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KEY PO INT S

l MH on 18FDG-PET/CT
may be a prognostic
tool for PMBCL.

l High TLG combined
with high MH at
presentation identifies
patients at high risk
for progression after
conventional therapy.

An important unmet need in the management of primary mediastinal B-cell lymphoma
(PMBCL) is to identify the patients for whom first-line therapy will fail to intervene before
the lymphomabecomes refractory.High heterogeneity of intratumoral 18F-fluorodeoxyglucose
(18FDG) uptake distribution on positron emission tomography/computed tomography (PET/
CT) scans has been suggested as a possible marker of chemoresistance in solid tumors. In the
present study, we investigated the prognostic value of metabolic heterogeneity (MH) in 103
patients with PMBCL prospectively enrolled in the International Extranodal Lymphoma Study
Group (IELSG) 26 study, aimed at clarifying the role of PET in this lymphoma subtype. MHwas
estimated using the area under curve of cumulative standardized uptake value-volume
histogram (AUC-CSH) method. Progression-free survival at 5 years was 94% vs 73% in low-
and high-MH groups, respectively (P 5 .0001). In a Cox model of progression-free survival

including dichotomized MH, metabolic tumor volume, total lesion glycolysis (TLG), international prognostic index, and
tumor bulk (mediastinal mass > 10 cm), as well as age as a continuous variable, only TLG (P < .001) and MH (P < .001)
retained statistical significance. Using these 2 features to construct a simple prognostic model resulted in early and
accurate (positive predictive value, 89%; negative predictive value, ‡90%) identification of patients at high risk for
progression at a point that would allow the use of risk-adapted treatments. This may provide an important opportunity
for the design of future trials aimed at helping the minority of patients who harbor chemorefractory PMBCL. The study
is registered at ClinicalTrials.gov as NCT00944567. (Blood. 2018;132(2):179-186)

Introduction
Tumor heterogeneity describes the observation that cancer cells
can show variable phenotype profiles, including cell morphology,
gene expression, metabolism, motility, proliferation, and meta-
static potential; this complex phenomenon also reflects genome
instability and epigenetic variation and has been associated with
differences in outcome across several cancer types.1-3 Because
malignant tumors comprise a heterogeneous mixture of func-
tionally distinct cells that may differ widely in their responses to
therapy, it is possible that high heterogeneity may correspond to
acquired and innate resistance, leading to incomplete responses
and treatment failure.4

Positron emission tomography/computed tomography (PET/CT)
with 18-fluorodeoxyglucose (18FDG) is emerging as a means to

characterize themetabolic patterns of intratumoral heterogeneity.5,6

The intratumoral distribution of 18FDG uptake reflects the glucose
metabolism of both tumor and microenvironment, as well as
other processes including necrosis, apoptosis, proliferation, and
angiogenesis.5,7,8 Increased metabolic heterogeneity (MH) has
been correlated with treatment failure and poor prognosis in
several solid tumors and in sarcoma,6,9-14 but very few data are
available concerning MH in lymphomas.15,16

The International Extranodal Lymphoma Study Group (IELSG) 26
studywas designed to evaluate the role of PET/CT in the treatment
of primary mediastinal large B-cell lymphoma (PMBCL), a distinct
clinicopathological and molecular subtype of diffuse large B-cell
lymphoma arising from the B cells in the thymus. It is characterized
by a rapidly progressive anteriormediastinal bulkymass, oftenwith
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local invasion and compressive syndromes.17 PMBCL commonly
affects young adults and is highly curable with aggressive im-
munochemotherapy regimens with or without radiotherapy, with
5-year survival rates higher than 90% in recent studies.18,19 How-
ever, it is crucial to maximize cure rates with initial therapy, as
salvage treatment of the few patients failed by front-line therapy
has extremely poor results.20,21 If it were possible to identify this
important minority early, it would allow the development of risk-
stratified approaches, but the International Prognostic Index (IPI)
has limited utility in PMBCL22 because most patients present
when the disease is localized, leaving an unmet need for reliable
prognostic markers.

The IELSG26 study demonstrated that visual assessment of
posttreatment PET/CT scans using a 5-point scale (Deauville
score) can identify the patients who will be likely cured,19,23

and that baseline quantitative 18FDG-PET/CT parameters, the
maximum standardized uptake value (SUVmax), the metabolic
tumor volume (MTV), and the total lesion glycolysis (TLG) can be
powerful predictors of PMBCL outcomes.24,25

The IELSG26 study also showed that PMBCL, generally limited
to a single bulky lesion, has distinctive metabolic characteristics
that may make MH more reproducible and more easily studied
than in other lymphomas. As a consequence, we characterized
the MH patterns in the IELSG26 cohort of PMBCL and examined
the prognostic value of MH alone or combined with other
functional PET parameters. Here we report the results of this
assessment.

Methods
Patient population
MH was estimated on baseline 18FDG-PET/CT in 103 of 125
patients with histologically proven PMBCL prospectively enrolled
in the IELSG26 study (ClinicalTrials.gov identifier: NCT00944567).
All were treated according to local policy with rituximab and
doxorubicin-based immunochemotherapy regimens comprising
either R-CHOP (rituximab plus cyclophosphamide, doxorubi-
cin, vincristine, and prednisone) or R-CHOP-like, R-VACOP-B
(rituximab plus etoposide, leucovorin, doxorubicin, cyclophos-
phamide, vincristine, prednisone, and bleomycin), or R-MACOP-B
(rituximab plus methotrexate, leucovorin, doxorubicin, cyclo-
phosphamide, vincristine, prednisone, and bleomycin) regimens.
Infusional chemotherapy regimens were not used. Ninety-three
patients also had consolidation mediastinal involved-field radio-
therapy. Treatment details have been reported previously.19,23

The study was conducted in accordance with the precepts of the
Helsinki declaration and received approval from the local re-
search ethical committee of each participating center. All pa-
tients gave their written consent.

18FDG-PET/CT imaging procedures
PET/CT studies were performed following standard technical
procedures for the acquisition and elaboration of PET imag-
ing, according to guidelines at the time when the study was
planned.26

Baseline PET scans were performed within 14 days before
commencing immunochemotherapy. In cases in which urgent

treatment was required and the PET scan could not be per-
formed before therapy started, the baseline scan was omitted
after discussion with the clinical coordinators; these cases were
excluded from this analysis.

PET/CT imaging was performed on full-ring integrated PET/CT
systems. Each center was required to follow an active quality
control and quality assessment protocol.26 PET and CT images
were acquired in the same session. CT scans obtained with a low-
dose protocol were used for attenuation-correction of the PET
images. All patients were fasted for at least 6 hours before the
injection of 250 to 370 MBq (4.5 MBq/Kg) 18FDG. Blood glu-
cose measured before injection of the radiotracer was less than
160 mg/dL in all patients. PET data were acquired in 2- or
3-dimensional mode from the midthigh toward the base of the
skull after a standardized uptake time of 60 minutes (65 minutes).
The PET acquisition time was at least 3 minutes per bed position.
Images were reconstructed with validated and commercially
available iterative algorithms according to the local protocols, and

Table 1. Main clinical characteristics and functional
PET parameters at presentation in the studied
cohort (n 5 103)

Characteristics

No. of
patients

(%) Median (IQR)

Age, years
#60 y 97 (94)
#40 y 75 (73)

Female sex 63 (61)

ECOG Performance Status .1 15 (15)

Mediastinal bulky disease .10 cm 54 (52)

Ann Arbor stage I-II 97 (94)

LDH . normal upper value 77 (75)

Low and low-intermediate IPI risk 99 (96)

Low and low-intermediate aaIPI risk 82 (85)

Front-line treatment
R-CHOP or R-CHOP like
regimen*

16 (16)

R-VACOP-B or R-MACOP-B
regimen*

87 (84)

With RT 93 (90)

SUVmax 18.8 (15.5-23)
Elevated (.22.2)† 30 (29)

MTV 406 (267-641)
Elevated (.703, PFS cut-point)† 20 (19)

TLG 4261 (2363-6398)
Elevated (.5814, PFS cut-point)† 33 (32)

aaIPI, age-adjusted IPI; LDH, serum lactate dehydrogenase; RT, consolidation mediastinal
radiotherapy.

*Details on the immunochemotherapy regimens and radiotherapy plans have been
previously reported.19

†Dichotomized using receiver operating characteristics analysis to identify the optimal cut
point, as previously reported.24
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SUVs were automatically calculated. For each examination, the
PET/CT image data were sent to the core laboratory, where
central review was performed.19,24

18FDG-PET/CT parameters
The 18FDG-PET/CT images obtained at baseline for initial staging
were analyzed following a standard protocol on a dedicated
workstation (Siemens SyngoMMWP Workstation VE36A; Sie-
mens, Erlangen, Germany). Dedicated software (Syngo TrueD)
automatically estimated the average and maximum SUV
(SUVmean and SUVmax) and MTV of the entire mediastinal
lesion, using an isocontour fixed threshold method based on
25% of the SUVmax, as previously described.24 The TLG, which
represents the sum of the SUV of the different voxels included
in the segmented volume, was calculated as the product of
SUVmean and MTV.27

MH was assessed using the CSHmethod,13 as applied in previous
studies in solid tumors.14-16,28-30 In CSH, the percentage of tumor
volume (derived from PET-based tumor delineation methods31)
with SUV above a certain threshold is plotted against that
threshold value, which is varied from 0% to 100% of SUVmax (in
this study, from 25% to 100%, according to the fixed threshold
used for the MTV segmentation, therefore excluding intratumoral
areas with absent or very low FDG uptake, mostly because of
tumor necrosis). The area under the curve of CSH (AUC-CSH) is a
quantitative index of tracer uptake heterogeneity in which lower
values correspond to increased heterogeneity.32 MH value dis-
tribution in the study population was also evaluated by estimating
the coefficient of variation of the intratumoral FDG uptake, which
was calculated as the standard deviation of the SUV divided by the
SUVmean of the segmented mediastinal lesion.5,16

The data were expressed as median and interquartile range
(IQR). The PET-associated functional parameters were dichot-
omized using receiver-operating characteristic analysis to
identify the optimal cutoff point.33 Progression-free survival (PFS)
was defined according to the revised National Cancer Institute
criteria34 and estimated using the Kaplan-Meier or life-table
method, as appropriate.35 Follow-up was calculated as the
median time to censoring, using a reverseKaplan-Meier analysis.36

Differences between survival curves were analyzed by using
the log-rank test.37 For multivariable analysis, Cox regression
with a stepwise backward selection process was performed on
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Figure 1. Examples of the various degrees of MH in
primary mediastinal B-cell lymphoma. (A) PET imaging
and the corresponding CSH histogram in a patients with
low heterogeneity (AUC-CSH, 0.57). (B) PET imaging and
the corresponding CSH histogram in a patient with high
heterogeneity (AUC-CSH, 0.35). Lower AUC-CSH values
correspond to higher metabolic heterogeneity.
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Figure 2. MH in the patients with continuous complete remission (CCR, red
box) and in those with lymphoma relapse or progression (PD, blue box). Lower
AUC-CSH values correspond to higher metabolic heterogeneity.
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dichotomized variables to estimate the hazard ratio (HR) and its
confidence interval (CI).38 The exact 95% CIs were calculated for in-
cidence percentages. Negative predictive values (NPVs) and posi-
tive predictive values (PPVs) were calculated according to standard
definitions.39 Mann-Whitney U test was used to test differences
between variables in 2 groups of patients.40 Association between
2 variables was investigated through regression and correlation
analysis (Pearson’s coefficient). P values of .05 or less (2-sided test)
were considered to indicate statistical significance. Statistical
analysis was conducted using the STATA 11 software package
(Stata: Release 11 Statistical Software; College Station, TX).

Results
Detailed clinical features and outcomes of the patients enrolled
in the IELSG26 study have been published previously.19,23,24

Baseline PET/CT scans were available in 103 of 125 patients,
having been omitted in 20 patients because of the urgency of
treatment and excluded in 2 cases (after central control) for
technical reasons. All patients were treated with rituximab and
doxorubicin-based immunochemotherapy regimens compris-
ing R-CHOP either every 14 or 21 days or at intensified doses
(n5 16) or R-VACOP-B or R-MACOP-B regimen (n5 87). Therewas
no difference in outcomes between the different chemotherapy
regimens. Consolidation radiotherapy was considered standard
policy in nearly all centers and was given to 93 patients. At a
median follow-up of 62 months (IQR, 56-71 months), 12 patients
had local progression during initial immunochemotherapy or
within 3 months of its completion, and 1 relapsed (also in the
mediastinum) 17 months after the treatment start. Six had died,
with an estimated 5-year PFS rate of 87% (95% CI, 79%-92%).24

The main clinical characteristics of the 103 patients included in
the present analysis and the description of the baseline func-
tional PET parameters are summarized in Table 1.

AUC-CSH in the whole population ranged between 0.32 and
0.65 (median, 0.49; IQR, 0.43-0.54). Figure 1 provides an ex-
ample of patients showing different degrees of MH. The AUC-
CSH and coefficient of variation methodologies provided a
similar MH value distribution (see supplemental Data, available
on the Blood Web site).

The values of MH, irrespective of the methodology used, did
not show a significant relationship with other baseline quantitative
PET-derived parameters, namely, SUVmax, MTV, and TLG (see
supplemental Data), the only exception being a weak (r 5 20.2)
associationwithMTVwhenMHwasmeasured using theAUC-CSH,
which was not confirmed in multivariable analysis (data not shown).

The receiver-operating characteristic analysis of the AUC-CSH
values identified an optimal cutoff point of 0.45 to discriminate
(P 5 .011) patients experiencing disease progression or relapse
with sensitivity of 69% (95% CI, 39%-91%) and specificity of
72% (95% CI, 62%-81%). Patients with progression or relapse
had significantly lower AUC-CSH (corresponding to higher MH)
than those remaining in continuous remission (AUC-CSH, 0.43
[IQR, 0.37-0.47] vs 0.49 [IQR, 0.44-0.54]; Mann-Whitney U test
P 5 .012; Figure 2).

In univariate analysis of dichotomized parameters, PFS at 5 years
was 94% (95% CI, 85%-98%) for patients with low MH and 73%
(95% CI, 55%-85%) for those with high MH (log-rank test,
P 5 .0001; Figure 3). MH showed no significant correlation
to other baseline prognostic factors including individual IPI
factors, the presence of bulky disease, or B-symptoms (data
not shown). Patients with high MH had also a significantly worse
overall survival (results shown in the supplemental Data).

In stepwise Cox models (see supplemental Data) including di-
chotomized MH, TLG, SUVmax, MTV, bulky disease (.10 cm),
IPI, or aaIPI, as well as age as a continuous variable, only elevated
MH (HR, 12.8; 95% CI, 3.3-49.9; P, .001) and elevated TLG (HR,
46.5; 95% CI, 5.8-373.8; P , .001) remained independently
associated with significantly shorter PFS.

A prognostic model for PFS based on the combination of MH and
TLG at baseline was then built and tested. It identified patients
with significantly different outcomes (Table 2). In comparison with
eitherMH or TLG alone, this model resulted in a much higher PPV
without a detrimental effect on the NPV (Table 3) and confirmed a
significantly poorer outcome in patients with both high TLG and
high MH (HR, 31.2; 95% CI, 9.9-97.8; P , .001), whereas no
treatment failure was seen in the group of patients with low TLG
and low MH at baseline (Figure 4). These risk groups showed no
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Figure 3. Kaplan-Meier estimate of PFS according to
the MH of the mediastinal lymphomatous mass in the
baseline PET scans. Lower AUC-CSH values correspond to
higher metabolic heterogeneity; shadows indicate 95% CIs.
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association with conventional prognostic indices such as IPI/aaIPI
or with specific clinical features in univariate analysis. Among the
9 patients with high TLG and highMH, only 2 had stage III disease
and unfavorable IPI or aaIPI.

Discussion
Although treatment outcomes of PMBCL are generally favorable,
there remains an important minority in whom the initial treatment
fails, usually as a result of rapidly emerging chemorefractory
disease, for which salvage treatments are often unsuccessful.20,21

The present study was aimed at the early identification of these
patients. In a retrospective Italian series of 138 consecutive pa-
tients treated with CHOP or MACOP-B/VACOP-B (with radio-
therapy in 75%of the cases, but without rituximab), all the patients
with stable disease or progression during initial chemotherapy
and all those relapsing after initial remission died of lymphoma,
irrespective of first-line and salvage treatment type.21 Another
retrospective study from the Princess Margaret Hospital in Tor-
onto, Ontario, Canada, showed significantly inferior overall re-
sponse to salvage chemotherapy (25% vs 48%) andoverall survival
rates after progression (15% vs 34% at 2 years) in 37 patients with
relapsing or refractory PMBCL compared with a control group of
143 relapsing patients with other diffuse largeB-cell lymphomas.20

Some studies have reported favorable outcomes in small groups
of patients with chemosensitive relapse treated with autologous
transplantation,41 and chemosensitivity before high-dose ther-
apy emerged as the strongest predictor of survival in these
patients.20,41 However, this can only be assessed when relapse
has already occurred, and overall, the prognosis after recur-
rence is very poor.

Malignant tumor cells are heterogeneous in various respects; the
factors contributing to cancer MH have mainly been studied in
solid tumors and reflect cell metabolism, proliferation, blood
flow, and hypoxia.5 There is increasing evidence that quantifi-
able imaging parameters can be used in vivo to provide valid
and reproducible estimates of cancer heterogeneity.42 Increased
MH on PET scans has been correlated with worse response to

treatment in several solid tumors and may be an indicator of
resistance to therapy.6,9-14 We have previously shown the
prognostic effect of functional (quantitative) PET parameters
such as SUVmax, MTV, and TLG in PMBCL at diagnosis.24 Given
that 18FDG uptake is not homogeneous within the large me-
diastinal lesions that characterize PMBCL, we investigated the
hypothesis that the degree of MH in PMBCL may have prog-
nostic value and examined the relationship between baseline
MH and other functional PET parameters.

There are no data on reproducibility of visual estimation of MH;
several computational methods have been proposed for its
calculation, and none has been clearly shown to be superior. We
used the AUC-CSH, which has been widely described in the
literature, mainly in solid tumors, but also in lymphomas.14-16,28-30

This methodology is straightforward to apply and has been
shown to be highly reproducible.43 Moreover, as AUC-CSH is
independent of tumor volume,32 the effect of segmentation can
be controlled, making AUC-CSH particularly suitable for the
study of PMBCL, where the presence of a bulky mass at pre-
sentation requires estimation of MTV, using the isocontour fixed
threshold method, based on 25% of the SUVmax.44

The calculation of AUC-CSH using the segmented MTV, thereby
excluding necrotic areas with absent or very low FDG uptake,
resulted in the most accurate estimation of metabolic distribu-
tion. Moreover, we compared our results estimating MH with
an alternative method based on the SUVmax coefficient of
variation.5,16 The correlation between the 2 methodologies was
good, and both generated superimposable results when the
effect of MH on treatment outcome was analyzed.45

Our results illustrate that the heterogeneity of 18FDG uptake
does not hinge on the main quantitative PET parameters, but
may be an additional biomarker in PMBCL treated with ag-
gressive immunochemotherapy and radiotherapy.

A major challenge in the treatment of PMBCL is the need to
identify, at diagnosis, the few patients for whom initial therapy
will fail and who then risk an extremely poor outcome. In our
previous studies, we showed that the prognostic utility of
functional PET parameters has a limitation in their low PPV.24 This
led us to study whether the effectiveness of TLG for risk strati-
fication could be improved by combining TLG with other clinical
and imaging parameters. We showed that the combination of
baseline TLG and posttreatment Deauville score results in a
better PPV; however, this approach identifies poor-risk patients

Table 2. PFS survival according to risk groups defined by
the model built on baseline TLG and MH

Risk group and
parameter N

PD/
relapse

Median
PFS

5-year
PFS 95% CI

Low risk
Low TLG 1

Low MH
45 0 n.r. 100% __

Intermediate
risk

49 5 n.r. 90% 77-96%

Low TLG 1
High MH

25 1 n.r. 96% 75-99%

High TLG 1
Low MH

24 4 n.r. 83% 61-93%

High risk
High TLG 1

High MH
9 8 4.3 mo 11% 1-39%

mo, months; n.r., not reached; PD, disease progression.

Table 3. Comparison of the prognostic power of the
model combining baseline TLG and MH vs either TLG
alone or MH alone

Parameter PPV (N) NPV (N)

High MH 26% (9/34) 94% (65/69)

High TLG 36% (12/33) 99% (69/70)

High TLG 1
high MH

89% (8/9) 95% (89/94)

Low TLG 1 low MH, 100% (45/45)

High TLG or high MH, 90% (44/49)
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only after the standard immunochemotherapy is completed and
does not allow a risk-tailored strategy from the outset, such as
treatment intensification.25

Although the restricted sample size and low event rate pre-
cluded testing in a validation cohort, the present study indicates
that the combination of TLG and MH may offer a tool for early
identification of patients with a high risk for initial treatment
failure, which can be tested in other studies. In comparison with
either MH or TLG alone, the proposed model showed much
greater ability to specify patients with very unfavorable out-
comes, with a markedly improved PPV. Further studies are
warranted to ascertain whether this subset of poor-risk patients
carries specific biological features that may engender the ob-
served chemoresistance.

Few previous studies, all in solid tumors, have addressed the
prognostic utility of combining intratumoral MH with other func-
tional PET parameters.46-48 Our observations are in keeping with
the results of a study onoropharyngeal squamous cell carcinoma, in
which MH was combined with TLG to build a risk score.46

In the present study, patients with PMBCL with both lowMH and
low TLG had a very favorable outcome and might be suitable for
treatment deescalation. However, it must be noted that almost
all patients had mediastinal irradiation, precluding any conclu-
sion on the need for radiotherapy in this group.

In contrast, and more important, the combination of high MH
and high TLG accurately identifies at diagnosis the few patients
with very poor prognosis and may, therefore, represent a
powerful tool to allow patients to be selected for more in-
tensive treatment. If confirmed in other cohorts, this could
inform the design of future clinical trials and may represent an
important chance to reduce the number of patients with re-
fractory PMBCL.
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Figure 4. Kaplan-Meier estimate of PFS according to
a prognostic score based on the combination of MH
and TLG at baseline, with shadows indicating 95%
CIs. Low-risk patients are defined by the presence of
both low MH and low TLG at presentation. The
intermediate-risk group comprises the patients with
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model was statistically significant, as well as the com-
parison (log-rank test) of the individual curves (low risk
vs intermediate risk, P 5 .0286; low risk vs high risk,
P , .0001; intermediate risk vs high risk, P , .0001).
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