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Medical imaging tecnique used in oncology for: 
 

ü Diagnosis 

ü  Staging 

ü  Evaluating of treatment response 

ü  Follow-up 



 
 
 
 

•  BINOMIAL 
Ü  ON/OFF 

•  DISCRETE SCALE (QUALITATIVE) 
Ü  5-POINT SCALE – DEAUVILLE CRITERIA 
ü  PERCIST CRITERIA  
ü  LUGANO CRITERIA 

•  CONTINUOUS SCALE (SEMI-QUANTITATIVE) 
Ü  DELTA SUV 
Ü  SUVMAX  
Ü  METABOLIC TUMOR VOLUME 
Ü  TOTAL GLYCHOLITHIC VOLUME 
Ü  RADIOMICS High-tech complexity 

 Low-tech complexity 
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Name Region Type of qual Pathology N. Patients 

IELSG37 World  Qualitative PMBCL 700 

HDPLRG Poland -PLRG Qualitative HL 500 

HD0607 Italy/Israel  Qualitative HL 900 

2P-HD10 Italy/US  SemiQ HL 120 

HALO France/Italy  Qualitative HL 120 

ddABVD Italy Qualitative HL 120 

DLCL10 Italy Qualitative DLBCL 120 

bveDLCL Spain -GELTAMO Qualitative DLBCL 250 

FOLL05 Italy Discrete FL 90 

FOLL12 Italy Discrete FL 600 

MM Italy (Europe) Discrete MM&SMM 350 

LLC Italy SemiQ LLC 150 

SAKK 35-14 Switzerland-Nordic SemiQ FL 300 



Precision: repeatibility (same 
patient, same 
instrumentation) 
 
Precision: reproducibility 
(anywhere and anybody) 
 

Accuracy 
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1. Expert Panel 
Review 


Multiple image 
interpretation 

3. Scanner 
Equalization 


Varying makers/models of 

imaging equipment  

2. Procedure 
Harmonization 


Varying image/acquisition 

protocols 
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1. Expert Panel 
Review 


Multiple image 
interpretation 
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At present, there are no standard criteria that have been val-
idated for interim PET reporting in lymphoma. In 2009, an inter-
national workshop attended by hematologists and nuclear
medicine experts in Deauville, France, proposed to develop
simple and reproducible rules for interim PET reporting in
lymphoma. Accordingly, an international validation study was
undertaken with the primary aim of validating the prognostic
role of interim PET using the Deauville 5-point score to evaluate
images and with the secondary aim of measuring concordance
rates among reviewers using the same 5-point score. This
paper focuses on the criteria for interpretation of interim PET
and on concordance rates. Methods: A cohort of advanced-
stage Hodgkin lymphoma patients treated with doxorubicin,
bleomycin, vinblastine, and dacarbazine (ABVD) were enrolled
retrospectively from centers worldwide. Baseline and interim
scans were reviewed by an international panel of 6 nuclear
medicine experts using the 5-point score. Results: Complete
scan datasets of acceptable diagnostic quality were available
for 260 of 440 (59%) enrolled patients. Independent agreement
among reviewers was reached on 252 of 260 patients (97%), for
whom at least 4 reviewers agreed the findings were negative
(score of 1–3) or positive (score of 4–5). After discussion, con-
sensus was reached in all cases. There were 45 of 260 patients
(17%) with positive interim PET findings and 215 of 260 patients
(83%) with negative interim PET findings. Thirty-three interim
PET–positive scans were true-positive, and 12 were false-
positive. Two hundred three interim PET–negative scans were
true-negative, and 12 were false-negative. Sensitivity, specificity,

and accuracy were 0.73, 0.94, and 0.91, respectively. Negative
predictive value and positive predictive value were 0.94 and
0.73, respectively. The 3-y failure-free survival was 83%, 28%,
and 95% for the entire population and for interim PET–positive
and –negative patients, respectively (P , 0.0001). The agree-
ment between pairs of reviewers was good or very good, rang-
ing from 0.69 to 0.84 as measured with the Cohen kappa.
Overall agreement was good at 0.76 as measured with the
Krippendorf a. Conclusion: The 5-point score proposed at
Deauville for reviewing interim PET scans in advanced Hodgkin
lymphoma is accurate and reproducible enough to be accepted
as a standard reporting criterion in clinical practice and for clin-
ical trials.

Key Words: interim PET; Hodgkin lymphoma; interpretation
criteria; concordance rate; clinical trial
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Preliminary reports have shown that 18F-FDG PET per-
formed early during doxorubicin, bleomycin, vinblastine,
and dacarbazine (ABVD) treatment of patients with Hodg-
kin lymphoma predicts the treatment outcome (1,2). More-
over, interim PET is a more effective predictor of treatment
response than well-established clinical prognostic factors
such as the International Prognostic Score (3). Further re-
ports have confirmed these findings, with an overall sensitivity
and specificity for interim PET in predicting treatment out-
come ranging between 43% and 100% and between 67%
and 100%, respectively (4). One of the most relevant factors
affecting the variation in sensitivity and specificity ob-
served was the heterogeneity of interim PET interpretation,
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as no standard criteria were established for interim PET re-
porting.
Thus, in April 2009 an international workshop attended

by hematologists and nuclear medicine experts was held in
Deauville, France, with the aim of developing simple and
reproducible rules for interim reporting in lymphoma. A
consensus among experts was reached on the appropriate-
ness of a qualitative determination of residual 18F-FDG up-
take by visual assessment, the so-called Deauville 5-point
scale (5-PS). The 5-PS compares residual uptake, if present,
in sites of initial disease with mediastinal blood-pool struc-
tures and the liver (5). The experts proposed that the criteria
should be validated in a large cohort of patients affected by
diffuse large B-cell lymphoma and Hodgkin lymphoma. In
October 2009, the International Validation Study in Hodg-
kin Lymphoma was launched. A homogeneous cohort of
advanced-stage, ABVD-treated Hodgkin lymphoma patients
was retrospectively enrolled. Scans were reviewed by an in-
ternational panel of nuclear medicine experts. Patients had to
be staged at baseline and after 2 ABVD courses with a PET/
CT scan, without any treatment change based on interim PET.
Reviewers reported the scans according to the 5-PS.
This paper focuses mainly on the interpretation criteria

for interim PET to formulate a clear set of instructions for
PET/CT reporters and to measure concordance rates among
reviewers using the 5-PS with the defined instructions. The
prognostic role of interim PET in the International Validation
Study in Hodgkin Lymphoma is the subject of a separate paper.

MATERIALS AND METHODS

Patient Data Retrieval
Four hundred forty consecutive patients from 17 clinical centers

in Australia, Denmark, France, Israel, Italy, Poland, the United
Kingdom, and the United States, in whom Hodgkin lymphoma
was diagnosed between January 2002 and December 2009, were
considered eligible and retrospectively enrolled in the study.

The inclusion criteria were as follows: advanced-stage (stages
IIB–IVB) Hodgkin lymphoma or stage IIA Hodgkin lymphoma
with adverse prognostic factors, treatment with 4–6 cycles of
ABVD with or without involved-field radiotherapy or consolida-
tion radiotherapy, PET/CT staging at baseline and after 2 ABVD
courses, no treatment change based on interim PET results, a min-
imum follow-up of 1 y after treatment completion, and informed
written consent. Patients treated with intensified chemotherapy for
progressive or resistant lymphoma during ABVD chemotherapy
were eligible only if the treatment change was decided on the basis
of clinical or radiologic evidence of disease progression. Patients
were excluded from the study if they had not been examined with
PET/CT (e.g., C-PET [BC Technical, Inc.] or multiring PET with-
out CT), had been scanned on different PET/CT cameras at base-
line and after 2 ABVD courses, had fasting glucose values greater
than 200 mg/dL at the time of 18F-FDG administration, did not
have a full DICOM dataset for PET and CT images, or had images
of nondiagnostic quality.

The centers were asked for various clinical data at diagnosis
and for data relating to treatment outcome. All the data requested,
including disease status at latest follow-up, cause of death, and
duration of last follow-up, were available for every patient.

The study was approved by the Ethical Committee of the co-
ordinating center in Cuneo and conducted according to the Helsinki
declaration. Patient written informed consent was obtained for
PET scanning and for use of anonymized data and images for
teaching and research purposes. Specific informed written consent
to be included in this study was not required as all data were
anonymized from participating academic centers. Data collection
conformed to specific institutional and national requirements.

PET/CT Scanning
All patients underwent PET/CT scans before chemotherapy

(baseline PET) and after 2 cycles of ABVD (interim PET). Both
scans were obtained according to the usual scanning protocol of
the individual PET center.

PET/CT Acquisition
The administered 18F-FDG activity was 362 6 88 MBq

(mean 6 SD; range, 51–694 MBq) for baseline PET and 355 6
82 MBq (range, 48–699 MBq) for interim PET. The interval be-
tween 18F-FDG injection and PET acquisition (uptake time) was
85 6 43 min for baseline PET and 79 6 24 min for interim PET.
The uptake time was uniformly distributed between 55 and 100 min,
with only 30% of the patients having images acquired in the 60 6
10 min range, as is regarded to be standard in oncologic imaging
(6). Interim PET scans were obtained 12.36 4.9 d (range, 7–22 d)
after administration of day 15 chemotherapy during the second
ABVD cycle. Images were attenuation-corrected using iterative
reconstruction, with SUV normalized according to body weight
and administered activity.

PET/CT Data Retrieval and Review Scheme
After anonymization, baseline and interim scans were uploaded

from the participating PET centers to a dedicated Web site called
WIDEN, which is a Web-based tool for imaging exchange (7).
Once received in the Core Lab for the study in Cuneo, all scans
were checked for image quality. The field of view had to encom-
pass an area from the base of the skull to below the pelvis and
include the femoral heads. PET/CT scans were then transferred to
a dedicated workstation and distributed via a central server hosted
by Keosys to reviewers. All scans were viewed remotely using the
same software (Positoscope; Keosys). Reviewers were masked to
patient history and clinical data and were asked to report the scans
independently.

Criteria of Interpretation for Interim PET/CT
Interim PET scans were compared with baseline PET and ana-

lyzed using 5-PS, where a score of 1 indicated no residual uptake
above the background level, 2 indicated residual uptake less than
or equal to the mediastinum, 3 indicated residual uptake greater
than the mediastinum but not greater than the liver, 4 indicated
residual uptake moderately increased compared with the liver, and
5 indicated residual uptake markedly increased compared with the
liver or new sites of disease. These criteria were used for grading
nodal and extranodal disease, with scores of 1–3 regarded as neg-
ative and scores of 4 and 5 regarded as positive. Information on
how the scan had been reported by the local center during the
course of the patients’ treatment was also obtained from partici-
pating centers.

A more detailed set of instructions was drawn up to deal with
potential confounding variables such as the interpretation of mar-
row uptake, which required further clarity according to the ex-
perience of reviewers who had used the 5-PS previously in the
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Disagreement occurred where opinions were equally divided,

with 3 reviewers classifying the scan as “positive” and 3 reviewers

as “negative” in 7 cases using the DS2 cutoff and in 1 case using

the DS3 cutoff. For trial purposes, the judgment of the first 5

reviewers classified 4 of these 8 cases as “negative” and 4 as

“positive.”

In all other cases, the consensus reached by the whole panel

was the same as the result reached in the trial with agreement

between at least 3 reviewers to a maximum of 5, as required by

the protocol.

The IOA increased moving from DS1 to DS3 as the cutoff

between negative and positive; however, there was no significant

difference in IOA when DS3 or DS4 was used to define a cutoff.

Considering the cutoffs most often used in clinical practice of DS2

and DS3, agreement between reviewers showed a progressive

improvement from phase 1 to phase 4, as summarized in Table 3.

The IOA, initially moderate, increased, becoming good during the late

clinical phase using DS2 as the cutoff (Krippendorff α = 0.69; Cohen

κ range, 0.63‐0.77) and very good using DS3 (Krippendorff α = 0.81;

Cohen κ range, 0.77‐0.87).

4 | DISCUSSION

The need for standardization for reporting PET‐CT scans is well

recognized.19 Substantial disparities among nuclear medicine

physicians who interpret F‐18‐FDG PET scans in patients with

lymphoma have been reported, with an adverse impact on reporting

consistency, which may be related to experience.20 In trials with a

PET‐CT–guided therapeutic strategy, standardized and reproducible

evaluation of PET scans is key to ensure consistent high‐quality results

for clinical decision making.

The use of a centralized review panel of expert readers is one

possible solution to ensure uniform evaluation of PET‐CT imaging.

Initial clinical trials that used this approach, however, still reported

significant levels of disagreement in the definition of disease extent21

and the classification of interim PET response in lymphoma.12 The

introduction of newer criteria for the assessment of “interim” PET

response was followed by mixed reports regarding their reproducibil-

ity. Horning et al22 found only moderate agreement among 3

reviewers reporting interim PET in patients with diffuse large B‐cell

lymphoma using Eastern Cooperative Oncology Group and “London”

TABLE 3 Evolution of the level of interobserver agreement during the different phases of the study considering either the initial (DS2) or revised
(DS3) cutoff used in IELSG‐37 to define a complete metabolic response

Phase

Cutoff DS2 Cutoff DS3
Median

Review TimeKrippendorff α Cohen κ Krippendorff α Cohen κ

(1) Training (20 pts) 0.42 0.23‐0.72 0.53 0.35‐0.72 N/A

(2) Early clinical (10 pts) 0.45 0.29‐0.80 0.57 0.00‐1.00 74 h 12 m

(3) Intermediate clinical (50 pts) 0.59 0.54‐0.91 0.70 0.60‐0.78 38 h 56 m

(4) Late clinical (40 pts) 0.69 0.63‐0.77 0.81 0.77‐0.87 41 h 23 m

Overall clinical (100 pts) 0.65 0.57‐0.71 0.72 0.60‐0.78 45 h

DS, Deauville score; IELSG, International Extranodal Lymphoma Study Group.

TABLE 1 Interobserver agreement in the overall population applying different thresholds using the DS

PET Negative DS1
vs

PET Positive DS2,
DS3, DS4, DS5

PET Negative DS1, DS2
vs

PET Positive DS3, DS4, DS5

PET Negative DS1, DS2, DS3
vs

PET Positive DS4, DS5

PET Negative DS1,
DS2, DS3, DS4

vs
PET Positive DS5DS Cutoff Old IELSG‐37 Cutoff New IELSG‐37 Cutoff

Krippendorff α 0.25 0.65 0.72 0.71

Average Cohen κ 0.22 0.65 0.72 0.73

Cohen κ range 0.04‐0.33 0.57‐0.71 0.60‐0.78 0.57‐0.75

DS, Deauville score; IELSG, International Extranodal Lymphoma Study Group; PET, positron emission tomography.

TABLE 2 Different levels of interobserver agreement considering either the initial (DS2) or revised (DS3) cutoff used in IELSG‐37 to define a
complete metabolic response

Level of Agreement

Interobserver Agreement

PET Negative DS1, DS2
vs

PET Positive DS3, DS4, DS5

PET Negative DS1, DS2, DS3
vs

PET Positive DS4, DS5

No. of Cases No. of Cases

6/6 (100%) 66/100 64/100

5/6 (83%) 16/100 28/100

4/6 (67%) 11/100 7/100

3/6 (50%) 7/100 1/100

DS, Deauville score; IELSG, International Extranodal Lymphoma Study Group; PET, positron emission tomography.
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Abstract
The International Extranodal Lymphoma Study Group (IELSG)‐37 is a prospective randomized

trial assessing the role of consolidation mediastinal radiotherapy after immunochemotherapy to

patients with newly diagnosed primary mediastinal large B‐cell lymphoma (PMBCL). It is a

positron emission tomography (PET) response‐guided study where patients obtaining a complete

metabolic response on an end‐of‐therapy PET‐computed tomography (CT) scan evaluated by a

central review are randomized to receive radiotherapy or no further treatment.

The aims of this study were to measure agreement between reviewers reporting PET‐CT scans

for this trial and to determine the effect of training upon concordance rates. The review panel

comprised 6 experienced nuclear physicians who read PET‐CT scans using the 5‐point Deauville

scale. Interobserver agreement (IOA) was measured at 4 time points: after a blinded review of a

“training set” of 20 patients with PMBCL from the previous IELSG‐26 study (phase 1); after the

first 10 clinical cases enrolled in the IELSG‐37 (phase 2); and after 2 further groups of 50 (phase

3) and 40 clinical cases (phase 4). After feedback from the training set and the first 10 cases, a

meeting was held to discuss interpretation, and a detailed set of instructions for the review

procedure was agreed and acted upon. Between 2012 and 2014, the first 100 patients were

reviewed. Using Deauville score 3 as the cutoff for a complete metabolic response, the overall

IOA among the reviewers was good (Krippendorff α = 0.72.) The binary concordance between

pairs of reviewers (Cohen κ) ranged from 0.60 to 0.78. The IOA, initially moderate, improved

progressively from phase 1 to 4 (Krippendorff α from 0.53 to 0.81; Cohen κ from 0.35‐0.72 to

0.77‐0.87). Our experience indicates that the agreement among “expert” nuclear physicians

reporting PMBCL, even using standardized criteria, was only moderate when the study began.

However, agreement improved using a harmonization process, which included a training exercise

with discussion of points leading to disagreement and compiling practical rules to sit alongside

commonly adopted interpretation criteria.
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and the classification of interim PET response in lymphoma.12 The

introduction of newer criteria for the assessment of “interim” PET

response was followed by mixed reports regarding their reproducibil-

ity. Horning et al22 found only moderate agreement among 3

reviewers reporting interim PET in patients with diffuse large B‐cell
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TABLE 3 Evolution of the level of interobserver agreement during the different phases of the study considering either the initial (DS2) or revised
(DS3) cutoff used in IELSG‐37 to define a complete metabolic response

Phase

Cutoff DS2 Cutoff DS3
Median

Review TimeKrippendorff α Cohen κ Krippendorff α Cohen κ

(1) Training (20 pts) 0.42 0.23‐0.72 0.53 0.35‐0.72 N/A

(2) Early clinical (10 pts) 0.45 0.29‐0.80 0.57 0.00‐1.00 74 h 12 m

(3) Intermediate clinical (50 pts) 0.59 0.54‐0.91 0.70 0.60‐0.78 38 h 56 m

(4) Late clinical (40 pts) 0.69 0.63‐0.77 0.81 0.77‐0.87 41 h 23 m

Overall clinical (100 pts) 0.65 0.57‐0.71 0.72 0.60‐0.78 45 h

DS, Deauville score; IELSG, International Extranodal Lymphoma Study Group.

TABLE 1 Interobserver agreement in the overall population applying different thresholds using the DS

PET Negative DS1
vs

PET Positive DS2,
DS3, DS4, DS5

PET Negative DS1, DS2
vs

PET Positive DS3, DS4, DS5

PET Negative DS1, DS2, DS3
vs

PET Positive DS4, DS5

PET Negative DS1,
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vs
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Cohen κ range 0.04‐0.33 0.57‐0.71 0.60‐0.78 0.57‐0.75
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image noise, but it heavily depends on the delin-
eation method used for drawing the VOI and the 
selected region within the tumor volume [6]. 
Defining a VOI in a tumor mass may have differ-
ent meanings depending on its coverage within 
the mass. Generally one would like to provide 
SUVmean of the entire lesion but this requires the 
knowledge of the exact dimension and borders 
with respect to the background, but this is often 
not the case in routine applications. An alterna-
tive approach includes delineation of a VOI 
inside the tumor far from its border to minimize 
the effect of the background uptake on the SUV 
measurement. Nonetheless, VOI delineation is 
subjective; tumors are usually heterogeneous 
and/or sometimes associated with necrotic cen-
ters; finally, the rationale for selecting only a part 
of the tumor without including the hottest part 
defeats the purpose of obtaining an accurate 
measurement.

SUVpeak The SUVpeak represents the maximum 
tumor activity within a 1 cm3 VOI in the hottest 
part of the tumor volume [3, 6]. The rationale is 
to have an index measurement associated with 
the hottest part of the tumor, i.e., SUVmax, but in a 
standard volume of 1 cm3. The SUVpeak character-
istically is less affected by the noise compared to 
SUVmax and does not require definition of tumor 
boundaries which is a necessary step for obtain-
ing an SUVmean. Repeat tumor SUVpeak measure-
ments yields a lower within-patient bias (1–11 %) 
compared to those of SUVmax [5]. The SUVpeak is 
the proposed measurement in the definition of 
therapy response for PET response criteria in 
solid tumors (PERCIST) developed by Wahl 

et al. [4]. Nonetheless, despite being relatively 
simple, this method requires the careful use of 
custom software on a dedicated workstation to be 
accurately calculated.

4.1.1.2  Sources of Errors in SUV 
Measurements

Common sources of errors involved in SUV mea-
surements from technical and host-related factors 
are summarized in Table 4.2. Extensive review in 
literature exists to discuss these factors [1, 2], and 
recommendations have also been released by the 
US and European nuclear medicine associations 
[1, 3]. The recommendations provided should be 
considered to be minimal standards to abide by 
and should be followed by all imaging centers. 
While several recommendations are easy to adopt 
in clinical practice, e.g., maintaining a rest state 
during uptake time, others are more difficult to 
achieve in a busy clinic, e.g., the consistent time 
interval for the uptake period. Importantly, the 
higher the level of standardization reached, the 
simpler it will be to compare PET metrics 
acquired at different time points (intra-patient) 
and between different patients (inter-patient) 
either at a single site or across multiple centers.

Technical (Site) Factors
Several factors are patient independent and/or 
dependent only on the equipment and the proce-
dure used by the site to perform PET/CT imaging 
studies. The requirements to limit the influence 
of these factors on SUV measurements should be 
fulfilled on one occasion and verified periodi-
cally (Table 4.2). The cross-calibration of PET 
scanners and activity calibrators are essential to 

Table 4.1 Pros and cons of different SUV measures

SUVmax SUVpeak SUVmean MTV TGV
Volume of interest 
(VOI)

Single point 1 cm3 Variable Variable Variable

Number of voxels 
in VOI

1 10–30 Hundreds–
thousands

Hundreds–
thousands

Hundreds–
thousands

Intra-patient 
repeatability

5–30 % [4] 1–11 % [4] Depends on 
segmentation 
method

Depends on 
segmentation 
method

Depends on 
segmentation 
method

Affected by image 
noise

Strongly Slightly Moderately Slightly Slightly
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Repeatability of SUV in Oncologic 18F-FDG PET

Martin A. Lodge

Russell H. Morgan Department of Radiology and Radiological Science, Johns Hopkins University School of Medicine,
Baltimore, Maryland

Learning Objectives: On successful completion of this activity, participants should be able to (1) describe the way test–retest studies have been used to
measure SUV repeatability, (2) summarize the different methodologic approaches and complexities when analyzing SUV test–retest data, and (3) understand
the implications of SUV repeatability for the quantitative assessment of tumor response to treatment.
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SNMMI designates each JNM continuing education article for a maximum of 2.0 AMA PRA category 1 credits. Physicians should claim only credit
commensurate with the extent of their participation in the activity. For CE credit, SAM, and other credit types, participants can access this activity through
the SNMMI website (http://www.snmmilearningcenter.org) through April 2020.

Quantitative analysis can potentially improve the accuracy and
consistency of 18F-FDG PET, particularly for the assessment of tu-
mor response to treatment. Although not without limitations, SUV
has emerged as the predominant metric for tumor quantification
with 18F-FDG PET. Growing literature suggests that the difference
between SUVs measured before and after treatment can be used to
predict tumor response at an early stage. SUV is, however, associ-
ated with multiple sources of variability, and to best use SUV for
response assessment, an understanding of the repeatability of the
technique is required. Test–retest studies involve repeated scanning
of the same patient on the same scanner using the same protocol
no more than a few days apart and provide basic information on the
repeatability of the technique. Multiple test–retest studies have
been performed to assess SUV repeatability, although a compari-
son of reports is complicated by the use of different methodologies
and statistical metrics. This article reviews the available data,
addressing issues such as different repeatability metrics, relative
units, log transformation, and asymmetric limits of repeatability. When
acquired with careful attention to protocol, tumor SUV has a within-
subject coefficient of variation of approximately 10%. In a response
assessment setting, SUV reductions of more than 25% and increases
of more than 33% are unlikely to be due to measurement variability.
Broader margins may be required for sites with less rigorous protocol
compliance, but in general, SUV is a highly repeatable imaging bio-
marker that is ideally suited to monitoring tumor response to treat-
ment in individual patients.

Key Words: repeatability; SUV; standardized uptake value; FDG;
PET; reproducibility

J Nucl Med 2017; 58:523–532
DOI: 10.2967/jnumed.116.186353

Quantitative analysis can potentially improve the accuracy
and consistency of oncologic 18F-FDG PET, particularly for the
assessment of tumor response to treatment (1,2). When tumor
response is only partial or when small changes occur early after
treatment, before the full treatment effect is complete, visual as-
sessment can be problematic (3). Subjective interpretation can
lead to inconsistency between readers, potentially undermining
the value of the study. These concerns apply not only to clinical
practice but also to clinical trials, in which there is a greater ex-
pectation for robust quantitative data. Growing evidence suggests
that, for applications such as these, visual assessment can be en-
hanced by supplementary quantitative analysis (4), an approach to
which PET is particularly well suited.
SUV was initially regarded with mixed enthusiasm (5), but as

the methodology improved, it emerged as the predominant metric
for tumor quantification with 18F-FDG PET. Although it may lack
the scientific rigor and conceptual attractiveness of more sophis-
ticated kinetic modeling approaches (6), it has substantial advan-
tages in terms of practicality and compatibility with clinical pro-
tocols. It also has a large base of evidence supporting its use for
the noninvasive assessment of tumor response to treatment (7–12).
Changes in SUV between baseline and follow-up studies can help
determine whether tumors are responding to treatment. The follow-
up PET evaluation can potentially be performed early after the end
of treatment, well before a change in tumor size can be seen on
anatomic imaging. The ability to assess tumor response early after
treatment may, for example, allow nonresponders to be redirected to
more appropriate treatment. Or in the case of clinical trials, early
tumor assessment can aid drug development by identifying ineffec-
tive therapies before they are deployed in large, expensive multi-
center trials.
Although simplicity and ease of use are among the strengths of

SUV, the measurement is nevertheless vulnerable to many sources
of unwanted variability (13). These include issues associated with
biologic variability, patient preparation, scanner stability, image
quantitative accuracy, and image analysis, including tumor volume-
of-interest (VOI) techniques. Improved standardization of method-
ology has gone some way toward mitigating these problems, but
many sources of variability remain. Knowledge of the repeatability
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ated with multiple sources of variability, and to best use SUV for
response assessment, an understanding of the repeatability of the
technique is required. Test–retest studies involve repeated scanning
of the same patient on the same scanner using the same protocol
no more than a few days apart and provide basic information on the
repeatability of the technique. Multiple test–retest studies have
been performed to assess SUV repeatability, although a compari-
son of reports is complicated by the use of different methodologies
and statistical metrics. This article reviews the available data,
addressing issues such as different repeatability metrics, relative
units, log transformation, and asymmetric limits of repeatability. When
acquired with careful attention to protocol, tumor SUV has a within-
subject coefficient of variation of approximately 10%. In a response
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of more than 33% are unlikely to be due to measurement variability.
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lead to inconsistency between readers, potentially undermining
the value of the study. These concerns apply not only to clinical
practice but also to clinical trials, in which there is a greater ex-
pectation for robust quantitative data. Growing evidence suggests
that, for applications such as these, visual assessment can be en-
hanced by supplementary quantitative analysis (4), an approach to
which PET is particularly well suited.
SUV was initially regarded with mixed enthusiasm (5), but as

the methodology improved, it emerged as the predominant metric
for tumor quantification with 18F-FDG PET. Although it may lack
the scientific rigor and conceptual attractiveness of more sophis-
ticated kinetic modeling approaches (6), it has substantial advan-
tages in terms of practicality and compatibility with clinical pro-
tocols. It also has a large base of evidence supporting its use for
the noninvasive assessment of tumor response to treatment (7–12).
Changes in SUV between baseline and follow-up studies can help
determine whether tumors are responding to treatment. The follow-
up PET evaluation can potentially be performed early after the end
of treatment, well before a change in tumor size can be seen on
anatomic imaging. The ability to assess tumor response early after
treatment may, for example, allow nonresponders to be redirected to
more appropriate treatment. Or in the case of clinical trials, early
tumor assessment can aid drug development by identifying ineffec-
tive therapies before they are deployed in large, expensive multi-
center trials.
Although simplicity and ease of use are among the strengths of

SUV, the measurement is nevertheless vulnerable to many sources
of unwanted variability (13). These include issues associated with
biologic variability, patient preparation, scanner stability, image
quantitative accuracy, and image analysis, including tumor volume-
of-interest (VOI) techniques. Improved standardization of method-
ology has gone some way toward mitigating these problems, but
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Metabolic Tumor Volume Metrics in Lymphoma
Lale Kostakoglu, MD, MPH,* and Stéphane Chauvie, PhD†

Although visual assessment using the Deauville criteria is strongly recommended by guidelines
for treatment response monitoring in all FDG-avid lymphoma histologies, the high rate of false-
positives and concerns about interobserver variability have motivated the development of quantitative
tools to facilitate objective measurement of tumor response in both routine and clinical trial set-
tings. Imaging studies using functional quantitative measures play a significant role in profiling
oncologic processes. These quantitative metrics allow for objective end points in multicenter clini-
cal trials. However, the standardization of imaging procedures including image acquisition parameters,
reconstruction and analytic measures, and validation of these methods are essential to enable
an individualized treatment approach. A robust quality control program associated with the in-
clusion of proper scanner calibration, cross-calibration with dose calibrators and across other
scanners is required for accurate quantitative measurements. In this section, we will review the
technical and methodological considerations related to PET-derived quantitative metrics and the
relevant published data to emphasize the potential value of these metrics in the prediction of patient
prognosis in lymphoma.
Semin Nucl Med 48:50–66 © 2017 Published by Elsevier Inc.

PET-derived Quantitative Metrics
Standardized Uptake Value (SUV)

SUV is the most frequently used semiquantitative PET metric
for measuring tumor glucose metabolism. It is defined as

the ratio of the decay corrected FDG concentration in a volume
of interest (VOI) to the injected dose normalized to the pa-
tient’s body weight. In addition to body weight-based SUV,
to account for the varying bio-distribution of FDG in differ-
ent body compositions, other SUV indices can also be used
in certain settings1-3 (Table 1).

SUVmax

The SUVmax is defined as the maximum value for SUV in a
VOI representing the highest metabolism in the tumor.
However, it is significantly influenced by tumor heterogene-
ity and image noise because of its dependence on a single
volume of interest (Fig. 1). Consequently, repeated tumor
SUVmax measurements may show an intra-patient bias of
5%-30%.4

SUVmean

The SUVmean is the average value of different measurements
of SUVs within the VOI. It is less vulnerable to image noise
but depends on the VOI delineation method and the se-
lected region.5 Ideally SUVmean of the entire tumor would give
a more accurate measurement, but the exact tumor borders
are often difficult to determine. An alternative approach is
delineation of a VOI inside the tumor away from its border
to minimize the effect of the background uptake, but VOI
delineation still remains subjective.

SUVpeak

The SUVpeak represents the maximum tumor activity within a 1-cm3

VOI in the hottest part of the tumor volume.3,5,6 Unlike SUVmean, it
does not less affected by the noise compared with SUVmax and does
not require definition of tumor boundaries. SUVpeak yields less intra-
patient bias (1%-11%) compared to SUVmax.4 The SUVpeak is the
proposed measurement in the therapy response for PET Response
Criteria in Solid Tumors (PERCIST).6

Common sources of errors involved in SUV measure-
ments from technical and host-related factors are summarized
in Table 2.

Measurement of Metabolically Active Tumor
Volume
Metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) are SUV-based derived functional metrics,7-9 both of
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SUVmax

The SUVmax is defined as the maximum value for SUV in a
VOI representing the highest metabolism in the tumor.
However, it is significantly influenced by tumor heterogene-
ity and image noise because of its dependence on a single
volume of interest (Fig. 1). Consequently, repeated tumor
SUVmax measurements may show an intra-patient bias of
5%-30%.4

SUVmean

The SUVmean is the average value of different measurements
of SUVs within the VOI. It is less vulnerable to image noise
but depends on the VOI delineation method and the se-
lected region.5 Ideally SUVmean of the entire tumor would give
a more accurate measurement, but the exact tumor borders
are often difficult to determine. An alternative approach is
delineation of a VOI inside the tumor away from its border
to minimize the effect of the background uptake, but VOI
delineation still remains subjective.

SUVpeak

The SUVpeak represents the maximum tumor activity within a 1-cm3

VOI in the hottest part of the tumor volume.3,5,6 Unlike SUVmean, it
does not less affected by the noise compared with SUVmax and does
not require definition of tumor boundaries. SUVpeak yields less intra-
patient bias (1%-11%) compared to SUVmax.4 The SUVpeak is the
proposed measurement in the therapy response for PET Response
Criteria in Solid Tumors (PERCIST).6

Common sources of errors involved in SUV measure-
ments from technical and host-related factors are summarized
in Table 2.

Measurement of Metabolically Active Tumor
Volume
Metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) are SUV-based derived functional metrics,7-9 both of
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50 the key for tumor segmentation. Threshold method is the most
widely used method. The thresholding can be performed using
fixed or adaptive methodologies. Partial volume effect24 (Fig. 4)
or motion artifacts and noise fluctuations negatively impact
segmentation accuracy. Percentage, fixed and adaptive
thresholding, as well as the gradient technique, are types of
threshold methodology. More advanced techniques have also
been developed to overcome the challenges associated with
other thresholding methodologies25,26 (Table 3).

Given the variety of algorithms used and the degree of op-
erator dependence, comparison of different methods from

published data is challenging.27-35 The performance of tumor
delineation methods indeed heavily depends on variation of
tumor to background ratio, image resolution, and image noise
level. The variability can range between 40% and 400% de-
pending on the method.27,33-35 Evaluating accuracy of the
segmentation is also difficult in the absence of a ground truth.
Although phantoms, CT or MRI, and pathology specimens
were used to better define the segmentation36 there is no con-
sensus on the optimal or most accurate method to determine
tumor volume. There is also no universally accepted repro-
ducible and practical method for tumor segmentation.

Table 3 PET Image Segmentation Techniques

Thresholding Characteristics Pros Cons

Manual Visual analysis and manual
delineations of contour.

Simple to use. Permits a
comparison with co-registered
imaging modality (CT or MRI).
Has more specificity (avoid
including areas of background).

Time-consuming (particularly in
patients with disseminated
disease). Suffers from high
intra- and interobserver
variability.

Fixed Fixed threshold of SUV
(body-weight, body surface, or
lean body mass). Different
strategies include the use of a
fixed value (eg, 2.5) or a value
relative to uptake in
physiological organs/tissue (eg,
mean liver plus 2 standard
deviations).

Simple to use: with the available
software require only 1 click in
the area of uptake higher than
the threshold. Fast: many
volumes could be delineated in
short time.

Dependent on SUV value. Difficult
to evaluate in heterogeneous
tumor. Take neither the
background nor the tumor size
into consideration.

Percentage Based on a percentage of
maximum uptake in the lesion,
mainly using a cut-off of 40-50%
of the SUVmax.

Simple to use: with the available
software require only 1 click in
the area of higher uptake. Fast:
many volumes could be
delineated in short time.
Independent on SUV absolute
value.

Low sensitivity: insufficient tumor
coverage. Optimal threshold is
influenced by size of tumor
volume; surrounding
background is not taken into
account and is often
“scanner-specific” because of
strong dependence on spatial
resolution of scanner.

Adaptive Threshold is adapted to
tumor-to-background (TBR)
ratio. Newer systems include
iterative techniques to optimize
thresholding.

Rationale is to change TBR
threshold iteratively until an
optimal threshold is achieved by
convergence algorithm.

Simple to use and quite fast. Takes
into account variability in
background.

Lower availability on commercial
software. Some method requires
scanner-specific measurements
to account for PVE. Many
different algorithms exist.

Gradient Measures gradient differences
between the lesion and the
surrounding background. This
method includes simple edge or
ridge detectors or watershed
methods.

Intuitive: tumor contours are
characterized by sharp
variations in the image intensity
with respect to background.

Lower availability on commercial
software. Suffers considerably
from image noise and often
requires filtering of the images.

Advanced algorithm Includes region-growing
algorithms (starts from a seed
and include neighboring voxels if
they satisfy certain similarity
criteria based on intensity or
texture), statistical model
(Bayesian or Markov) and
machine learning

The volume is delineated
considering the property of the
volume itself not only on SUV
value.

Poor availability in commercial
software. Usually
computationally heavy.

PVE, partial volume effect.
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Reference	 Patients	
population	

No.	of	
patients	

Study	
design	

Multi	
center	

Mono,	multi	
or	equalized	
scanners	

Therapy	 PET	timing	 Segmentation	method	 Segmentation	
performed	by	

Cut-off	values	

Song	et	al.	(91)	 Early	HL	 127	 RE	 Yes	 MU	 6xABVD	+	30	Gy	of	IF-RT	
+	10	Gy	on	initial	bulky	

baseline	 visual	and	threshold	of	2.5	
SUV	

locally,	reviewed	
centrally	by	an	expert	

MTV=198	cm3	

Kanoun	et	al.	
(92)	

HL	 59	 RE	 No	 MU	(2	
scanners)		

4-6	cycles	of	an	
anthracycline-based	
chemo	+	20-36	Gy	of	IF-
RT	

baseline,	
interim	

threshold	41%	SUVmax,	
manually	adjusted	

2	blinded	experts,	
consensus	if	discrepant	

MTV=225	cm3	

Tseng	et	al.	
(93)	

Early	and	
advanced	HL		

30	 RE	 No	 MO	 Stanford	V,	ABVD,	VAMP,	
or	BEACOPP	+	RT	(20,	
25.5	or	36	Gy)	

baseline,	
interim	

region-growing	algorithm	 -	 non	signi`icant	

Hussien	et	al.	
(127)	

Pediatrics	HL	 54	 PRO	 Yes	 EQ	 GPOH-HD2002P,	GPOH-
HD2003,	EuroNet-PHL-C1	
plus	IFRT	

baseline,	
interim	

threshold	of	2.5	SUV	(body-
weight,	body	surface)	and	
threshold	of	mean	liver	plus	
two	st.	dev.	of	SUV	(lean	body	
mass)	

two	blinded	experts	 MTV=0		
TLG=0.3	
ΔMTV=99.99%	
ΔTGV=99.95%	
@interim	

Esfahani	et	al.	
(98)	

DLBCL	 20	 RE	 No	 MO	 6x	or	8x	R-CHOP	 baseline,	
interim	

threshold	1.5	liver	SUVmean	
plus	2.5	st.	dev.	of	liver	SUV:	
manually	adjusted	to	contrast	
enhanced	CT		

two	blinded	experts	 MTV=379	
TLG	=	705	@baseline	
MTV=	5.95	
TLG	=	96.5	@interim	

Kim	et	al.	(102)	 DLBCL	 140	 RE	 No	 MO	 6-8	cycles	of	R-CHOP	+	36	
Gy	of	RT	bulky	disease	

baseline	 visual	and	threshold	at	25%,	
50%,	and	75%	of	SUVmax	

three	experts	 TLG	=415.5		
at	50%of	SUVmax	

Sasanelli	et	al.	
(101)	

DLBCL	 114	 RE	 Yes		 MU		 R-CHOP21,	RCHOP14	and	
ASCT	

baseline	 threshold	41%	of	SUVmax		 one	expert,	subset	of	50	
by	another	

MTV=550	cm3		

Song	et	al.	(99)	 DLBCL	 169	 RE	 No	 MU	 6-8	cycles	of	R-CHOP	 baseline	 threshold	of	2.5	SUV	 two	experts	 MTV=220	cm3		

Gallicchio	et	al.	
(106)	

DLBCL	 52	 RE	 No	 MO	 R-CHOP	 baseline	 visual	and	threshold	of	42%	
SUVmax	

three	blinded	experts	
(subsets	of	18	patients	
in	double)	

MTV=16.1	cm3	
TLG=589.5	

Adams	et	al.	
(107)	

DLBCL	 73	 RE	 No	 MO,	EQ		 R-CHOP	 baseline	 threshold	of	40%	of	the	
SUVmax	

single	blinded	expert	 MTV=272.3	cm3	
TLG=2955.4	

Zhou	et	al.	
(110)	

DLBCL	 91	 RE	 Yes	 MO	 R-CHOP	 baseline	 liver	SUVmean	plus	3	st.	dev	 two	expert	 MTV	=	70	cm3	TGV	=	
826.5	

Malek	et	al.	
(130)	

DLBCL	 140	 RE	 No	 MO	 R-CHOP	or	R-DA-EPOCH	 Interim	(2-4	
cycles)	

D	5PS,	a	37%	threshold	of	
SUVmax	and	a	gradient	
technique	method.	

one	expert	 ΔSUVmax	>	72%	
ΔMTV	52%	

Xie	et	al.	(105)	 DLBCL	 60	 RE	 No	 MO	 R-CHOP	 baseline	 threshold	liver	SUVmean	plus	2	
st.	dev.	of	liver	SUV	

not	speci`ied	 MTV	=	850.3	cm3	TGV	
=	4758	

Park	et	al.	
(129)	

DLBCL	 100	 RE	 No	 MO	 3-8	R-CHOP	 baseline,	
interim	

threshold	MBPS	 two	experts	 not	given	(median?)	

Ceriani	et	al.	
(114)	

PMBCL	 103	 PRO	 Yes	 MU	 R-CHOP	and	R-VACOB-P	+	
IFRT	

baseline	 threshold	25%	of	SUVmax,	
manually	corrected	

one	expert	centrally	 MTV	=703	cm3,	TLG	
5814	

Mikhaeel	et	al.	
(109)	

DLBCL	 147	 PRO	 No	 MO	 4-6	R-CHOP	(PET	adapted	
strategy)	

baseline,	
interim	

threshold	SUV=2.5,	manually	
adjusted	

one	expert	 MTV	=396	cm3	
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Although visual assessment using the Deauville criteria is strongly recommended by guidelines
for treatment response monitoring in all FDG-avid lymphoma histologies, the high rate of false-
positives and concerns about interobserver variability have motivated the development of quantitative
tools to facilitate objective measurement of tumor response in both routine and clinical trial set-
tings. Imaging studies using functional quantitative measures play a significant role in profiling
oncologic processes. These quantitative metrics allow for objective end points in multicenter clini-
cal trials. However, the standardization of imaging procedures including image acquisition parameters,
reconstruction and analytic measures, and validation of these methods are essential to enable
an individualized treatment approach. A robust quality control program associated with the in-
clusion of proper scanner calibration, cross-calibration with dose calibrators and across other
scanners is required for accurate quantitative measurements. In this section, we will review the
technical and methodological considerations related to PET-derived quantitative metrics and the
relevant published data to emphasize the potential value of these metrics in the prediction of patient
prognosis in lymphoma.
Semin Nucl Med 48:50–66 © 2017 Published by Elsevier Inc.

PET-derived Quantitative Metrics
Standardized Uptake Value (SUV)

SUV is the most frequently used semiquantitative PET metric
for measuring tumor glucose metabolism. It is defined as

the ratio of the decay corrected FDG concentration in a volume
of interest (VOI) to the injected dose normalized to the pa-
tient’s body weight. In addition to body weight-based SUV,
to account for the varying bio-distribution of FDG in differ-
ent body compositions, other SUV indices can also be used
in certain settings1-3 (Table 1).

SUVmax

The SUVmax is defined as the maximum value for SUV in a
VOI representing the highest metabolism in the tumor.
However, it is significantly influenced by tumor heterogene-
ity and image noise because of its dependence on a single
volume of interest (Fig. 1). Consequently, repeated tumor
SUVmax measurements may show an intra-patient bias of
5%-30%.4

SUVmean

The SUVmean is the average value of different measurements
of SUVs within the VOI. It is less vulnerable to image noise
but depends on the VOI delineation method and the se-
lected region.5 Ideally SUVmean of the entire tumor would give
a more accurate measurement, but the exact tumor borders
are often difficult to determine. An alternative approach is
delineation of a VOI inside the tumor away from its border
to minimize the effect of the background uptake, but VOI
delineation still remains subjective.

SUVpeak

The SUVpeak represents the maximum tumor activity within a 1-cm3

VOI in the hottest part of the tumor volume.3,5,6 Unlike SUVmean, it
does not less affected by the noise compared with SUVmax and does
not require definition of tumor boundaries. SUVpeak yields less intra-
patient bias (1%-11%) compared to SUVmax.4 The SUVpeak is the
proposed measurement in the therapy response for PET Response
Criteria in Solid Tumors (PERCIST).6

Common sources of errors involved in SUV measure-
ments from technical and host-related factors are summarized
in Table 2.

Measurement of Metabolically Active Tumor
Volume
Metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) are SUV-based derived functional metrics,7-9 both of
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Follicular lymphoma (FL) is a heterogeneous disease with
a spectrum of genetic, biologic, laboratory, and clinical features
that determine the need for, and the variable response to, first-line
therapy and, ultimately, patient outcome.1-4 As in other lym-
phomas, [18F]fluorodeoxyglucose (FDG) –positron emission
tomography (PET) and computed tomography (CT) imaging
are widely used for staging and response assessment in FL. The
intensity of FDG uptake—usually measured by standardized up-
take values (SUVs)—varies widely among patients with FL, from
barely detectable (corresponding to SUV numbers in the low
single digits) to very intense (corresponding to high SUV num-
bers greater than 10). At the extreme points (very low uptake or
very high uptake), the SUV may provide clinically relevant in-
formation. Low uptake is generally associated with low pro-
liferation and less aggressive disease, while the opposite pertains
to very high uptake, which may also herald transformation from
indolent to aggressive lymphoma.5

Beyond SUV, other metrics for analysis of tumor FDG uptake
include the metabolic tumor volume (MTV)6 and an index called
total lesion glycolysis (TLG).7 MTV measures the volume of FDG-
avid disease, for which three-dimensional regions of interest are
drawn (typically by autosegmentation using computer software,
with some manual adjustment by the reader) around individual
lesions. Volumes for all lesions are then added to derive the total
body metabolic tumor volume. TLG additionally considers the
intensity of FDG uptake in each disease site (TLG5MTV3mean
SUV within the lesion).

Historically, the interest in quantifying volumes of metaboli-
cally active disease was driven by three major intentions: to derive
data that could be used for lesional dosimetry, to estimate patient
prognosis, and to quantify the response to therapy. For many years,
efforts to derive these quantitative indices remained an academic
exercise that relied on homegrown software packages and manual
contouring of each individual tumor site.8-10 This only changed
when computer algorithms and user-friendly, commercially avail-
able software packages became available for clinical research. Ac-
cordingly, the number of publications investigating the technical
features and prognostic value of MTV has grown exponentially since
the turn of the century, from fewer than 20 papers per year to more
than 200 papers per year in 2015. Whereas most initial studies
focused on solid tumors with regionally confined disease, the im-
provements in algorithms and automation in recent years have

enabled the evaluation of total-body metabolic tumor volumes
(TMTVs), even in patients with widespread systemic disease, in-
cluding patients with lymphoma.11-18

In the article accompanying this editorial, Meignan et al19

report on the prognostic value of TMTV in FL. The authors
retrospectively compiled data from three clinical trials20-22 and
analyzed data from 185 patients. Using a threshold of 41% of
maximum, the median TMTV in this population was 297 cm3. The
authors used three different approaches to define the optimal
cutoff for TMTV as a predictor of survival: X-tile analysis,23 re-
ceiver operating curve (ROC) analysis, and restricted cubic spline.
Of these, X-tile is the primary reliable source of cut-point defi-
nition. This method uses a training set and a validation data set,
improving the robustness of the analysis. Splines are useful for
modeling the relationship between TMTVas a continuous variable
and survival time, but their contribution to optimal cut-point
definition is minimal. The authors also seem to have used ROC
analysis with survival as a binary end point, ignoring the follow-up
time. This would be inappropriate.24 By X-tile analysis, the authors
derived the TMTV (510 cm3) that provided the best combined
sensitivity and specificity for predicting progression-free survival
(PFS). The 2-year PFS was 58% in patients with TMTV. 510 cm3,
and 87% in patients with TMTV , 510 cm3. Interestingly, high-
baseline TMTV and a persistently positive FDG-PET scan after
induction therapy were both equally independent prognostic
factors. Of course, baseline TMTV has the advantage of providing
this prognostic information at the outset of treatment.

Shortcomings of the study by Meignan et al19 largely relate
to the retrospective nature of the project. For instance, the vast
majority of patients (1,634 of 1,819) from the three clinical trials
were not eligible for analysis, presumably because baseline staging
PETs had not been performed or were not available for electronic
volumetric analysis. Patients were treated with three different
drug regimens and 16 patients remained on 2-year maintenance
therapy with rituximab. PET scans were obtained on scanners of
different generations from three different vendors, which may
potentially affect the calculation of SUV and, therefore, also the
calculation of TMTV. Uptake times for FDG were not stan-
dardized; although only patients with scans obtained less than
90 minutes after FDG injection were included, the range or even
median of uptake times was not provided. Because tumor FDG
uptake, in general, increases with time after injection, lack of
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cluding patients with lymphoma.11-18
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were not eligible for analysis, presumably because baseline staging
PETs had not been performed or were not available for electronic
volumetric analysis. Patients were treated with three different
drug regimens and 16 patients remained on 2-year maintenance
therapy with rituximab. PET scans were obtained on scanners of
different generations from three different vendors, which may
potentially affect the calculation of SUV and, therefore, also the
calculation of TMTV. Uptake times for FDG were not stan-
dardized; although only patients with scans obtained less than
90 minutes after FDG injection were included, the range or even
median of uptake times was not provided. Because tumor FDG
uptake, in general, increases with time after injection, lack of
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Follicular lymphoma (FL) is a heterogeneous disease with
a spectrum of genetic, biologic, laboratory, and clinical features
that determine the need for, and the variable response to, first-line
therapy and, ultimately, patient outcome.1-4 As in other lym-
phomas, [18F]fluorodeoxyglucose (FDG) –positron emission
tomography (PET) and computed tomography (CT) imaging
are widely used for staging and response assessment in FL. The
intensity of FDG uptake—usually measured by standardized up-
take values (SUVs)—varies widely among patients with FL, from
barely detectable (corresponding to SUV numbers in the low
single digits) to very intense (corresponding to high SUV num-
bers greater than 10). At the extreme points (very low uptake or
very high uptake), the SUV may provide clinically relevant in-
formation. Low uptake is generally associated with low pro-
liferation and less aggressive disease, while the opposite pertains
to very high uptake, which may also herald transformation from
indolent to aggressive lymphoma.5

Beyond SUV, other metrics for analysis of tumor FDG uptake
include the metabolic tumor volume (MTV)6 and an index called
total lesion glycolysis (TLG).7 MTV measures the volume of FDG-
avid disease, for which three-dimensional regions of interest are
drawn (typically by autosegmentation using computer software,
with some manual adjustment by the reader) around individual
lesions. Volumes for all lesions are then added to derive the total
body metabolic tumor volume. TLG additionally considers the
intensity of FDG uptake in each disease site (TLG5MTV3mean
SUV within the lesion).

Historically, the interest in quantifying volumes of metaboli-
cally active disease was driven by three major intentions: to derive
data that could be used for lesional dosimetry, to estimate patient
prognosis, and to quantify the response to therapy. For many years,
efforts to derive these quantitative indices remained an academic
exercise that relied on homegrown software packages and manual
contouring of each individual tumor site.8-10 This only changed
when computer algorithms and user-friendly, commercially avail-
able software packages became available for clinical research. Ac-
cordingly, the number of publications investigating the technical
features and prognostic value of MTV has grown exponentially since
the turn of the century, from fewer than 20 papers per year to more
than 200 papers per year in 2015. Whereas most initial studies
focused on solid tumors with regionally confined disease, the im-
provements in algorithms and automation in recent years have

enabled the evaluation of total-body metabolic tumor volumes
(TMTVs), even in patients with widespread systemic disease, in-
cluding patients with lymphoma.11-18

In the article accompanying this editorial, Meignan et al19

report on the prognostic value of TMTV in FL. The authors
retrospectively compiled data from three clinical trials20-22 and
analyzed data from 185 patients. Using a threshold of 41% of
maximum, the median TMTV in this population was 297 cm3. The
authors used three different approaches to define the optimal
cutoff for TMTV as a predictor of survival: X-tile analysis,23 re-
ceiver operating curve (ROC) analysis, and restricted cubic spline.
Of these, X-tile is the primary reliable source of cut-point defi-
nition. This method uses a training set and a validation data set,
improving the robustness of the analysis. Splines are useful for
modeling the relationship between TMTVas a continuous variable
and survival time, but their contribution to optimal cut-point
definition is minimal. The authors also seem to have used ROC
analysis with survival as a binary end point, ignoring the follow-up
time. This would be inappropriate.24 By X-tile analysis, the authors
derived the TMTV (510 cm3) that provided the best combined
sensitivity and specificity for predicting progression-free survival
(PFS). The 2-year PFS was 58% in patients with TMTV. 510 cm3,
and 87% in patients with TMTV , 510 cm3. Interestingly, high-
baseline TMTV and a persistently positive FDG-PET scan after
induction therapy were both equally independent prognostic
factors. Of course, baseline TMTV has the advantage of providing
this prognostic information at the outset of treatment.

Shortcomings of the study by Meignan et al19 largely relate
to the retrospective nature of the project. For instance, the vast
majority of patients (1,634 of 1,819) from the three clinical trials
were not eligible for analysis, presumably because baseline staging
PETs had not been performed or were not available for electronic
volumetric analysis. Patients were treated with three different
drug regimens and 16 patients remained on 2-year maintenance
therapy with rituximab. PET scans were obtained on scanners of
different generations from three different vendors, which may
potentially affect the calculation of SUV and, therefore, also the
calculation of TMTV. Uptake times for FDG were not stan-
dardized; although only patients with scans obtained less than
90 minutes after FDG injection were included, the range or even
median of uptake times was not provided. Because tumor FDG
uptake, in general, increases with time after injection, lack of
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Retrospective 

Uptake time not standardized 

standardization of uptake times can lead to variable FDG SUV
that is not due to differences in tumor biology but simply
technical reasons.

It seems intuitive that patients with high tumor burden should
be at higher risk for treatment failure and shorter survival than
those with low tumor burden. Current staging systems are built on
this paradigm, and prognostic scoring systems use clinical and
biochemical surrogates (eg, lactate dehydrogenase levels) to ac-
count for overall tumor burden. Both the term “tumor burden”
and the idea that this is associated with prognosis in patients with
lymphoma date back at least 30 years.25 Several prior studies
investigated the prognostic utility of TMTV or TLG in lymphoma
(Table 1). Potential shortcomings in most of these studies relate to
a lack of standardization with regard to PET scanning and treat-
ment regimens. In nearly all of these studies, so-called optimal
cutoff values were derived from retrospective ROC analysis, the
limitations of which were previously discussed. More appropriate
and sophisticated statistical tests do exist23,27,28 but are rarely used,
thus limiting the value of many publications.

To place the study by Meignan et al19 further into context, it
may be helpful to shed some light on the technical aspects
and potential pitfalls in calculating TMTV. The authors used
a threshold of 41% of maximum for PET volume auto-
segmentation, which originally dates back to phantom studies
conducted about two decades ago.29 With this approach, the
calculation of MTV is based on finding the area of highest FDG
uptake in a particular disease site (eg, with SUV 12), and then
calculating a three-dimensional volume that encompasses all
volume elements (voxels) up to a certain threshold. That is, with
a threshold of 40% of maximum, all voxels with SUV. 4.8 would
be included to calculate the MTV for this particular lesion. The
outer boundaries of the volume can be confined to anatomic
boundaries, as seen on the corresponding CTof the PET/CTscans.
However, appropriate thresholds may well depend on primary
tumor SUV and on the anatomic location of a lesion. The latter
determines the contrast between FDG uptake in that lesion and
regional background activity in the surrounding normal tissue.
This is particularly important for lesions with relatively low FDG

Table 1. Studies on the Prognostic Value of MTV in Lymphoma

Study
Type of

Lymphoma
Patients
(No.)

Tumor Volume Parameters

Predictors of PFS
Determination of

MTV Cutoff
Median
SUV Threshold (%)

Median
MTV (cm3) Range (cm3)*

Kanoun et al15 HL 59 NR 41 117 4-1,611 MTV 225 cm3 yields ROC analysis†,
no validation
sample

4-year PFS 85% v 42%

Sasanelli et al17 DLBCL 114 NR 41 313 4-2,650 MTV 550 cm3 yields ROC analysis,
no validation
sample

3-year PFS 77% v 60%

Adams et al11 DLBCL 73 22.0 40 272 6-2,454 Neither MTV nor TLG
predicted outcome

N/A

Mikhaeel et al16 DLBCL 147 27.2 41 595 2-7,360 MTV 396 cm3 yields ROC analysis,
no validation
sample

5-year PFS 92% v 42%
Best predictive model
combines MTV with

i-PET Deauville score
Cottereau et al26 DLBCL 81 18 41 320 IQR: 106-668 MTV 300 cm3 yields ROC analysis,

no validation
sample

5-year PFS 75% v 42%

Schöder et al18 DLBCL 65 23.4 Various‡ 226 9-3,453 MTV did not predict
outcome

N/A

Ceriani et al12 PMBL 103 18.8 25 406 NR MTV 703 cm3 yields ROC analysis,
no validation
sample

5-year PFS 97% v 60%
TLG 5,814 yields
5-year PFS 99% v 64%

Cottereau et al13 PTCL 108 14 41 224 3-3,824 MTV 230 cm3 yields ROC analysis,
no validation
sample

2-year PFS 71% v 26%

Meignan et al19 FL 1-3a 185 10.0 41 297 IQR: 135-567 MTV 510 cm3 yields X-tile analysis
2-year PFS 87% v 58%

Abbreviations: DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; HL, Hodgkin lymphoma; i-PET, interim positron emission tomography; IQR, interquartile
range; MTV, metabolic tumor volume; N/A, not applicable; NR, not reported; PFS, progression-free survival; PMBL, primary mediastinal B-cell lymphoma; PTCL,
peripheral T-cell lymphoma; ROC, receiver operator curve; SUV, standardized uptake value; TLG, total lesion glycolysis.
*Unless given as IQR.
†ROC analysis is performed to derive best combined sensitivity and specificity along the ROC; study population is then dichotomized by so-called optimal threshold
derived from ROC analysis.
‡Tested various proposed thresholds, including 41%.
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uptake. True SUV is underestimated in smaller lesions because of
partial volume effects (the exact size up to which this un-
derestimation occurs depends on the specific PET scanner and its
recovery coefficient). Even for two equally sized lesions that differ
only in their maximum SUV, the metabolic volume will differ
considerably when the same percent-of-maximum SUV threshold
is applied. This was recognized in a recent study in primary
mediastinal B-cell lymphoma in which investigators chose
a threshold of 25% of maximum for measuring MTV, on the basis
of their observation that this provided the best agreement between
metabolic and anatomic boundaries in large mediastinal masses
with high SUV.12 In other words, choosing a higher percent-of-
maximum threshold would have led to calculating smaller met-
abolic volumes, potentially excluding large portions of the ana-
tomic mass or areas of central necrosis. Finally, SUVmeasurements,
and, hence, MTV calculations on the basis of fixed percent-of-
maximum SUV thresholds, also depend on many other biologic
and technical factors30 that need to be standardized to assure
reproducibility of measurements.

Several other methods for autosegmentation of PET volumes
exist (eg, threshold-based, gradient-based, statistical, and texture-
based methods). All have specific advantages and disadvantages,
and nonemay be completely accurate inmeasuring tumor volumes
in all organs and settings. However, one might argue that accuracy
(ie, our ability to derive an MTV that reflects the true viable tu-
mor tissue volume in cm3) is perhaps less important than re-
producibility (ie, our ability to arrive at the same volume regardless
of the equipment and software used for image acquisition, re-
construction, and analysis) as long as the outcome of our mea-
surements yields prognostic information. For instance, Meignan
et al19 used two different software programs for calculating MTV
(PET-VCAR [GE Healthcare, Little Chalfont, UK] and Imagys
[Keosys, Saint-Herblain, France]). To their credit, the investigators
established the reproducibility of measurements in a random
subset of 20% of scans with reasonable results.

Meignan et al19 pooled data from three clinical trials conducted
across many countries and continents. Given the retrospective nature
of the study, we must assume that the PET scanners were not cross-
calibrated to ensure that the same SUV was measured when the same
lesion was assessed on different scanners. Thus, while the authors can
assure us that the TMTV calculations were reasonably reproducible
when performed by different observers using two distinct software
packages, it is unknowable whether the same TMTVwould have been
calculated if the same patient, under the same biologic conditions,
would have undergone PET imaging on two different scanners. Fi-
nally, modern PET scanners using the time-of-flight technique (with
or without point-spread function reconstruction) generally provide
better detection of smaller FDG-avid lesions and often yield higher
SUV numbers than scanners of older generations, in particular for
smaller lesions.31,32 Although application of appropriate image re-
construction and filtering techniques can help to standardize SUV
measurements across participating sites in multicenter trials,33 this
obviously could not be done in the study by Meignan et al in view
of its retrospective nature.

Is it too early to declare victory and call TMTV a new
prognostic biomarker in lymphoma? Probably yes. As a single
parameter, TMTV remains far from perfect for prognostication.
In the Meignan et al study,19 added prognostic information was

derived when TMTV was used in combination with the Follicular
Lymphoma International Prognostic Index score. In other studies,
a combination of TMTV with treatment response assessed on
interim PET imaging led to better segregation of prognostic
groups.16 Quantitatively, the situation also seems less clear; all
proposed so-called optimal TMTV cutoffs (Table 1) were derived
retrospectively, varied from study to study, and will require pro-
spective validation. Importantly, cutoffs are only indicators of
probability (in this case, the probability of poor PFS) and always
reflect a trade-off between sensitivity and specificity. Cutoffs may
also vary depending on the specific patient population, the range of
tumor volumes in this population, and, possibly, the drug regimen
used. The latter seems particularly important because biomarkers
may potentially lose their prognostic power when standard
treatment is changed to a more aggressive regimen,34 or when
novel targeted therapies are administered. Going forward, we
should better understand the biologic reasons for why TMTV is
associated with patient outcome and ask how these data could be
put to good clinical use. Does a large disseminated tumor volume
make a patient less likely to respond to a certain drug regimen and
dose? Is this related to suboptimal drug concentration at each
tumor cell? Is it not surprising that, currently, patients with
a TMTV of 300 cm3 often receive exactly the same treatment
(regimen and dose) as do patients with a TMTVof 3,000 cm3? Do
patients with larger TMTVs simply need more of the same
treatment, or would it be reasonable to offer these patients more
aggressive therapies while sparing patients with lesser tumor
volumes (and better prognosis) the adverse effects associated with
such treatments? On the contrary, should patients with smaller
TMTVs receive less chemotherapy?

On other fronts, it is becoming increasingly clear how the
tumor microenvironment contributes to the prognosis and drug
response in patients with FL,35 and a “clinicogenetic” prognostic
score incorporating a seven-gene signature has been proposed for
better risk stratification.4 In the end, the most meaningful and ac-
tionable information will probably come from a combination of
clinical, imaging, and biologic factors rather than from any single
parameter alone. It will take some time until all of these novel imaging
and biologic features are confirmed, tests become standardized and
widely available, and results can be integrated into the routine ar-
mamentarium of the hematologic oncologist. In the meantime, we
need hypothesis-testing studies that apply imaging features and bi-
ologic signatures for better risk stratification and treatment selection
in patients with lymphoma. Despite their shortcomings, the data
provided by Meignan et al19 move us one step along in this direction.
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At present, there are no standard criteria that have been val-
idated for interim PET reporting in lymphoma. In 2009, an inter-
national workshop attended by hematologists and nuclear
medicine experts in Deauville, France, proposed to develop
simple and reproducible rules for interim PET reporting in
lymphoma. Accordingly, an international validation study was
undertaken with the primary aim of validating the prognostic
role of interim PET using the Deauville 5-point score to evaluate
images and with the secondary aim of measuring concordance
rates among reviewers using the same 5-point score. This
paper focuses on the criteria for interpretation of interim PET
and on concordance rates. Methods: A cohort of advanced-
stage Hodgkin lymphoma patients treated with doxorubicin,
bleomycin, vinblastine, and dacarbazine (ABVD) were enrolled
retrospectively from centers worldwide. Baseline and interim
scans were reviewed by an international panel of 6 nuclear
medicine experts using the 5-point score. Results: Complete
scan datasets of acceptable diagnostic quality were available
for 260 of 440 (59%) enrolled patients. Independent agreement
among reviewers was reached on 252 of 260 patients (97%), for
whom at least 4 reviewers agreed the findings were negative
(score of 1–3) or positive (score of 4–5). After discussion, con-
sensus was reached in all cases. There were 45 of 260 patients
(17%) with positive interim PET findings and 215 of 260 patients
(83%) with negative interim PET findings. Thirty-three interim
PET–positive scans were true-positive, and 12 were false-
positive. Two hundred three interim PET–negative scans were
true-negative, and 12 were false-negative. Sensitivity, specificity,

and accuracy were 0.73, 0.94, and 0.91, respectively. Negative
predictive value and positive predictive value were 0.94 and
0.73, respectively. The 3-y failure-free survival was 83%, 28%,
and 95% for the entire population and for interim PET–positive
and –negative patients, respectively (P , 0.0001). The agree-
ment between pairs of reviewers was good or very good, rang-
ing from 0.69 to 0.84 as measured with the Cohen kappa.
Overall agreement was good at 0.76 as measured with the
Krippendorf a. Conclusion: The 5-point score proposed at
Deauville for reviewing interim PET scans in advanced Hodgkin
lymphoma is accurate and reproducible enough to be accepted
as a standard reporting criterion in clinical practice and for clin-
ical trials.

Key Words: interim PET; Hodgkin lymphoma; interpretation
criteria; concordance rate; clinical trial
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Preliminary reports have shown that 18F-FDG PET per-
formed early during doxorubicin, bleomycin, vinblastine,
and dacarbazine (ABVD) treatment of patients with Hodg-
kin lymphoma predicts the treatment outcome (1,2). More-
over, interim PET is a more effective predictor of treatment
response than well-established clinical prognostic factors
such as the International Prognostic Score (3). Further re-
ports have confirmed these findings, with an overall sensitivity
and specificity for interim PET in predicting treatment out-
come ranging between 43% and 100% and between 67%
and 100%, respectively (4). One of the most relevant factors
affecting the variation in sensitivity and specificity ob-
served was the heterogeneity of interim PET interpretation,
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as no standard criteria were established for interim PET re-
porting.
Thus, in April 2009 an international workshop attended

by hematologists and nuclear medicine experts was held in
Deauville, France, with the aim of developing simple and
reproducible rules for interim reporting in lymphoma. A
consensus among experts was reached on the appropriate-
ness of a qualitative determination of residual 18F-FDG up-
take by visual assessment, the so-called Deauville 5-point
scale (5-PS). The 5-PS compares residual uptake, if present,
in sites of initial disease with mediastinal blood-pool struc-
tures and the liver (5). The experts proposed that the criteria
should be validated in a large cohort of patients affected by
diffuse large B-cell lymphoma and Hodgkin lymphoma. In
October 2009, the International Validation Study in Hodg-
kin Lymphoma was launched. A homogeneous cohort of
advanced-stage, ABVD-treated Hodgkin lymphoma patients
was retrospectively enrolled. Scans were reviewed by an in-
ternational panel of nuclear medicine experts. Patients had to
be staged at baseline and after 2 ABVD courses with a PET/
CT scan, without any treatment change based on interim PET.
Reviewers reported the scans according to the 5-PS.
This paper focuses mainly on the interpretation criteria

for interim PET to formulate a clear set of instructions for
PET/CT reporters and to measure concordance rates among
reviewers using the 5-PS with the defined instructions. The
prognostic role of interim PET in the International Validation
Study in Hodgkin Lymphoma is the subject of a separate paper.

MATERIALS AND METHODS

Patient Data Retrieval
Four hundred forty consecutive patients from 17 clinical centers

in Australia, Denmark, France, Israel, Italy, Poland, the United
Kingdom, and the United States, in whom Hodgkin lymphoma
was diagnosed between January 2002 and December 2009, were
considered eligible and retrospectively enrolled in the study.

The inclusion criteria were as follows: advanced-stage (stages
IIB–IVB) Hodgkin lymphoma or stage IIA Hodgkin lymphoma
with adverse prognostic factors, treatment with 4–6 cycles of
ABVD with or without involved-field radiotherapy or consolida-
tion radiotherapy, PET/CT staging at baseline and after 2 ABVD
courses, no treatment change based on interim PET results, a min-
imum follow-up of 1 y after treatment completion, and informed
written consent. Patients treated with intensified chemotherapy for
progressive or resistant lymphoma during ABVD chemotherapy
were eligible only if the treatment change was decided on the basis
of clinical or radiologic evidence of disease progression. Patients
were excluded from the study if they had not been examined with
PET/CT (e.g., C-PET [BC Technical, Inc.] or multiring PET with-
out CT), had been scanned on different PET/CT cameras at base-
line and after 2 ABVD courses, had fasting glucose values greater
than 200 mg/dL at the time of 18F-FDG administration, did not
have a full DICOM dataset for PET and CT images, or had images
of nondiagnostic quality.

The centers were asked for various clinical data at diagnosis
and for data relating to treatment outcome. All the data requested,
including disease status at latest follow-up, cause of death, and
duration of last follow-up, were available for every patient.

The study was approved by the Ethical Committee of the co-
ordinating center in Cuneo and conducted according to the Helsinki
declaration. Patient written informed consent was obtained for
PET scanning and for use of anonymized data and images for
teaching and research purposes. Specific informed written consent
to be included in this study was not required as all data were
anonymized from participating academic centers. Data collection
conformed to specific institutional and national requirements.

PET/CT Scanning
All patients underwent PET/CT scans before chemotherapy

(baseline PET) and after 2 cycles of ABVD (interim PET). Both
scans were obtained according to the usual scanning protocol of
the individual PET center.

PET/CT Acquisition
The administered 18F-FDG activity was 362 6 88 MBq

(mean 6 SD; range, 51–694 MBq) for baseline PET and 355 6
82 MBq (range, 48–699 MBq) for interim PET. The interval be-
tween 18F-FDG injection and PET acquisition (uptake time) was
85 6 43 min for baseline PET and 79 6 24 min for interim PET.
The uptake time was uniformly distributed between 55 and 100 min,
with only 30% of the patients having images acquired in the 60 6
10 min range, as is regarded to be standard in oncologic imaging
(6). Interim PET scans were obtained 12.36 4.9 d (range, 7–22 d)
after administration of day 15 chemotherapy during the second
ABVD cycle. Images were attenuation-corrected using iterative
reconstruction, with SUV normalized according to body weight
and administered activity.

PET/CT Data Retrieval and Review Scheme
After anonymization, baseline and interim scans were uploaded

from the participating PET centers to a dedicated Web site called
WIDEN, which is a Web-based tool for imaging exchange (7).
Once received in the Core Lab for the study in Cuneo, all scans
were checked for image quality. The field of view had to encom-
pass an area from the base of the skull to below the pelvis and
include the femoral heads. PET/CT scans were then transferred to
a dedicated workstation and distributed via a central server hosted
by Keosys to reviewers. All scans were viewed remotely using the
same software (Positoscope; Keosys). Reviewers were masked to
patient history and clinical data and were asked to report the scans
independently.

Criteria of Interpretation for Interim PET/CT
Interim PET scans were compared with baseline PET and ana-

lyzed using 5-PS, where a score of 1 indicated no residual uptake
above the background level, 2 indicated residual uptake less than
or equal to the mediastinum, 3 indicated residual uptake greater
than the mediastinum but not greater than the liver, 4 indicated
residual uptake moderately increased compared with the liver, and
5 indicated residual uptake markedly increased compared with the
liver or new sites of disease. These criteria were used for grading
nodal and extranodal disease, with scores of 1–3 regarded as neg-
ative and scores of 4 and 5 regarded as positive. Information on
how the scan had been reported by the local center during the
course of the patients’ treatment was also obtained from partici-
pating centers.

A more detailed set of instructions was drawn up to deal with
potential confounding variables such as the interpretation of mar-
row uptake, which required further clarity according to the ex-
perience of reviewers who had used the 5-PS previously in the
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yielded 20% variation in tumor response values for an indi-
vidual tumor and variation of up to 90% for a single SUV
measurement.20 These results were similar to that reported
in other studies21,22 but lower than earlier reports.11,23 Based
on the results of these recent studies, protocol variation should
be kept to a minimum when performing repeated scans to
improve the reliability of SUV measurements.

Segmentation Methods for
Volume Calculations
Metabolic tumor volumes can be segmented using various tech-
niques which are summarized in Table 3. Reproducibility is

Table 2 Common Sources of Error in SUV Calculations

Source of Errors Typical
Errors
(Routine)

Expected Errors
(Controlled
Environment)

Action to be Carried Out*

Scanner and activity-meter
calibration

30% 10% Scanner and activity-meter cross calibration (±3% of expected
value)

Syringe residual 5% 0.1% Rinse syringe with saline. Correct injected activity with
measured or expected residual activity in the syringe.

Clock time differences 10% 1% Synchronize clock used to measure time of injection and
scanner time (±30 s).

Quality of administration 50% 0% (With patient
exclusion)

If doubt on extravasation exists, include the site of injection in
the longitudinal field-of-view (eg, harms up).

Imaging parameters 30% 10% Tune reconstruction algorithm (eg, recovery coefficient fulfills
guidelines).

Contrast media 15% 0% If contrast-enhanced CT is needed, inject it after PET.
Region of interest (ROI) 50% 0% Use the same algorithm for PET segmentation. Systematic bias

could persist because no assurance exists on accuracy.
Uptake time 15% 8% Consistently use uptake time of 55 min to 75 min after injection.
Motion and respiration artifacts 30% – Use breathing control device if available.
Blood glucose level 15% Unknown Guidelines should be used for managing hyperglycemia.
Patient’s weight 8% 2% Measure patient’s weight should be measured with 1 kg

calibrated weight.
Patient’s height – – Measure patient’s height (if SUV for lean body mass is used).

*If proper actions are carried out, as listed in the last column, the errors could be reduced to the value indicated in column 3.

Figure 2 Schematic drawing of PET scanner’s calibration procedure.

Figure 3 Recovery coefficient. An example of a recovery coefficient curve is provided for nonoptimized and optimized
parameters of algorithm reconstruction.
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Metabolic Tumor Volume Metrics in Lymphoma
Lale Kostakoglu, MD, MPH,* and Stéphane Chauvie, PhD†

Although visual assessment using the Deauville criteria is strongly recommended by guidelines
for treatment response monitoring in all FDG-avid lymphoma histologies, the high rate of false-
positives and concerns about interobserver variability have motivated the development of quantitative
tools to facilitate objective measurement of tumor response in both routine and clinical trial set-
tings. Imaging studies using functional quantitative measures play a significant role in profiling
oncologic processes. These quantitative metrics allow for objective end points in multicenter clini-
cal trials. However, the standardization of imaging procedures including image acquisition parameters,
reconstruction and analytic measures, and validation of these methods are essential to enable
an individualized treatment approach. A robust quality control program associated with the in-
clusion of proper scanner calibration, cross-calibration with dose calibrators and across other
scanners is required for accurate quantitative measurements. In this section, we will review the
technical and methodological considerations related to PET-derived quantitative metrics and the
relevant published data to emphasize the potential value of these metrics in the prediction of patient
prognosis in lymphoma.
Semin Nucl Med 48:50–66 © 2017 Published by Elsevier Inc.

PET-derived Quantitative Metrics
Standardized Uptake Value (SUV)

SUV is the most frequently used semiquantitative PET metric
for measuring tumor glucose metabolism. It is defined as

the ratio of the decay corrected FDG concentration in a volume
of interest (VOI) to the injected dose normalized to the pa-
tient’s body weight. In addition to body weight-based SUV,
to account for the varying bio-distribution of FDG in differ-
ent body compositions, other SUV indices can also be used
in certain settings1-3 (Table 1).

SUVmax

The SUVmax is defined as the maximum value for SUV in a
VOI representing the highest metabolism in the tumor.
However, it is significantly influenced by tumor heterogene-
ity and image noise because of its dependence on a single
volume of interest (Fig. 1). Consequently, repeated tumor
SUVmax measurements may show an intra-patient bias of
5%-30%.4

SUVmean

The SUVmean is the average value of different measurements
of SUVs within the VOI. It is less vulnerable to image noise
but depends on the VOI delineation method and the se-
lected region.5 Ideally SUVmean of the entire tumor would give
a more accurate measurement, but the exact tumor borders
are often difficult to determine. An alternative approach is
delineation of a VOI inside the tumor away from its border
to minimize the effect of the background uptake, but VOI
delineation still remains subjective.

SUVpeak

The SUVpeak represents the maximum tumor activity within a 1-cm3

VOI in the hottest part of the tumor volume.3,5,6 Unlike SUVmean, it
does not less affected by the noise compared with SUVmax and does
not require definition of tumor boundaries. SUVpeak yields less intra-
patient bias (1%-11%) compared to SUVmax.4 The SUVpeak is the
proposed measurement in the therapy response for PET Response
Criteria in Solid Tumors (PERCIST).6

Common sources of errors involved in SUV measure-
ments from technical and host-related factors are summarized
in Table 2.

Measurement of Metabolically Active Tumor
Volume
Metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) are SUV-based derived functional metrics,7-9 both of
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PET-derived Quantitative Metrics
Standardized Uptake Value (SUV)

SUV is the most frequently used semiquantitative PET metric
for measuring tumor glucose metabolism. It is defined as

the ratio of the decay corrected FDG concentration in a volume
of interest (VOI) to the injected dose normalized to the pa-
tient’s body weight. In addition to body weight-based SUV,
to account for the varying bio-distribution of FDG in differ-
ent body compositions, other SUV indices can also be used
in certain settings1-3 (Table 1).

SUVmax

The SUVmax is defined as the maximum value for SUV in a
VOI representing the highest metabolism in the tumor.
However, it is significantly influenced by tumor heterogene-
ity and image noise because of its dependence on a single
volume of interest (Fig. 1). Consequently, repeated tumor
SUVmax measurements may show an intra-patient bias of
5%-30%.4

SUVmean

The SUVmean is the average value of different measurements
of SUVs within the VOI. It is less vulnerable to image noise
but depends on the VOI delineation method and the se-
lected region.5 Ideally SUVmean of the entire tumor would give
a more accurate measurement, but the exact tumor borders
are often difficult to determine. An alternative approach is
delineation of a VOI inside the tumor away from its border
to minimize the effect of the background uptake, but VOI
delineation still remains subjective.

SUVpeak

The SUVpeak represents the maximum tumor activity within a 1-cm3

VOI in the hottest part of the tumor volume.3,5,6 Unlike SUVmean, it
does not less affected by the noise compared with SUVmax and does
not require definition of tumor boundaries. SUVpeak yields less intra-
patient bias (1%-11%) compared to SUVmax.4 The SUVpeak is the
proposed measurement in the therapy response for PET Response
Criteria in Solid Tumors (PERCIST).6

Common sources of errors involved in SUV measure-
ments from technical and host-related factors are summarized
in Table 2.

Measurement of Metabolically Active Tumor
Volume
Metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) are SUV-based derived functional metrics,7-9 both of
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volume of interest (Fig. 1). Consequently, repeated tumor
SUVmax measurements may show an intra-patient bias of
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to minimize the effect of the background uptake, but VOI
delineation still remains subjective.
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patient bias (1%-11%) compared to SUVmax.4 The SUVpeak is the
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50 the key for tumor segmentation. Threshold method is the most
widely used method. The thresholding can be performed using
fixed or adaptive methodologies. Partial volume effect24 (Fig. 4)
or motion artifacts and noise fluctuations negatively impact
segmentation accuracy. Percentage, fixed and adaptive
thresholding, as well as the gradient technique, are types of
threshold methodology. More advanced techniques have also
been developed to overcome the challenges associated with
other thresholding methodologies25,26 (Table 3).

Given the variety of algorithms used and the degree of op-
erator dependence, comparison of different methods from

published data is challenging.27-35 The performance of tumor
delineation methods indeed heavily depends on variation of
tumor to background ratio, image resolution, and image noise
level. The variability can range between 40% and 400% de-
pending on the method.27,33-35 Evaluating accuracy of the
segmentation is also difficult in the absence of a ground truth.
Although phantoms, CT or MRI, and pathology specimens
were used to better define the segmentation36 there is no con-
sensus on the optimal or most accurate method to determine
tumor volume. There is also no universally accepted repro-
ducible and practical method for tumor segmentation.

Table 3 PET Image Segmentation Techniques

Thresholding Characteristics Pros Cons

Manual Visual analysis and manual
delineations of contour.

Simple to use. Permits a
comparison with co-registered
imaging modality (CT or MRI).
Has more specificity (avoid
including areas of background).

Time-consuming (particularly in
patients with disseminated
disease). Suffers from high
intra- and interobserver
variability.

Fixed Fixed threshold of SUV
(body-weight, body surface, or
lean body mass). Different
strategies include the use of a
fixed value (eg, 2.5) or a value
relative to uptake in
physiological organs/tissue (eg,
mean liver plus 2 standard
deviations).

Simple to use: with the available
software require only 1 click in
the area of uptake higher than
the threshold. Fast: many
volumes could be delineated in
short time.

Dependent on SUV value. Difficult
to evaluate in heterogeneous
tumor. Take neither the
background nor the tumor size
into consideration.

Percentage Based on a percentage of
maximum uptake in the lesion,
mainly using a cut-off of 40-50%
of the SUVmax.

Simple to use: with the available
software require only 1 click in
the area of higher uptake. Fast:
many volumes could be
delineated in short time.
Independent on SUV absolute
value.

Low sensitivity: insufficient tumor
coverage. Optimal threshold is
influenced by size of tumor
volume; surrounding
background is not taken into
account and is often
“scanner-specific” because of
strong dependence on spatial
resolution of scanner.

Adaptive Threshold is adapted to
tumor-to-background (TBR)
ratio. Newer systems include
iterative techniques to optimize
thresholding.

Rationale is to change TBR
threshold iteratively until an
optimal threshold is achieved by
convergence algorithm.

Simple to use and quite fast. Takes
into account variability in
background.

Lower availability on commercial
software. Some method requires
scanner-specific measurements
to account for PVE. Many
different algorithms exist.

Gradient Measures gradient differences
between the lesion and the
surrounding background. This
method includes simple edge or
ridge detectors or watershed
methods.

Intuitive: tumor contours are
characterized by sharp
variations in the image intensity
with respect to background.

Lower availability on commercial
software. Suffers considerably
from image noise and often
requires filtering of the images.

Advanced algorithm Includes region-growing
algorithms (starts from a seed
and include neighboring voxels if
they satisfy certain similarity
criteria based on intensity or
texture), statistical model
(Bayesian or Markov) and
machine learning

The volume is delineated
considering the property of the
volume itself not only on SUV
value.

Poor availability in commercial
software. Usually
computationally heavy.

PVE, partial volume effect.
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Reference	 Patients	
population	

No.	of	
patients	

Study	
design	

Multi	
center	

Mono,	multi	
or	equalized	
scanners	

Therapy	 PET	timing	 Segmentation	method	 Segmentation	
performed	by	

Cut-off	values	

Song	et	al.	(91)	 Early	HL	 127	 RE	 Yes	 MU	 6xABVD	+	30	Gy	of	IF-RT	
+	10	Gy	on	initial	bulky	

baseline	 visual	and	threshold	of	2.5	
SUV	

locally,	reviewed	
centrally	by	an	expert	

MTV=198	cm3	

Kanoun	et	al.	
(92)	

HL	 59	 RE	 No	 MU	(2	
scanners)		

4-6	cycles	of	an	
anthracycline-based	
chemo	+	20-36	Gy	of	IF-
RT	

baseline,	
interim	

threshold	41%	SUVmax,	
manually	adjusted	

2	blinded	experts,	
consensus	if	discrepant	

MTV=225	cm3	

Tseng	et	al.	
(93)	

Early	and	
advanced	HL		

30	 RE	 No	 MO	 Stanford	V,	ABVD,	VAMP,	
or	BEACOPP	+	RT	(20,	
25.5	or	36	Gy)	

baseline,	
interim	

region-growing	algorithm	 -	 non	signi`icant	

Hussien	et	al.	
(127)	

Pediatrics	HL	 54	 PRO	 Yes	 EQ	 GPOH-HD2002P,	GPOH-
HD2003,	EuroNet-PHL-C1	
plus	IFRT	

baseline,	
interim	

threshold	of	2.5	SUV	(body-
weight,	body	surface)	and	
threshold	of	mean	liver	plus	
two	st.	dev.	of	SUV	(lean	body	
mass)	

two	blinded	experts	 MTV=0		
TLG=0.3	
ΔMTV=99.99%	
ΔTGV=99.95%	
@interim	

Esfahani	et	al.	
(98)	

DLBCL	 20	 RE	 No	 MO	 6x	or	8x	R-CHOP	 baseline,	
interim	

threshold	1.5	liver	SUVmean	
plus	2.5	st.	dev.	of	liver	SUV:	
manually	adjusted	to	contrast	
enhanced	CT		

two	blinded	experts	 MTV=379	
TLG	=	705	@baseline	
MTV=	5.95	
TLG	=	96.5	@interim	

Kim	et	al.	(102)	 DLBCL	 140	 RE	 No	 MO	 6-8	cycles	of	R-CHOP	+	36	
Gy	of	RT	bulky	disease	

baseline	 visual	and	threshold	at	25%,	
50%,	and	75%	of	SUVmax	

three	experts	 TLG	=415.5		
at	50%of	SUVmax	

Sasanelli	et	al.	
(101)	

DLBCL	 114	 RE	 Yes		 MU		 R-CHOP21,	RCHOP14	and	
ASCT	

baseline	 threshold	41%	of	SUVmax		 one	expert,	subset	of	50	
by	another	

MTV=550	cm3		

Song	et	al.	(99)	 DLBCL	 169	 RE	 No	 MU	 6-8	cycles	of	R-CHOP	 baseline	 threshold	of	2.5	SUV	 two	experts	 MTV=220	cm3		

Gallicchio	et	al.	
(106)	

DLBCL	 52	 RE	 No	 MO	 R-CHOP	 baseline	 visual	and	threshold	of	42%	
SUVmax	

three	blinded	experts	
(subsets	of	18	patients	
in	double)	

MTV=16.1	cm3	
TLG=589.5	

Adams	et	al.	
(107)	

DLBCL	 73	 RE	 No	 MO,	EQ		 R-CHOP	 baseline	 threshold	of	40%	of	the	
SUVmax	

single	blinded	expert	 MTV=272.3	cm3	
TLG=2955.4	

Zhou	et	al.	
(110)	

DLBCL	 91	 RE	 Yes	 MO	 R-CHOP	 baseline	 liver	SUVmean	plus	3	st.	dev	 two	expert	 MTV	=	70	cm3	TGV	=	
826.5	

Malek	et	al.	
(130)	

DLBCL	 140	 RE	 No	 MO	 R-CHOP	or	R-DA-EPOCH	 Interim	(2-4	
cycles)	

D	5PS,	a	37%	threshold	of	
SUVmax	and	a	gradient	
technique	method.	

one	expert	 ΔSUVmax	>	72%	
ΔMTV	52%	

Xie	et	al.	(105)	 DLBCL	 60	 RE	 No	 MO	 R-CHOP	 baseline	 threshold	liver	SUVmean	plus	2	
st.	dev.	of	liver	SUV	

not	speci`ied	 MTV	=	850.3	cm3	TGV	
=	4758	

Park	et	al.	
(129)	

DLBCL	 100	 RE	 No	 MO	 3-8	R-CHOP	 baseline,	
interim	

threshold	MBPS	 two	experts	 not	given	(median?)	

Ceriani	et	al.	
(114)	

PMBCL	 103	 PRO	 Yes	 MU	 R-CHOP	and	R-VACOB-P	+	
IFRT	

baseline	 threshold	25%	of	SUVmax,	
manually	corrected	

one	expert	centrally	 MTV	=703	cm3,	TLG	
5814	

Mikhaeel	et	al.	
(109)	

DLBCL	 147	 PRO	 No	 MO	 4-6	R-CHOP	(PET	adapted	
strategy)	

baseline,	
interim	

threshold	SUV=2.5,	manually	
adjusted	

one	expert	 MTV	=396	cm3	
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tings. Imaging studies using functional quantitative measures play a significant role in profiling
oncologic processes. These quantitative metrics allow for objective end points in multicenter clini-
cal trials. However, the standardization of imaging procedures including image acquisition parameters,
reconstruction and analytic measures, and validation of these methods are essential to enable
an individualized treatment approach. A robust quality control program associated with the in-
clusion of proper scanner calibration, cross-calibration with dose calibrators and across other
scanners is required for accurate quantitative measurements. In this section, we will review the
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relevant published data to emphasize the potential value of these metrics in the prediction of patient
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PET-derived Quantitative Metrics
Standardized Uptake Value (SUV)

SUV is the most frequently used semiquantitative PET metric
for measuring tumor glucose metabolism. It is defined as

the ratio of the decay corrected FDG concentration in a volume
of interest (VOI) to the injected dose normalized to the pa-
tient’s body weight. In addition to body weight-based SUV,
to account for the varying bio-distribution of FDG in differ-
ent body compositions, other SUV indices can also be used
in certain settings1-3 (Table 1).

SUVmax

The SUVmax is defined as the maximum value for SUV in a
VOI representing the highest metabolism in the tumor.
However, it is significantly influenced by tumor heterogene-
ity and image noise because of its dependence on a single
volume of interest (Fig. 1). Consequently, repeated tumor
SUVmax measurements may show an intra-patient bias of
5%-30%.4

SUVmean

The SUVmean is the average value of different measurements
of SUVs within the VOI. It is less vulnerable to image noise
but depends on the VOI delineation method and the se-
lected region.5 Ideally SUVmean of the entire tumor would give
a more accurate measurement, but the exact tumor borders
are often difficult to determine. An alternative approach is
delineation of a VOI inside the tumor away from its border
to minimize the effect of the background uptake, but VOI
delineation still remains subjective.

SUVpeak

The SUVpeak represents the maximum tumor activity within a 1-cm3

VOI in the hottest part of the tumor volume.3,5,6 Unlike SUVmean, it
does not less affected by the noise compared with SUVmax and does
not require definition of tumor boundaries. SUVpeak yields less intra-
patient bias (1%-11%) compared to SUVmax.4 The SUVpeak is the
proposed measurement in the therapy response for PET Response
Criteria in Solid Tumors (PERCIST).6

Common sources of errors involved in SUV measure-
ments from technical and host-related factors are summarized
in Table 2.

Measurement of Metabolically Active Tumor
Volume
Metabolic tumor volume (MTV) and total lesion glycolysis
(TLG) are SUV-based derived functional metrics,7-9 both of
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