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Abstract

Purpose This study assessed the performance of four different methods for the estimation of metabolic tumour volume (MTV) in
primary mediastinal B cell lymphoma (PMBCL).

Method MTV was estimated using either a region growing automatic software program (RG) or a fixed threshold (FT) seg-
mentation algorithm with the three most common cut-offs proposed in the literature (i.e., 25% and 41% of the SUVmax and SUV
value >2.5). We compared these four methods using phantoms that simulated different set-ups of the main imaging characteristics
of PMBCL (volume, shape, 18-FDG uptake and intra-lesion distribution) and assessed their performance in 103 PMBCL patients
enrolled in the International Extranodal Lymphoma Study Group-26 (IELSG-26) study.

Results There was good correlation between MTV values estimated in vitro and in vivo using the different methods. The 25% FT
cut-off (FT25%) provided the most accurate MTV evaluation in the phantoms. The cut-off at SUV 2.5 (FT2.5) resulted in MTV
overestimation that particularly increased with high SUV values. The 41% cut-off (FT41%) showed MTV underestimation that
was more evident when there were high levels of heterogeneity in tracer distribution. Shape of the lesion did not affect MTV
computation. The RG algorithm provided a systematic slight MTV underestimation without significant changes due to lesion
characteristics. We observed analogous trends for the MTV estimation in patients, with very different derived thresholds for the
four methods. Optimal cut-offs for predicting progression-free survival (PFS) ranged from 213 to 831 ml. All methods predicted
PFS with similar negative predictive values (94-95%) but different positive predictive values (23-45%).

Conclusions The different methods result in significantly different MTV cut-off values. All allow risk stratification in PMBCL,
but FT25% showed the best capacity to predict disease progression in the patient cohort and provided the best accuracy in the
phantom model.
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Introduction

Primary mediastinal (thymic) large B cell lymphoma
(PMBCL) is a distinct entity arising from B cells within the
thymus [1-5]. It usually presents with a single, large anterior
mediastinal mass, often with local invasion and compressive
syndromes [6]. PMBCL commonly affects young adults, and
treatment with aggressive immunochemotherapy regimens,
with or without radiotherapy, appears to yield good outcomes,
with 5-year survival rates of over 90% in recent studies [7, 8].
However, salvage treatment for the few patients in whom
initial therapy fails, generally has a poor outcome [9, 10].
Since early identification of the minority of high-risk patients
would allow the development of risk-stratified approaches,
there is an unmet need for reliable prognostic markers.

There is increasing evidence of the prognostic value of
quantitative parameters obtained from 18FDG-PET/CT imag-
ing in patients with aggressive non-Hodgkin lymphoma
[11-13]. Standardized uptake value (SUV) has previously
been the most widely studied parameter [14—16]. More recent-
ly, there has been growing recognition of volume-based met-
abolic assessment, including metabolic tumour volume
(MTV) and total lesion glycolysis (TLG; defined as the prod-
uct of MTV and SUVmean) as promising prognostic indices
in solid tumours [17], multiple myeloma [18] and malignant
lymphomas [19-28]. A number of different methods for the
calculation of volume based PET parameters have been pro-
posed. In lymphomas, the 3D isocontour method using a fixed
threshold as cut off has been widely applied, but the definition
of the best cut-off is still a matter of debate.

Meignan et al. tested a fixed threshold of 41% SUVmax,
demonstrating good correlation between the segmented vol-
umes and actual dimensions of the lesions in a phantom mod-
el, simulating the characteristics of the more common dissem-
inated lymphomas [29]. This cut off, recommended by
EANM guidelines to segment tumour volume [30], has been
validated by the same group as prognostic in Hodgkin lym-
phoma and diffuse large B cell lymphoma [29, 31]. It has also
been adopted for the study of other subtypes, including follic-
ular lymphoma and peripheral T cell lymphoma [27].

More recently, Ilyas et al. compared different methods of
MTYV calculation in DLBCL (including the fixed threshold of
41% of SUVmax), showing that a SUV threshold of 2.5
achieved the best inter-observer agreement and was easiest
to apply, although all methods predicted progression free
(PFS) and overall survival (OS) with similar accuracy [32].

Although these studies included patients with bulky dis-
ease, ranging from 9 to 40% of cases, the results obtained in
disseminated lymphomas cannot be directly applied in
PMBCL where the tumor burden is characterized in >50%
of patients by a single mass with diameter> 10 cm and in
>80% by a lesion with diameter > 7 cm, respectively [8]. We
have previously shown that a threshold at 25% performs better

than the standard approaches for segmentation of the bulky
mediastinal lesions in PMBCL and that MTV and TLG, esti-
mated with this threshold, are powerful predictors of clinical
outcome [33].

Therefore, in this study we compared MTV estimations
obtained using three standard fixed threshold (FT) segmenta-
tion algorithms (differing only in the applied cut-off) and a
contrast-based automatic region growing (RG) algorithm. We
used an anthropomorphic phantom simulating the particular
clinical presentation of PMBCL to investigate how large, very
FDG-avid masses may affect the performance of these differ-
ent methods. We then tested the same methods in a cohort of
PMBCL patients to assess their performance in real mediasti-
nal lesions and to compare their accuracy in predicting PFS
and OS in this type of lymphoma.

Materials and methods
Phantom

To simulate the characteristics of the mediastinal lesions found
in patients with PMBCL, we assembled a simplified anthro-
pomorphic phantom reproducing the main features of the dis-
ease (Fig. 1). The morpho-metabolic characteristics of the
mediastinal lesions and the other intra-thoracic structures in
the phantoms were derived from those estimated in 103
PMBCL patients enrolled in the IELSG-26 study
(NCT00944567) [8]. In this cohort, the MTV was calculated
with a cut-off of 25% of the SUVmax [33] and the intra-
tumour heterogeneity of tracer uptake was expressed as the
area under the curve (AUC) of the cumulative SUV volume
histograms (CSH) (AUC-CSH) [34].

Four series of phantoms were assembled with variable vol-
ume, shape (regular/irregular), FDG uptake, and FDG distri-
bution patterns (uniform/heterogeneous) chosen to represent
the range estimated in IELSG-26 patients. All the SUV values
in the range were tested; but for volume and heterogeneity the
choice of the values was partially conditioned by technical
reasons since the fixed structure and dimensions of the inserts
did not allow to include lesions with very low volume or very
high AUC-CSH in the phantom model (Table 1).

All phantoms were scanned with a hybrid PET-CT scanner
(MCT40, Siemens AG, Germany) and images were recon-
structed using a standard clinical protocol with CT-based at-
tenuation correction. The Online Resource summarises the
main phantom characteristics and provides further methodo-
logical details (Table S1).

Volume segmentation

Volumes were measured on PET/CT acquisitions using a ded-
icated FDA approved software program (TrueD-Syngo,
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Fig. 1 Characteristics of the
assembled anthropomorphic
phantom. A Scheme of the
anthropomorphic phantom
(regular shape and homogeneous
uptake settings of the phantom
lesion) with mediastinal lesion
[1], cardiac insert [2] and
mediastinal great vessels insert
[3]. B: PET-CT image volumetric
reconstruction of the phantom and
fusion. C Phantom with lesion
insert simulating an irregularly
shaped mediastinal mass. D Insert
assembled to simulate mediastinal
mass with inhomogeneous intra-
lesion tracer distribution

Siemens AG, Germany). A spherical box was positioned
around the phantom insert mimicking the tumoral lesion to
define a volume of interest (VOI). The MTV was then auto-
matically calculated by a standardized routine program apply-
ing a fixed threshold (FT) algorithm. The tumour volume was
delineated by all the voxels within the initial VOI with SUV
values above or equal to the fixed threshold [35]. We tested the
methods by applying three thresholds recently proposed in the
literature for lymphomas: 25%, 41% of the SUVmax and an
absolute SUV value of 2.5 (FT25%, FT41%, FT2.5) [29, 30,
33, 36]. In addition, the MTV calculation was also obtained by
means of a region growing (RG) algorithm (3D Freeform
Isocontour tool, TrueD Syngo, Siemens AG, Germany), with
automatically segmented volume including all the voxels with
common characteristics [37]. In PET images, after the selec-
tion of the tumor central voxels, all the neighboring voxels
were automatically included in the segmented volume accord-
ing to the voxel intensity. The algorithm was applied in con-
trast mode not requiring a predefined threshold [38].

Patients
Baseline PET scans of 103 patients with histologically proven
PMBCL enrolled in the IELSG-26 study [8, 33] were ana-

lyzed with the same protocol and the methodology applied
for the phantom imaging.

@ Springer

Statistical analysis

Quantitative variables were expressed as median and inter-
quartile range (IQR). Medians were compared using the
Wilcoxon signed-rank test. Absolute and relative differences
between MTV measurement were expressed as mean and
standard deviation (SD). Association between two variables
was investigated through regression and correlation analysis
(Pearson’s coefficient). Agreement between methods was
quantified with the intra-class correlation coefficient (ICC).
Survival functions were defined according to the revised
NCI criteria [12] and estimated by the Kaplan-Meier method;
patient groups were compared by the log-rank test. Cox pro-
portional hazard models were used for the estimation of haz-
ard ratios (HRs). The ability of different methods to cor-
rectly identify patients at risk of shorter survival was
compared using both the Uno’s C concordance proba-
bility estimator (CPE) [39] and an in-sample fit ap-
proach to model selection (Akaike information criterion,
AIC) [40]. A p value <0.05 was considered statistically
significant. Negative predictive value (NPV) and posi-
tive predictive value (PPV) were calculated according to
standard definitions [41]. Statistical analyses were con-
ducted by using the STATA statistical software package,
version 11 (StataCorp, College Station, TX) and the R
statistical software environment, version 3.1.1 or the
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Table 1 Characteristics of the . ]
mediastinal lesions and the other Characteristic Patients Phantoms
intra-thoracic structures in the ]
PMBCL patients enrolled in the Range Median IQR Range
IELSG-26 study and the corre-
sponding values used in the as- Mediastinal lesions
sembled phantoms SUVmax 8.3-36.6 18.8 15.5-229 10-36
MTV (ml)* 106-1271 406 267-640 193-1256
Heterogeneity (AUC-CSH) 0.32-0.65 0.49 0.43-0.54 0.43-0.65
Intra-thoracic vascular structures
SUVmax MBP 1.18-3.02 1.87 1.58-2.16 1.7-1.9

Legend: AUC, area under the curve; CSH, cumulative SUV volume histogram; IQR, interquartile range; MBP,
mediastinal blood pool; MTV, metabolic tumour volume; SUVmax, maximum standardized uptake value;*MTV
was estimated using a fixed threshold at 25% of SUVmax

MedCalc Statistical Software, version 15.8 (MedCalc
software bvba, Ostend; Belgium), as appropriate.

Results
Phantom models

Lesions of increasing volume (from 193 to 1256 ml) with fixed
uptake and homogeneous tracer distribution (Fig. 2A)

Among the tested cut-offs, the FT25% provided the most ac-
curate estimation of the actual volume (Online Resource,
Table S1). The results obtained with this cut-off showed a
consistent small overestimation of MTV, independent of the
lesion volume (mean + SD, 2.58% +0.9%). The RG method
showed a systematic slight underestimation (mean + SD,
—3.83% £0.7%). The use of the higher 41% threshold resulted
in underestimation of the lesion volumes (mean + SD, —4.9%
+1.8) with a progressive worsening of performance for the
smallest lesions (<401 ml). On the other hand, the FT2.5
showed a clear overestimation (13.85% +4.0), which was re-
duced for the smallest lesions.

Lesions of increasing heterogeneity of tracer distribution
(AUC-CSH from 0.66 to 0.43) with fixed volume and fixed
uptake (Fig. 2B)

For FT41%, a rise in heterogeneity caused a progressive vol-
ume underestimation in comparison with the results obtained
with the homogeneous insert, exceeding 15% for the greatest
heterogeneity. The FT25% provided the most accurate MTV
calculation (error of —0.49% for the lesion with highest het-
erogeneity), although there was a slight inverse correlation
between volume estimated and degree of heterogeneity.
FT2.5 and RG MTV estimation were not affected by the de-
gree of heterogeneity.

Lesions of increasing uptake (SUV value from 10 to 36)
with fixed volume and homogeneous tracer distribution
(Fig. 2C)

The results demonstrated that the uptake level of the lesion
does not significantly affect the accuracy of methods using
percentage threshold (FT25% and FT41%) and the RG pro-
gram. Conversely, FT2.5, applying a fixed absolute threshold,
showed a progressive over-estimation of MTV correlated to
the SUV values.

Lesions of fixed volume with irregular shape
and homogeneous uptake

The four methods estimated the MTV of an irregularly shaped
lesion with accuracy comparable to that demonstrated for the
lesions of regular shape and similar volume (error < 1%).

The Online Resource (Tables S2—-S4) reports the detailed
results of MTV estimation by the different segmentation
methods (with their differences and relative errors with respect
to the actual phantom volume).

Patient population

The median values of MTV estimated by the different ap-
proaches (FT25%, FT 41%, FT2.5, RG) are summarized in
Table 2 which also reports the absolute and percentage thresh-
olds of the SUV values applied by different methods. The RG
algorithm segmented MTV applying thresholds ranging between
10% and 40% of SUVmax, with mean value slightly higher than
25% (mean = 27.5%, median = 28%, IQR 23-32%). The cut-off
value of SUV 2.5 corresponded in the overall population to a
median SUV max percentage of 13% (IQR 10.4-15.4%).

We observed statistically significant differences between
patient MTVs estimated by the four methods (Wilcoxon
signed-rank test p <0.0001 for the four methods considered
together and p <0.001 for each pair of methods compared).
These relative differences hinged on the different thresholds
used (Table 2), and we found a highly significant (» < 0.0001)
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Fig. 2 Relative error of MTV
estimation by the different
methods. The relative error of
MTV estimation in the
anthropomorphic phantom
models using different methods
with changing of volume (A), of
uptake heterogeneity (B) and of
uptake intensity of the phantom
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inverse correlation between median MTV and threshold SUV
values (Online Resource, Fig. S1). In nearly all patients, the
FT2.5 provided the highest MTV value, while FT41%
contoured the smallest MTV (Online Resource, Fig. S2).
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Nevertheless, there was an extremely good correlation be-
tween all methods for the MTV estimation: the Pearson’s co-
efficient ranges between 0.8 and 0.9, with p values consistent-
ly <0.0001 (Online Resource, Table S5).
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Table 2 Comparison of different
segmentation methods with Parameter Segmentation method
respect to applied thresholds and
estimated metabolic tumour FT25% FT2.5 RG FT41%
volumes, and analysis of relative
differences with intra-class Threshold applied
correlation Absolute SUV value Median, 4.9 2.5 Median, 5.3 Median, 8
IQR 4.1-6.0 (@) 4.0-6.6 6.6-9.9
Percent of SUVmax 25% Median, 13%  Median,28%  41%
IQR (@) 10.4-15.4% 23.0-32.0% -)
Estimate of MTV (ml)
median 406 613 380 220
IQR 267-641 403-868 224-577 123-327
Min-max values 86-1271 129-1918 44-1247 9-814
Absolute difference (ml) vs. 0 198 +175 —-64+£122 —229+174
FT25%, mean + SD
Relative difference (%) vs. FT25%, mean+SD 0 49+39 -12+19 —-48+19
ICC vs. FT25% 0.85 0.89 0.71

Legend: SUYV, standardized uptake value; IQR, interquartile range; max, maximum; min, minimum; SD, standard
deviation; SUVmax, maximum standardized uptake value; MTV, metabolic tumour volume; ICC, intra-class
correlation; FT, fixed threshold; RG, region growing

The difference between FT25% and the other methods ap-
pears independent from the MTV value for FT41% and RG,
while for FT2.5, it decreases progressively with increasing
size of the lesion as demonstrated in the phantom model
(Fig. 3A).

FT41% showed higher MTV underestimation in patients
with greater heterogeneity, while the relative MTV overesti-
mation by FT2.5 was higher in cases with higher SUVmax,
again, in keeping with the trend observed in the phantom
models (Fig. 3B and C).

Notably, the relative percentage differences of the MTV
estimated by the different methods was 3—4 fold higher in
patients than in phantoms (Fig. 3A).

The correlation between MTV measurements obtained by
different methods (ICC), varied from 0.89 (between FT25%
and RG) to 0.71 (between FT25% and FT41%) confirming
the presence of inter-method differences (Table 2).

Prognostic value of MTV

The distribution and area under the ROC curves for all four
methods were similar for prediction of either overall survival
or progression-free survival, with the exception of a signifi-
cantly different AUC of the ROC curves between FT25% and
FT41% methods (representing the largest and smallest value,
respectively) for the analysis of progression free survival.
Although all the methods allowed the identification of patients
with significantly higher risk of progression, they provided
different MTV cut-points for the separation of low- and
high-risk groups (Table 3). The optimal MTV cut-point for
the FT2.5 method was approximately three times greater than
the one derived from the FT41% method. The four methods

demonstrated similar negative NPV (from 94% to 95%) but
different PPV (from 20% to 45%). Kaplan—Meier estimates
(Fig. 4) showed that the patients with low MTV have a sig-
nificantly longer PFS and OS and compared to the patients
with high MTV, regardless of the method used. A concor-
dance probability estimation (Uno’s C method) and the
Akaike global model fit criterion showed that FT25%
achieved both the best fit (lower AIC) and the best discrimi-
nation (higher CPE) in our cohort to identify patients with
shorter PFS and OFS (Online Resource, Table S6).

Additionally, elevated TLG, which is the product of MTV
and SUVmean, was also significantly associated with a
shorter PFS and OS in PMBCL, irrespective of the segmenta-
tion method adopted. Analogous to MTV, the best discrimi-
nation of patients at different risk of treatment failure was also
provided using the FT25% method for the estimation of TLG
(Online resource, Tables S7 and S8).

Discussion

There is increasing evidence, mainly described in large B cell
lymphoma, but also in several other histologic lymphoma
subtypes, of the prognostic value of quantitative parameters
(SUVmax, MTV and TLG) obtained from initial staging with
18FDG-PET/CT [11, 12, 26, 33, 42]. However, their clinical
use is still constrained by technical limitations, which make it
difficult to obtain comparable results across various PET/CT
systems and institutions. The cut-point that defines the patient
with high MTV and poor risk disease is particularly inconsis-
tent and depends on the method used for its estimation; its
variability in different reports is also related to the small
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Table3  Description of the ROC analysis used to identify optimal cut-off points and outcome results according to the different segmentation methods
Survival Method  ROC curve analysis Kaplan-Meier curve analysis
MTV cut-off Sens Spec AUC  Pvalue  5-year survival probability Pvalue NPV% PPV%
High MTV Low MTV
patients patients
Progression FT25%  >703 069 0.88 0.814 <0.0001 0.95 0.55 <0.0001 95 45
Free Survival  Fr419, 213 092 054 0.724  0.002 0.94 0.80 0.0253 94 20
FT2.5 >831 077 079 0.786 <0.0001 0.95 0.64 <0.0001 95 36
RG >391 092 0.61 0.781 <0.0001 0.95 0.77 0.0081 95 23
Overall Survival ~ FT25%  >490 1.00 0.61 0.812 <0.0001 1.00 0.86 0.0035 100 14
FT41% >213 1.00 052 0701 0.017 1.00 0.89 0.0148 100 11
FT2.5 >657 1.00 058 0.781  0.0001 1.00 0.87 0.0060 100 13
RG >391 1.00 058 0.758  0.003 1.00 0.87 0.0060 100 13

Legend: ROC, receiver operating characteristic;, MTV, metabolic tumour volume; FT, fixed threshold; RG, region growing; sens, sensitivity; spec,
specificity; AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value

sample size of most individual studies. The present study ad-
dressed the need to optimize the MTV measure in patients
with PMBCL, where baseline quantitative PET parameters
have been shown to be powerful prognostic indicators [33]
and might have a role in treatment decisions [34].

We developed a phantom model that attempted to reproduce
the clinical and metabolic features observed in the largest pro-
spective study on PMBCL patients [8]. Our phantom is, to the
best of our knowledge, the first lymphoma model that, in ad-
dition to volume, shape and uptake, also takes into account the
metabolic tumour heterogeneity, which we recently showed to
be helpful for the early identification of poor-risk PMBCL [34].
We tested performance of the different methods (FT25%,
FT41%, FT2.5, RG) proposed in the literature for the metabolic
volume segmentation in various phantom models.

Our results showed that FT25% provides the best concor-
dance between measured and actual volumes, with a perfor-
mance only slightly affected by the lesion characteristics and
maintained when metabolic heterogeneity is included in the
models to make phantoms more adherent to the biological fea-
tures of the disease. These experimental data are consistent with
the clinical observations we made in prior studies on the use of
PET in PMBCL patients [8, 33], in which the 25% threshold,
selected by qualitative visual analysis of the best fit between
metabolic edges and anatomic boundaries, was superior to the
41% currently recommended for volume segmentation in lym-
phoma patients [30]. In fact, the particular clinical features of
PMBCL, usually characterized by bulky mediastinal mass, lim-
it the potential advantages of the 41% cut-off, which was de-
veloped in diffuse large B cell lymphoma (DLBCL), which
often presents with multiple lesions at different sites, of variable
size, background and metabolic uptake.

In phantom models, FT2.5 led to a systematic volume over-
estimation. Conversely, FT41% underestimated the volume of

large FDG-avid masses, particularly in highly heterogeneous
lesions. The RG algorithm, which applies a variable threshold,
also showed a generalized volume underestimation. These
phantom model results appear in keeping with those obtained
in patients with PMBCL. The relative percentage differences
of the MTV estimated in patients by the different methods
have been consistently higher than those obtained in the
PET images of the phantoms. These findings may be ex-
plained by the higher variability of volume, tracer uptake,
and heterogeneity in tumor lesions in the patient population
compared with the phantom model. Although it is not possible
to specify in individual patients the weight of each variable,
the trends that we observed in patients in the relationship
between segmentation methods and lesion characteristics ap-
peared similar to those demonstrated in phantom models.
We demonstrated that in PMBCL, defined by a single large
lesion, the estimated MTV values are strongly method-related
and the four approaches provided significantly different MTV
values. Also the optimal cut-offs for MTV to predict PFS and
OS were very different and method-related, as recently shown in
DLBCLs [32]. While these inter-method variations are expected,
the finding, by ROC curve analysis, of different intra-method cut-
offs for PFS and OS is difficult to explain on the basis of biology.
This limitation may be overcome by the analysis of larger co-
horts, such as the one of the ongoing IELSG37 study (NCT
NCT01599559), which aims to enroll more than 500 patients.
All the methodologies demonstrated predictive power in
risk-stratifying mediastinal masses, confirming the intrinsic
prognostic role of baseline MTV in PMBCL. Although all

Fig. 4 Risk group discrimination in PMBCL patients according to MTV >
estimated by different methods. Kaplan-Meier curves of PFS (panel A)
and OS (panel B) according to MTV at diagnosis estimated using different
segmentation algorithms
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four methods could predict PFS with good accuracy and sim-
ilar NPV (95-98%) the FT25% showed the highest PPV
(45%) and provided the best model to identify patients with
poorer outcomes in this population.

Our results confirm the relationship between the most accu-
rate estimation of the actual dimensions of the lesions and the
best risk classification. We found individual patients in the
study with very high FDG uptake and others with very hetero-
geneous masses, where FT41% and FT2.5 appeared to either
under- or over-estimate MTV in comparison with FT25%.

Recently, Ilyas et al. proposed FT2.5 as the preferred meth-
od to segment PET volumes in patients with DLBCL because
the use of an absolute cut-off (i.e. SUV =2.5) would be less
time consuming, more reproducible and easier to apply than
the other methods based on a percentage of the maximum
SUV (i.e. 41%).

These considerations are of less importance in PMBCL,
which is characterized by one dominant lesion. In this specific
situation, the more common standard programs, after drawing
the initial volume of interest around the pathological 18FDG
uptake, automatically define the edges of the lesion in a single
step, applying the chosen cut-off, either an absolute SUV val-
ue or a percentage of the maximum SUV. Our experience
using FT25% in this setting showed very high inter-observer
reproducibility (Pearson correlation coefficient >0.99 and
P <0.0001) for the calculation of MTV [33].

Our prior studies have shown that, among functional PET
parameters, elevated TLG is the best individual predictor of
poorer PFS [33, 34]. In the present study, analogous to what
was described for MTV, TLG values calculated with the
FT25% method provided the best PPV, although all segmen-
tation methods were able to correctly identify patients with
favorable outcome.

In conclusion, this study has established that a cut-off of
25% SUVmax of the lesion is the optimal method for measur-
ing baseline MTV in PMBCL and provides the best discrim-
ination of patient risk.
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