L))

Check for
updat

Original Article

Value of total lesion glycolysis and cell-of-origin subtypes for
prognostic stratification of diffuse large B-cell lymphoma patients
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Background: This study aimed to explore the added prognostic value of baseline metabolic volumetric
parameters and cell of origin subtypes to the National Comprehensive Cancer Network International
Prognostic Index (NCCN-IPI) in nodal diffuse large B-cell lymphoma (DLBCL) patients.

Methods: A total of 184 consecutive de novo nodal DLBCL patients who underwent baseline positron
emission tomography/computed tomography (PET/CT) were included in this study. Kaplan-Meier estimates
were generated to evaluate the clinical, biological, and PET/CT parameters’ prognostic value. The Cox
proportional hazards model was performed to examine the potential independent predictors for progression-
free survival (PFS) and overall survival (OS).

Results: With a median follow-up of 35 months, the 3-year PFS and OS were 65.2% and 73.0%,
respectively. In univariate analysis, total lesion glycolysis (TLG), cell-of-origin subtypes, and NCCN-IPI
were both PFS and OS predictors. High TLG (>1,852), non-germinal center B (non-GCB), as well as high
NCCN-IPI (>4), were shown to be independently significantly associated with inferior PFS and OS after
multivariate analysis. Based on the number of risk factors (high TLG, non-GCB, and high NCCN-IPI), a
revised risk model was designed, and the participants were divided into four risk groups with very different
outcomes, in which the PFS rates were 89.7%, 66.2%, 51.7%, and 26.7% (x’=30.179, P<0.001), and OS rates
were 93.1%, 73.8%, 56.7%, and 43.3%, respectively (x’=23.649, P<0.001), respectively. Compared with the
NCCN-IPT alone, the revised risk model showed a stronger ability to reveal further discrimination among
subgroups, especially for participants with very unfavorable survival outcomes (PFS: 5’=9.963, P=0.002; OS:
x'=4.166, P=0.041, respectively).

Conclusions: The TLG, cell-of-origin subtypes, and NCCN-IPI are independent prognostic survival
factors in DLBCL patients. Moreover, the revised risk model composed of the number of risk factors (high
TLG, non-GCB, and high NCCN-IPI) can stratify patients better than the NCCN-IPI, especially for

patients at high risk, which suggests its potential integration into decision making for personalized medicine.
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Introduction

Diffuse large B-cell lymphoma (DLBCL), as the most
common subtype of lymphoma, is a heterogeneous
clinicopathologic entity accounting for 30% of non-
Hodgkin’s lymphomas (1). Although the introduction
of rituximab (R) to cyclophosphamide, doxorubicin,
vincristine, and prednisone (CHOP) has significantly
improved survival outcomes for DLBCL patients (2),
approximately 30-40% of patients still experience a relapse
or are refractory to therapy (3).

Designed in 1993, the International Prognostic Index
(IPI) was the first widely accepted prognostic score to
predict patients’ survival outcomes with DLBCL and other
aggressive lymphomas (4). However, the power of IPI in risk
stratification has been questioned in the R era, especially
because of its limited capacity for identifying patients
with a higher risk (5,6). To improve risk stratification, the
National Comprehensive Cancer Network International
Prognostic Index (NCCN-IPI), established in patients
treated with R-CHOP, was proposed by Zhou er 4/. in
2014 (7). Nonetheless, a large number of patients with an
unfavorable outcome remain insufficiently identified (8).
The prominent challenge for accurate outcomes prediction
by these traditional models comes from the clinically and
biologically heterogeneous nature of DLBCL; these models
are exclusively based on clinical variables and therefore fail to
capture information on biological and molecular patterns (9).
Therefore, there is a pressing need for newer strategies to
subcategorize DLBCL patients better.

Fluorine-18-fluorodeoxyglucose ('"*F-FDG) positron
emission tomography/computed tomography (PET/CT)
has become a routine tool for prognostic assessment and
management in DLBCL. Baseline volume-based PET
parameters, such as total metabolic tumor volume (TMTV)
and total lesion glycolysis (TLG), reflecting the tumor
burden and metabolism, have been proposed as promising
prognostic biomarkers in DLBCL. A growing body of
literature shows that baseline TMTV or TLG can be used
to risk-stratify patients with DLBCL (10-14). Furthermore,
a recent study reported that TMTV could even allow for
identifying a small group of high-risk NCCN-IPI of >4
patients with significantly different outcomes (15).

Cell-of-origin subtypes determined by immunohistochemical
(IHC) algorithms has identified 2 distinct molecular subtypes
of DLBCL: the germinal center B-cell (GCB) and the non-
GCB (16). Multiple studies have demonstrated that non-
GCB is associated with more aggressive behavior and worse
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outcomes than GCB patients when treated with R-CHOP
(16-18). Therefore, we also assessed the cell-of-origin subtypes
as a prognostic marker in this study.

The purpose of the present study was to explore the
potential additional predictive value of PET biomarkers and
cell-of-origin subtypes in patients with DLBCL.

Methods
Participant cobort

The retrospective study was conducted with de novo nodal
DLBCL patients between September 2012 and July 2017,
who underwent baseline whole-body ""F-FDG PET/
CT. The inclusion criteria were as follows: histological
confirmation of de novo nodal DLBCL, treatment with
R-CHOP or R-CHOP-like regimens with curative
intent, and "F-FDG PET/CT before treatment. The
exclusion criteria were as follows: previous malignancy,
chemotherapy, radiotherapy history, or incomplete follow-
up or therapy (Figure I). Clinical parameters [gender, age, B
symptoms, Eastern Cooperative Oncology Group (ECOG)
performance status, lactic acid dehydrogenase (LDH)
level, and bone marrow involvement status] were collected
from their medical records. Bone marrow involvement
was determined by ilium puncture. The bulky disease was
defined as a mass 2100 mm in diameter (19). Participants
were grouped into those with a low-risk NCCN-IPT of <4
and those with a high-risk NCCN-IPI of >4 (7).

PET/CT image acquisition and analysis

All participants underwent whole-body ""F-FDG PET/
CT on a combined Gemini GXL PET/CT scanner with
a 16-slice CT component (Philips Corp., Amsterdam, the
Netherlands). After 6 hours of fasting, 185-370 MBq of
“F-FDG (5.18 MBq/kg) was administered intravenously.
Blood glucose was checked before FDG injection, and no
participant showed a level >140 mg/dL. Each participant
was weighed for standardized uptake value determination
before each scan. Whole-body PET/CT scans (from the top
of the head to the upper thigh) were started 60 min after
radiopharmaceutical injection. Emission data were acquired
for 2 min in each bed position. The CT acquisition data
were used for attenuation correction and corrected PET
images were reconstructed using the ordered subsets
expectation maximization (OSEM) method.

Two experienced nuclear medicine physicians read
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260 patients de novo nodal
DLBCL diagnosed in
2012-2017 who underwent
baseline PET/CT

\

222 patients treated with
R-CHOP regime
(curative intent)

A

Figure 1 Flow chart of participant selection.

the PET/CT images. These physicians were blinded to
all participant information and the participant’s clinical
condition. The results were discussed by the two physicians.
Images were reviewed using the volume viewer software on
a dedicated workstation (CompassView 5.0, Philips Corp.,
Amsterdam, the Netherlands) to calculate maximal standard
uptake value (SUVmax), metabolic tumor volume (MTV),
and TLG. Due to the high interobserver reproducibility
previously described in lymphoma, voxels’ boundaries were
produced automatically with the 41% SUVmax threshold
method recommended by the European Association of
Nuclear Medicine (20). The TMTV was obtained by
summing the MTV of all lesions. The TLG was calculated
as the product of TMTV and mean SUV. Liver and bone
marrow involvement was calculated only if there was
focal uptake. The spleen was considered as involved and
calculated if focal uptake or diffuse uptake of >150% of the
liver background was observed.

Tissue microarrays and IHC

Tissue microarrays were built by using three representative
cores (0.6 mm) of formalin-fixed, paraffin-embedded
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184 patients enrolled

tissue from each case. We performed IHC staining on 4
pm sections using standard procedures. A decision tree
established by Hans ez 4/. with the indicated cut-offs was
used to define GCB and non-GCB subtypes (21).

Statistical analysis

All statistical analyses were performed using SPSS 22.0 IBM
Corp., Armonk, NY, USA). Progression-free survival (PFS)
and overall survival (OS) were chosen as the endpoints. The
definition of PFS was the interval from the time of diagnosis
to the date of the first relapse, progression, death from any
cause, or last follow-up. The OS was defined as the interval
between diagnosis and the date of death from any cause or
last follow-up. Survival conditions were evaluated by the
Kaplan-Meier method and compared by log-rank tests. The
PET and clinical variables and NCCN-IPI, which were
significant in the univariate analysis, were entered into a
multivariate analysis using the Cox proportional hazards
model. Receiver operating characteristic (ROC) curves were
used to estimate the accuracy of predicting ideal cut-off
values for SUVmax, TMTV, and TLG. A P value less than
0.05 was considered statistically significant.
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Table 1 Demographics and clinical characteristics of the study
population

Characteristic Value (n=184)

Gender, female/male 85/99

Age (years), n

<40 20
41 to <60 82
61 to <75 54
>75 28
LDH level, n
Normal 96
>1 to <3 times normal 41
>3 times normal 47
B symptoms (no/yes), n 108/76
Bone marrow involved (no/yes), n 127/57
Extranodal involvement (0-1/=22), n 88/96
ECOG performance status (0-1/>1), n 118/66
Ann Abor stage (I-1I/llI-1V), n 59/125
NCCN-IPI, n
0-1 23
2-3 59
4-5 65
>6 37
Bulky disease (no/yes), n 126/58
Cell of origin subtypes (GCB/non-GCB), n 93/91

SUVmax, median (range) 18.1 (2.9-46.4)

TMTV (cm?®), median (range) 358.7 (4.1-2,255.0)

TLG, median (range) 2,885.0

(14.6-157,871.1)

LDH, lactic acid dehydrogenase; ECOG, Eastern Cooperative
Oncology Group; IPI, International Prognostic Index; NCCN-
IPI, National Comprehensive Cancer Network International
Prognostic Index; GCB, germinal center B-cell; SUVmax,
maximum standardized uptake value; TMTV, total metabolic
tumor volume; TLG, total lesion glycolysis.

Results
Participant characteristics and survival results

The clinical characteristics of the 184 participants included
in this study are summarized in 7able 1. The participant’s
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median age was 59 years (14-89 years). A total of 76
participants experienced disease relapse or progression, 62
participants died after a median follow-up of 35 months
(3-87 months), and the 3-year PFS and OS were 65.2% and
73.0%, respectively.

Clinical characteristics of participants concerning TMTV
and TLG

The differences in clinical characteristics between the
dichotomized TM'TV and TLG groups are shown in Table S1.
High LDH level, the presence of B symptoms, bone
marrow involvement, extranodal involvement, high ECOG
performance status, high Ann Arbor stage, high NCCN-
IPI, and the presence of bulky disease were significantly
associated with high TMTV and high TLG.

Univariate and multivariate analysis

The ideal cut-off values for PFS calculated by the ROC
curve analysis for SUVmax, TMTYV, and TLG were
18.4 months, 205.3 cm’, and 1,852 cm’, respectively. Due
to the strong correlation between TMTV and TLG,
only TLG was entered in the Cox regression model. The
univariate analyses are shown in Tuable 2 and Figure 2.
The TLG, cell-of-origin subtypes, as well as NCCN-IPI,
were both PFS and OS predictors. High TLG (>1,852)
[PFS: hazard ratio (HR) =1.871, P=0.016; OS: HR =1.920,
P=0.025], non-GCB (PFS: HR =2.367, P<0.001; OS:
HR =2.084, P=0.005) as well as high NCCN-IPI (24) (PFS:
HR =2.314, P=0.003; OS: HR =2.281, P=0.009) were shown
to be independently significantly associated with inferior
PFS and OS after multivariate analysis (Table 3).

Revised risk model to predict PFS and OS in DLBCL

Based on the number of risk factors (high TLG, non-GCB,
and high NCCN-IPI), a revised risk model was designed,
and the participants were divided into four risk groups
with very different outcomes (PFS: x’=30.179, P<0.001;
OS: ¢’=23.649, P<0.001): low-risk group (none of the 3
predictors, 29 participants)/low-intermediate risk group
(1 predictor, 65 participants)/high-intermediate risk
group (2 predictors, 60 participants)/high-risk group (all
3 predictors, 30 participants) (Figure 3). Survival curves
generated by the revised risk model showed a stronger
ability to reveal further discrimination among subgroups
compared with the NCCN-IPI alone, especially for
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Table 2 Univariate analysis of factors predictive of PFS and OS

No. of 3-year progression-free survival 3-year overall survival
Variable participants

(n=184) HR 95% Cl P value* HR 95% Cl P value®
Gender, F/M 85/99 0.793 0.503-1.249 0.317 0.754 0.457-1.241 0.266
Age, <60/>60 102/82 2.494 1.560-3.987 <0.001 3.057 1.791-5.217 <0.001
LDH level, normal/elevated 96/88 1.388 0.881-2.187 0.157 1.521 0.921-2.512 0.101
B symptoms, no/yes 108/76 1.362 0.864-2.147 0.184 1.289 0.781-2.130 0.321
Bone marrow involved, no/yes 127/57 1.227 0.762-1.976 0.401 1.317 0.786-2.206 0.296
Extranodal involvement, 0-1/>2 88/96 1.638 1.028-2.608 0.038 1.366 0.824-2.267 0.227
ECOG PS, 0-1/22 118/66 1.753 1.109-2.771 0.016 1.740 1.051-2.880 0.031
Ann Abor stage, -lI/1lI-IV 59/125 2.202 1.248-3.887 0.006 2.269 1.203-4.280 0.011
NCCN-IPI, 0-3/=4 82/102 2.723 1.641-4.518 <0.001 2.751 1.568-4.826 <0.001
Bulky disease, no/yes 126/58 1.318 0.813-2.136 0.263 1.545 0.910-2.622 0.107
Cell of origin subtypes, GCB/non-GCB 93/91 1.918 1.203-3.056 0.006 1.674 1.003-2.793 0.049
SUVmax, low/high 100/84 1.539 0.976-2.427 0.064 1.268 0.769-3.088 0.352
TMTV, low/high 103/81 2.362 1.485-3.756 <0.001 2.312 1.389-3.848 0.001
TLG, low/high 101/83 2172 1.367-3.452 0.001 2.305 1.387-3.866 0.001

*, P<0.05. PFS, progression-free survival; OS, overall survival; HR, hazard ratio; Cl, confidence interval; LDH, lactic acid dehydrogenase;
ECOG PS, Eastern Cooperative Oncology Group performance status; IPI, International Prognostic Index; NCCN-IPI, National
Comprehensive Cancer Network International Prognostic Index; GCB, germinal center B-cell; SUVmax, maximum standardized uptake

value; TMTV, total metabolic tumor volume; TLG, total lesion glycolysis.

participants with very bad survival outcomes (PFS: %’=9.963,
P=0.002; OS: 1’=4.166, P=0.041, respectively) (Figure 3 and
Table 4).

Due to the high impact of age as a statistically
independent predictor of PFS and OS in multivariate
analysis, we also evaluated the prognostic value of the
revised risk model in age subgroups (<60 and >60 years old,
separately). In both age subgroups, the model presented
good discrimination for predicting PFS and OS, especially
for the participants who were more than 60 years old (PFS:
7=8.551, P=0.003; OS: x’=10.819, P=0.001, respectively).
The differences in PFS and OS are shown in Table S2 and
Figure 4.

Discussion

Since the introduction of rituximab, the survival of patients
with DLBCL has significantly improved. However, the
clinical and genetic heterogeneity of DLBCL often presents
challenges for accurate risk stratification and prognostic
modeling. Herein, we mainly discuss whether the addition
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of volume-based PET parameters and cell-of-origin
subtypes into NCCN-IPI can yield optimal prognostic risk
models for DLBCL patients.

Our study demonstrated that participants with high
TLG (21,852 cm’) had inferior survival outcomes compared
to those with low TLG and that 41.3% of patients with
high TLG eventually experienced disease relapse, and
33.7% died. This finding is consistent with the results
reported in previous studies (22,23). Although the SUVmax
is an easy-to-calculate index of the "*F-FDG metabolic rate,
it represents an only 1-pixel point of the lesion and could
not reflect the entire glucose metabolism condition lesion.
Compared to SUVmax, TMTYV, and TLG, requiring a
three - dimensional delineation of ""F-FDG avid lesions
from PET/CT could be a more powerful index in evaluating
tumor burden for patient risk stratification. Although it has
not reached a consensus (14,24,25), this study strengthened
our belief that the volume parameter TLG, derived from
the SUVmean and TM'TV, may encompass more metabolic
activity information of a tumor lesion.

Participants with a non-GCB phenotype were at a
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Figure 2 Kaplan-Meier curves for PFS and OS based on TLG (<1,852 vs. >1,852), cell of origin and NCCN-IPL. (A,B) PES (A) and OS
(B) estimated using TLG; (C,D) PFS (C), and OS (D) estimated using the cell of origin; (E,F) PFS (E) and OS (F) estimated using the
NCCN-IPL PFS, progression-free survival; OS, overall survival; TLG, total lesion glycolysis; NCCN-IPI, National Comprehensive Cancer

Network International Prognostic Index.

Table 3 Multivariate analysis of factors predictive of PFS and OS

3-year progression-free survival

3-year overall survival

Variable
B SE Wald P value* HR 95% CI B SE Wald P value® HR 95% ClI
With individual NCCN-IPI factors
Age 1.203 0.249 23.350 <0.001 3.330 2.044-5.424 1433 0.285 25.350 <0.001 4.191 2.399-7.321
Cell-of-origin 1.066 0.253 17.676 <0.001 2.903 1.766-4.770 1.030 0.281 13.488 <0.001 2.802 1.617-4.857
subtypes
TLG 1.239 0.255 23.600 <0.001 3.453 2.094-5.693 1.298 0.282 21.248 <0.001 3.661 2.108-6.357
With NCCN-IPI
NCCN-IPI 0.840 0.283 8.844 0.003 2.314 1.287-3.775 0.825 0.317 6.787 0.009 2.281 1.227-4.243
Cell-of-origin 0.861 0.242 12.633 <0.001 2.367 1.472-3.806 0.734  0.264 7.710 0.005 2.084 1.241-3.500
subtypes
TLG 0.626 0.261 5.757 0.016 1.871 1.122-3.121 0.652  0.291 5.039 0.025 1.920 1.086-3.394

*, P<0.05. PFS, progression-free survival; OS, overall survival; HR, hazard ratio; Cl, confidence interval; SE, standard error; NCCN-IPI,
National Comprehensive Cancer Network International Prognostic Index; TLG, total lesion glycolysis.
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higher risk of relapse or progression than those with a GCB
phenotype (3-year PFS: x’=7.168, P=0.007, 3-year OS:
%’=3.972, P=0.045, respectively) in this study. The present
study confirmed the excellent performance of cell-of-
origin subtypes in predicting survival outcomes in DLBCL
patients, as reported in previous studies (18,26). Cell-of-
origin subtypes defined by the IHC-based Hans algorithm
could even discriminate very high-risk patients (27).
Furthermore, in Toledano et al.’s study (28), the
combination of TMTYV and cell-of-origin subtypes could

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

allow for significantly better risk stratification of patients
with DLBCL in terms of both PFS and OS.

The analysis showed that the NCCN-IPI were predictive
of PFS (’=15.801, P<0.001) and OS (x’=14.442, P<0.001),
respectively. However, consistent with a previous study (8),
it failed to identify a very high-risk group (PFS: ¥'=2.262,
P=0.133; OS: ¥’=1.718, P=0.190, respectively) who should
be considered as candidates for more intensive treatments.
To improve the accuracy of the NCCN-IPI, the inclusion
of TLG and cell-of-origin subtypes as new variables were
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survival.
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explored, and the revised risk model showed a better
ability of discrimination of a very poor survival outcome
group with a 3-year PFS and OS of 18.2% (PFS: ¥’=9.963,
P=0.002; OS: x’=4.166, P=0.041, respectively). To the best
of our knowledge, few attempts have been made to evaluate
the possible additional co-predictive value of both the TLG
and cell-of-origin subtypes to the NCCN-IPI.

Older age is an adverse prognostic factor that
correlates with inferior survival in DLBCL (29,30). Like
previous studies, the present study showed that age was
an independent prognostic factor of DLBCL patients
(PFS: HR =3.330, P<0.001; OS: HR =3.661, P<0.001,
respectively). The poor outcome of elderly DLBCL
patients might be partly explained by their decreased
ability to tolerate standard chemotherapy regimens and
physicians’ tendency to administer more dilute treatments
that are better tolerated but deemed less effective (31). The
revised risk model could help discriminate the majority of
patients with inferior survival outcomes in the different
age subgroups, especially for the patients over 60 years old
deemed to be very high-risk group (PFS: 1’=8.551, P=0.003;
0S: ¢’=10.819, P=0.001, respectively), which could be used
in making therapeutic decisions.

The limitations of this study arose from its
retrospective and single-centered nature. Second, the
results among studies might be inconsistent due to the
lack of standardization of thresholds used for delineating
tumors. The European Association of Nuclear Medicine
has recommended the 41% SUVmax threshold method
chosen in our study because of the better interobserver
agreement (20). Third, the IHC classification systems by
the Hans algorithm used in this study as a substitute for a
gene expression profile (GEP), which is the gold standard
for determining the cell-of-origin subtypes of DLBCL.
However, GEP techniques are not routinely utilized in
clinical settings because they are costly, time-consuming,
and inaccessible to many centers (32). Due to its good
correlation (86% concordance) with GEP (33), the algorithm
is recommended by the WHO classification to differentiate
GCB from non-GCB tumor cells via IHC (34). Considering
the difference in both treatment strategy and prognosis
between extranodal and nodal DLBCL (35,36), extranodal
DLBCL participants were not included in this study.

In conclusion, TLG, cell-of-origin subtypes, and
NCCN-IPI are independent prognostic factors of survival
in DLBCL patients. Moreover, the revised risk model can
stratify patients better than the NCCN-IPI, especially
for patients at high risk, which suggests its potential
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Figure 4 Kaplan-Meier curves for PFS and OS with the revised risk model in relation to age subgroups (<60 and >60 years old). (A,B) PES (A)
and OS (B) in relation to the <60 years old group; (C,D) PES (C) and OS (D) in relation to the >60 years old group. PFS, progression-free

survival; OS, overall survival.

for integration into decision making to achieve a more
personalized medicine approach.
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