experimental arm of the FOLL12 study (Figure 1B,C); 
HR of 1.84 (95% CI, 1.20 to 2.81, p = 0.005) and of 1.55 (95% CI, 
1.11 to 2.15, p = 0.010), respectively, without an effect modifier 
(interaction term p = 0.526).

Moreover, interaction with induction treatment resulted in a HR 
of 1.53 (95% CI, 1.10 to 2.14, p = 0.012) in R-CHOP and 1.73 (95% 
CI, 1.15 to 2.63, p = 0.009) in R-B (interaction term p = 0.652). 
(Figure  1D,E). Patients with TMTV > 180 mL showed more 
frequent early progressions (POD24 58/310, 19%) compared to 
patients with lower TMTV (non POD24 42/354, 12%), p = 0.017.

In multivariable regression, either TMTV in continuous form 
or dichotomized at 180 mL, adjusted by FLIPI-2, sex, treatment, 
and stratified by randomization arm, retained a prognostic 
role: HR 1.12 (95% CI 0.98 to 1.29, p = 0.089) by any increase of 
500 mL for continuous TMTV and HR 1.38 (95% CI, 1.05 to 1.81, 
p = 0.020) for TMTV > 180 mL. Cox PH analysis is reported in 
Table 1.

In the multivariable Cox PH model of TMTV using the previ-
ously defined cut-off of 510 mL, the HR was 1.14 (95% CI 0.83 
to 1.57, p = 0.418) and 1.49 (95% CI 0.94 to 2.38, p = 0.092) in the 
reference arm (maintenance approach, see Tables S5 and S6).

3.3   |   Combining TMTV and FLIPI2

Multivariate analysis confirmed the prognostic role of the 
FLIPI-2 score with a significantly worse PFS (HR 2.25, 95% CI 
1.73 to 2.91, p < 0.001) for the experimental arm of the study. 
Moreover, the FLIPI2 score was superior to FLIPI in predict-
ing both progression-free survival (PFS) and overall survival 

(OS) (c-Harrell 0.599 vs. 0.566 for PFS and 0.655 vs. 0.571 
for OS).

Combining TMTV and FLIPI2, patients were categorized into 
three distinct groups based on different PFS rates. The first 
group of patients with TMTV lower than 180 mL and interme-
diate FLIPI2 (n = 268, 39%) showed a 5-year PFS of 78% (95% 
CI, 72 to 82%). The second group of patients with TMTV values 
higher than 180 mL or high-risk FLIPI2 (n = 241,35%), had a 5-
year PFS rate of 66% (95% CI: 60–72) and an HR of 1.52 (95% CI: 
1.09–2.11). Finally, patients with TMTV > 180 mL and high-risk 
FLIPI2 (n = 180, 26%) had the worst PFS rate, with a 5-year PFS 
rate of 51% (95% CI: 43–58), with an HR of 2.73 (95% CI: 1.98–3.78, 
p < 0.001). Comparing the high-risk group to the intermediate-
risk group yielded an HR of 1.80 (95% CI: 1.33–2.44, p < 0.001). 
(Figure 2A). The addition of TMTV to FLIPI-2 in the Cox PH 
model increased the c-Harrell to 0.614 (95% CI, 0.577 to 0.650), 
compared with only FLIPI-2 (0.597, 95% CI, 0.564 to 0.630) 
(Table 2). In the Supporting Information an internal validation 
with Out of the bag sample is reported (Table S4).

3.4   |   Overall Survival

In the study cohort, 57 deaths were reported (24 related to lym-
phoma), with 5-year OS of 93% (95% CI, 91 to 95%). High FLIPI-2 
retained a strong prognostic value (HR 4.00, 95% CI 2.27 to 
7.07, p < 0.001) while a trend towards a worst OS was observed 
for TMTV > 180 mL (HR 1.41, 95% CI 0.84 to 3.37, p = 0.197). 
The results of the combined model with TMTV and FLIPI2 are 
shown in Figure 2B. Patients with TMTV ≤ 180 mL and inter-
mediate FLIPI2 had the highest 5-year OS rate (97%;95% CI, 94 
to 99%), followed by patients with TMTV greater than 180 mL 
or high-risk FLIPI2 with a 5-year OS rate of 93% (95% CI, 88 to 
96%). Patients with TMTV > 180 mL and high-risk FLIPI2 had 
the lowest 5-year OS rate of 88% (95% CI 82 to 93%; < 0.001) as 
reported in Figure 2B.

TABLE 1    |    Univariable and multivariable Cox PH regression of progression-free survival (n = 692, fail 231).

n (%) Univariable Multivariable

Covariate HR (95% CI) p HR (95% CI) p HR (95% CI) p

TMTV > 180 mL 323 (47) 1.61 (1.24–2.09) < 0.001 1.38 (1.05–1.81) 0.020 1.37 (1.03–1.81) 0.028

Age > 60 341 (50) 1.38 (1.06–1.79) 0.015 1.35 (1.03–1.76) 0.028

Sex male 317 (46) 1.23 (0.95–1.59) 0.119 1.32 (1.02–1.72) 0.036 1.39 (1.07–1.82) 0.015

B2M > ULN 378 (55) 1.57 (1.20–2.05) 0.001 1.26 (0.94–1.68) 0.124

BM+ 381 (55) 1.57 (1.20–2.06) 0.001 1.49 (1.12–1.98) 0.007

LoDLIN > 6 cm 382 (55) 1.29 (0.99–1.68) 0.060 1.38 (1.04–1.83) 0.026

Hb < 12 mg/dL 111 (16) 1.74 (1.28–2.37) 0.001 1.77 (1.27–2.46) 0.001

FLIPI-2 High 278 (40) 2.25 (1.73–2.91) < 0.001 2.11 (1.61–2.77) < 0.001

Experimental arm 355 (52) 1.70 (1.30–2.21) < 0.001

R-B 290 (42) 0.97 (0.74–1.26) 0.821 1.02 (0.78–1.34) 0.869 1.04 (0.79–1.37) 0.765

Note: In multivariable analysis the Cox PH regression was stratified by randomization arm; B2M, beta2 microglobuline; BM, bone marrow involvement; FLIPI, 
follicular lymphoma international prognostic index; Hb, hemoglobin; LoDLIN, longest diameter of the largest involved node; R-B, rituximab plus bendamustine; ULN, 
upper limit of normality.
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4   |   Discussion

In this preplanned prospective evaluation of baseline PET scans 
of FL patients recruited in the randomized FOLL12 trial, we 
were able to demonstrate the strong and independent correla-
tion between TMTV and the risk of progression or death. By 
categorizing patients into low and high TMTV groups using an 
optimal TMTV threshold of 180 mL, we found that those with 
high TMTV had significantly lower 5-year PFS rates compared 
to the low TMTV group. The prognostic value of TMTV was in-
dependent of baseline characteristics and induction treatment, 
remaining significant in both the standard rituximab main-
tenance arm and the response-adapted arm of the FOLL12 

trial and in patients treated with R-CHOP or R-bandamustine. 
Additionally, integrating TMTV with the FLIPI2 score en-
hanced risk stratification, allowing us to identify three distinct 
risk groups. The group with high TMTV and high FLIPI2 scores 
exhibited the lowest progression-free and overall survival rates, 
indicating a higher risk profile.

Despite its potential role as a prognostic tool, the application 
of TMTV in clinical trials has faced challenges mainly due 
to a lack of standardization in its definition  [17]. The major 
ones included the use of a standardized procedure for pa-
tient scans and the use of harmonized PET scanners, both in 
terms of inter-scanner calibration and image reconstruction, 

FIGURE 1    |    Progression-free survival probability for patients with high (> 180 ml) and low (< 180 ml) TMTV (A). Progression free survival by 
TMTV level stratified by randomization arm (B, C) and induction treatment (E, D). [Color figure can be viewed at wileyonlinelibrary.com]
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that are fulfilled by the FIL program for clinical trial qual-
ification [21]. The method for lesion segmentation, which is 
a well-known source of lesion volume variation [27], was ad-
dressed by the expert task force of the International Workshop 
on PET in Lymphoma and Myeloma of Menton, France. The 
experts' consensus agreed that a segmentation method using 
an SUV threshold of 4.0 yields consistent and reliable results 
in the FDG-avid lymphoma setting, explicitly citing Hodgkin, 
B-cell, and follicular lymphoma [17]. In this prospective study, 
we hence implemented the SUV4 cut-off method for TMTV 
calculation. Our study is the first to apply the SUV4 cut-off in 
a large cohort of treatment-naïve FL patients.

Our findings align with previously published retrospective stud-
ies by Meignan et al. and Cotterau et al. [13], which both em-
ployed the SUV 41% method for TMTV calculation and utilized 

a cut-off value of 510 mL, as initially reported by Meignan [9]. 
Notably, our study has established a lower TMTV cutoff value 
of 180 mL compared to the previously published value of 510 mL 
by Meignan et al. [11]. A major reason for this is the difference 
threshold used for segmentation. In Cotterau's study, median 
baseline TMTV was 284 mL (Q1-Q3 129–526 mL and 148–
562 mL for standard and experimental arm, aggregated data are 
not available) and median SUVmax 11.28. In Meignan's study, 
median baseline TMTV was 297 mL (Q1-Q3 131–567 mL) and 
median SUVmax 10. In our study, median TMTV was 162 mL 
(Q1-Q3 50–388) and median SUVmax 9.8 (Q1-Q3 7.4–13.4). It is 
likely that the threshold is lower in our case. Considering that, 
as agreed in the Menton meeting and as stated in Barrington 
et al. [28] and Boellaard et al. [17] we believe that our thresh-
old could be used in next studies as a reference and could be 
tested in a similar patient population. However, it is important 

FIGURE 2    |    Progression-free survival (A) and overall survival (B) stratified by groups obtained combining FLIPI-2 and TMTV. [Color figure can 
be viewed at wileyonlinelibrary.com]

TABLE 2    |    Model with TMTV and FLIPI-2 in progression-free survival, stratified by randomization arm (n = 692).

Univariable HR (95% CI) p c-Harrell (95% CI)

TMTV > 180 1.61 (1.24–2.09) < 0.001 0.563 (0.530–0.596)

FLIPI-2 3/5 2.25 (1.73–2.91) < 0.001 0.597 (0.564–0.630)

Multivariable HR (95% CI) p c-Harrell (95% CI) BIF (%)

TMTV> 180 1.37 (1.04–1.79) 0.024 a.  62.6

FLIPI-2 3/5 2.08 (1.59–2.72) < 0.001 b.  80.4

Model 0.614 (0.577–0.650)

Difference Model-FLIPI-2 0.016 (p = 0.046)

Note: Cox PH regression stratified by randomization arm; c-Harrell 95% CI estimated by means of jackknife method; BIF (Bootstrap inclusion fraction,1000 bootstrap 
resamples): number of times that TMTV> 180 mL was retained in model (with FLIPI-2 fixed) with (a) likelihood ratio test < 0.05 and (b) AIC selection.
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to acknowledge that TMTV range in the current dataset differs 
from those in the Meignan study, which may influence the der-
ivation of a “single cutoff.” This is a well-known limitation, as 
using a single cutoff for continuous variables can inherently lead 
to different results depending on the range and distribution of 
the data [29].

Our results, along with the two other aforementioned positive 
studies, are in contrast with the TMTV analysis conducted 
in patients enrolled in the GALLIUM, which used a SUVmax 
≥ 2.5 and SUVmax ≥ 41% threshold to calculate TMTV [12]. 
Unfortunately, the primary analysis of the study was not able to 
confirm the prognostic role of TMTV, but a full report has never 
been published to obtain enough information to depict a reason 
for this discrepancy. Interestingly, a subsequent analysis of the 
same population by the same research team was able to find a 
prognostic value of baseline TMTV for PFS when a different 
and fully automated segmentation algorithm was used [30]. It 
is worth noting that we employed a semi-automatic approach to 
segment the lesions, wherein the expert reviewers manually ex-
cluded regions unrelated to lymphoma but did not add or modify 
any regions of interest to ensure consistency in TMTV calcula-
tion. While this approach is not entirely automated, it is quite 
close to being so, and we can assume that the level of automation 
achieved is very high.

An important finding of our study is the confirmation of the 
prognostic value of the FLIPI-2 score. In our cohort FLIPI2 score 
outperformed FLIPI in terms of predicting both PFS and OS. 
These results are in line with the results reported by Meignan 
et al. Furthermore, our results suggest that the combination of 
TMTV and FLIPI-2 score could improve risk stratification and 
make treatment decisions more accurate for FL patients. We 
found that patients with TMTV higher than 180 mL and high-
risk FLIPI-2 had the worst PFS rate, with a 5-year PFS of 50% 
and a hazard ratio of 2.93. Importantly, the addition of TMTV 
to FLIPI-2 in the Cox proportional hazards model improved the 
c-Harrell statistic, improving the accuracy in PFS prediction.

Our cohort demonstrated a 5-year OS rate of 92% (95% CI, 89 
to 94%), which is consistent with previous research. However, 
58 deaths were observed in our cohort, indicating the impor-
tance of identifying and managing high-risk patients. Although 
TMTV alone showed a weak prognostic role for OS, combining 
TMTV and FLIPI-2 improved survival prediction accuracy.

Our study has several strengths. Firstly, it is the largest prospec-
tive study to date that has investigated the prognostic value of 
TMTV in a cohort of FL patients. Secondly, the study popula-
tion was taken from a randomized controlled trial with long-
term follow-up in which the collection of baseline PET was 
planned and standardized by the protocol. Thirdly, we used a 
standardized and validated method to measure TMTV, ensur-
ing reproducibility of results. Conversely, our study has some 
limitations that should be considered when interpreting our 
findings. Firstly, we used a semiautomatic approach for TMTV 
computation; it should be highlighted that a fully automated 
technique for TMTV assessment could potentially enhance re-
producibility and facilitate prompt reporting of results following 
a PET/CT scan. Secondly, the FOLL12 trial included only pa-
tients with high tumor burden advanced-stage FL. Therefore, 

our results may not be applicable to patients with low tumor 
burden FL. Lastly, we lack an external validation of our TMTV 
cut-off point. However, to ensure the accuracy of our findings, 
similarly to what was initially done by Meignan et  al. [9] we 
employed a bootstrap resampling method, computing scores in 
the bootstrap sample and then validating the same scores out-of-
bootstrap sample, avoiding potential biases in the results.

In conclusion, our findings indicate that baseline TMTV de-
fined using the new SUV4 standard for contouring lymphoma 
sites is a robust predictor of survival outcomes in FL. Our 
study suggests that TMTV and FLIPI-2 can be used in combi-
nation to improve risk stratification and treatment decisions 
for FL patients, particularly for patients who are at high risk 
of disease progression and may require more aggressive treat-
ment strategies.
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