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and Molecular Imaging Center, Chang Gung Memorial Hospital and University, Taoyuan, Taiwan

This study investigated whether the reference background
above which a residual mass is considered positive in the
International Harmonization Project criteria should be modified
for early 18F-FDG PET evaluation. Methods: In 92 patients with
newly diagnosed diffuse large B-cell lymphoma, the maximal
standardized uptake value (SUVmax) was measured on post–
cycle 2 PET in the most intense residual mass (or, in the case of
negative PET findings, in the area of most intense tumor uptake
before therapy), in the mediastinal blood pool (MBP) and the
liver, as potential reference background tissues. Results: With
MBP as a reference (SUVmax, 2.0 6 0.6), PET was unable to
distinguish early responders from nonresponders. In contrast,
with liver as a reference (SUVmax, 2.5 6 0.7), 2-y progression-
free survival was significantly different between patients with
PET-negative findings (81.8% [95% confidence interval, 71%–
93%]) and patients with PET-positive findings (51.8% [95%
confidence interval, 35%–69%], P 5 0.003). Conclusion: When
assessing early response, particularly in risk-adapted therapeu-
tic trials, it seems preferable to refer to a background tissue
(liver) with a higher level of uptake than that of current interna-
tional criteria (MBP) which were designed for end-of-treatment
evaluation.
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PET with 18F-FDG has become a powerful tool for
identifying—as early as after 2 cycles of first-line
chemotherapy—which patients with diffuse large B-cell
lymphoma (1,2) and classic Hodgkin lymphoma (3,4) are
responders. Consequently, many ongoing clinical trials fo-
cus on tailoring therapeutic strategies based on early PET as

an indicator of chemosensitivity (5). Some use the Interna-
tional Harmonization Project interpretation criteria (6), which
were current at the time of the trial design but are adapted to
end-of-treatment evaluation. In diffuse large B-cell lym-
phoma, the GELA LNH2007-3B study (7) is evaluating a
chemotherapy escalation scheme based on interim PET
findings of metabolically active residual masses. How-
ever, the central-review readers have observed an unex-
pectedly high rate of positive findings and substantial
interobserver variability using these criteria (8).

The purpose of the present study was to investigate whether
the reference background above which a residual mass is
considered positive in the International Harmonization Project
criteria should be modified for interim PET evaluation in
hopes of improving the positive predictive value and overall
accuracy of interim scans in diffuse large B-cell lymphoma.

MATERIALS AND METHODS

Patients
The population consisted of 92 patients with newly diagnosed

diffuse large B-cell lymphoma (9) and previously enrolled in a pro-
spective multicenter trial designed to assess the prognostic value of
early PET after 2 cycles of induction chemotherapy (2). Patient char-
acteristics and treatment regimens have been previously described
(9). Importantly, the treatment strategy was planned at inclusion
according to age, International Prognostic Index, and anthracycline-
based protocols currently active at that time and was not influenced
by PET results. The study was approved by our institutional review
board, and all patients gave informed written consent.

PET
All patients underwent 18F-FDG PET before the onset of chemo-

therapy (PET0) and after 2 cycles (PET2). Images were acquired on
a dedicated C-PET camera (ADAC) for the first 81 patients (at
Tenon Hospital) and on a Gemini PET/CT system (Philips) for
the last 11 patients (at H. Mondor Hospital). The image acquisition
and reconstruction parameters have been previously described (9).
All patients also underwent concurrent diagnostic CT of the chest,
abdomen, and pelvis within a week of each PET scan and then
every 6 mo for follow-up based on the International Workshop
Criteria (10). Outcome analysis was masked to the PET results.
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Standardized Uptake Value (SUV) Analysis of
18F-FDG Uptake

Experience has shown that visual interpretation of images
through comparison with a certain tissue background, such as the
mediastinal blood pool (MBP), is prone to considerable interob-
server variability but is substantially improved by using a simple
semiquantitative approach in which the residual lesion is consid-
ered positive when its maximal SUV (SUVmax) exceeds that of
reference background by 25% (11).

For each attenuation-corrected PET dataset, the tumor with the
most intense uptake was carefully identified, relying on a graded
color-scale, with red indicating the maximal count value. A vol-
ume of interest (VOI) encompassing the entire tumor was drawn to
ensure correct identification of this maximum. On PET2 images, in
cases of residual tumor, the VOI was drawn on the most intense
focus even though its location differed from the most intense tumor
on PET0. When no lesions were identifiable, the VOI was drawn on
PET2 in the area of most intense tumor uptake before therapy, with
careful slice-to-slice comparison with PET0. In addition, a VOI was
drawn on 5 contiguous slices in the MBP (at the level of the aortic
arch) and in the liver parenchyma (at mid height), making sure that
VOI outlines were restricted to areas of physiologic uptake and
avoiding neighboring sites of residual disease (Fig. 1). Mean SUV
(SUVmean) and SUVmax were calculated in each VOI after proper
calibration and normalization to body weight (9).

PET2 images were considered positive when SUVmax in the
residual tumor or area of initial tumor before therapy was 125%
of the particular reference backgrounds investigated: SUVmax or
SUVmean of the MBP or the liver. A 125% threshold was
thought to best represent the mere visual impression of “higher
uptake” than the background level by observer consensus
because this threshold resulted in similar accuracy while mini-
mizing the inherent interobserver variability of visual interpre-
tation (11).

Statistical Analysis
To evaluate the early prognostic value of PET2, progression-

free survival (PFS) and overall survival (OS) were chosen as
endpoints. PFS was defined as the interval from the date of
enrollment to the first evidence of progression or relapse. OS was

defined as the interval from the date of enrollment to death from
any cause. Continuous variables were compared using the Student
t test, and significance was obtained when the 2-sided P value was
less than 0.05. Survival curves according to visual and SUV ana-
lyses were obtained using Kaplan–Meier plots and compared using
the Log rank test. In addition, receiver-operating-characteristic
analysis was performed to identify the optimal threshold for pre-
dicting PFS for each category of reference background.

RESULTS

Patient Outcome

During a median follow-up period of 42 mo after inclusion,
63 patients were free from progression (PFS, 68.5%) whereas
the remaining 29 progressed or relapsed, with a median delay
of 6.7 mo; in addition, 71 patients survived (OS, 77.2%)
whereas the remaining 21 died, with a median delay of
9.1 mo. Thirteen deaths were due to lymphoma progres-
sion, 3 to cardiac events, 3 to infectious complications, 1 to
treatment toxicity, and 1 to a car accident.

Predictive Values of MBP-Based Interpretations

There was no statistically significant difference between
SUVs computed from the C-PET system and those obtained
from the Gemini PET/CT system for tumor, MBP, or liver
on PET0 (P 5 0.2–0.6) or PET2 (P 5 0.1–0.4, respec-
tively). SUVs are displayed in Table 1. SUVmax averaged
13.2 6 4.8 on PET0 and decreased to 3.4 6 2.7 on PET2
(4.8 6 4.2 in patients who progressed and 2.7 6 1.2 in
those who did not, P 5 0.0004).

When MBP was taken as the reference background for
positivity, with the .125% SUVmax criterion (which may
be considered close to a “quantitative International Harmo-
nization Project criterion”), PET2 was unable to distinguish
early responders from nonresponders. The 2-y estimate for
PFS was 76.0% (95% confidence interval [CI], 62%–90%)
in the PET-negative patients, compared with 65.1% (95%
CI, 51%–79%) in the PET-positive patients (P 5 0.24, Fig.
2A). The accuracies of this approach for predicting PFS and
OS were 52.2% and 56.5%, respectively (Table 2). Accu-
racies increased to 70.7% and 72.8%, respectively, when
the optimal criterion, determined by receiver-operating-
characteristic analysis, was .168% SUVmax. The 2-y
estimate for PFS was 80.2% (95% CI, 70%–91%) in the
PET-negative patients, compared with 48.1% (95% CI,
29%–67%) in the PET-positive patients (P5 0.001, Fig. 2C).

With SUVmean, positive predictive values (PPVs) and
accuracies were always lower than those obtained with the
corresponding SUVmax thresholds (.125% or receiver-
operating-characteristic–optimized criterion), for PFS and
for OS prediction.

Predictive Values of Liver-Based Interpretations

When liver activity was used as a reference with the
.125% SUVmax criterion, PET2 was a strong predictor
of survival. The 2-y estimate for PFS was 81.8% (95%
CI, 71%–93%) in PET-negative patients, compared with
51.8% (95% CI, 35%–69%) in PET-positive patients

FIGURE 1. Example of VOI drawings in the 2 reference back-
grounds: MBP, green outlines on axial slice (A), liver, red outlines

on axial slice (C), and both on coronal slice (B).
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(P 5 0.003, Fig. 2B). The accuracies of this approach for
predicting PFS and OS were 67.4% and 69.6%, respectively
(Table 2). Accuracies increased to 72.8% and 75.0%,
respectively, when the optimal criterion was .140%
SUVmax. The 2-y estimate for PFS was 83.2% (95% CI,
73%–93%) in PET-negative patients, compared with
44.6% (95% CI, 26%–63%) in PET-positive patients
(P 5 0.0001, Fig. 2D).
Here again, with SUVmean, PPVs and accuracies were

always lower than those obtained with the correspond-
ing SUVmax threshold (.125% or receiver-operating-
characteristic–optimized criterion), for PFS and for OS
prediction.

Response Assessment with Conventional
Diagnostic Methods

At the end of induction chemotherapy, 19 patients had a
complete response according to CT, 50 had a complete
response unconfirmed, 13 had a partial response, 2 had stable
disease, 7 had progressive disease, and 1 did not undergo CT
because the patient died during induction chemotherapy
(Table 3).

DISCUSSION

The most predictive criterion proposed so far for early
PET interpretation in diffuse large B-cell lymphoma was to
consider as positive (i.e., predictive of relapse) a SUVmax

TABLE 1
Mean and Maximal SUVs in Most Intense Tumor, MBP, and Liver at PET0 and PET2

Parameter Tumor MBP Liver

PET0
SUVmean 9.5 6 3.6 (3.4–18.0) 1.3 6 0.4 (0.5–2.4) 1.6 6 0.3 (0.8–2.7)

SUVmax 13.2 6 4.8 (4.8–24.8) 2.0 6 0.5 (0.9–3.2) 2.4 6 0.5 (1.7–3.7)

PET2

SUVmean 3.4 6 2.7 (0.9–20.8) 2.0 6 0.6 (1.0–6.3)* 2.5 6 0.7 (1.1–6.6)*
SUVmax 2.4 6 2.1 (0.6–16.2) 1.4 6 0.5 (0.6–4.8)* 1.7 6 0.5 (0.8–4.8)*

*No statistically significant difference was found between PET0 and PET2.

Values are mean 6 SD, with range in parentheses.

FIGURE 2. Kaplan–Meier estimates of

PFS according to PET2 status: based on

uptake . 125% of SUVmax in MBP (hazard
ratio, 0.641; 95% CI, 0.311–1.340) (A),

based on uptake. 125% of SUVmax in liver

(hazard ratio, 0.348; 95% CI, 0.143–0.676)

(B), based on uptake . 168% of SUVmax
in MBP (hazard ratio, 0.322; 95% CI, 0.109–

0.580) (C), and based on uptake . 140% of

SUVmax in liver (hazard ratio, 0.264; 95%
CI, 0.088–0.458) (D).
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reduction of less than 66% between PET0 and PET2 in the
most intense tumor (9). This approach dramatically reduced
false-positive interpretations and, as such, is currently used
in the PETAL study from the Essen group, Germany, to
identify candidates for chemotherapy intensification (12).
In the first 266 patients, with a median follow-up of less
than 6 mo, lymphoma relapses across all International
Prognostic Index risk groups have already occurred 3 times
more frequently in PET2-positive than in PET2-negative
patients, 23% (9/40) versus 8% (19/226), P 5 0.021 (13).
Importantly, this study will provide an external validation
of the 66% SUVmax reduction criterion.
However, to be applicable, this criterion requires a

baseline scan, which is not mandatory according to the
International Harmonization Project criteria for response
assessment of lymphoma and is, in fact, not routinely
performed in most risk-adapted trials (6). An alternative
approach investigated in the current study is to compare
residual tumor uptake with an internal reference back-
ground, such as MBP or liver. SUV semiquantification
was used to minimize subjectivity of PET2 interpretation
as previously documented (11). Background intensities
were stable between PET0 and PET2, indicating a rela-

tively low influence of treatment regimens on MBP and
liver uptake of 18F-FDG (Table 1). This finding is interest-
ing, considering the observation that chemotherapy-induced
steatosis and sinusoid obstruction affect liver imaging by
CT, ultrasound, and MRI but apparently not, at least not to
any significant extent, by 18F-FDG PET (14). In addition,
there was little variability in the SUVs of both the liver and
MBP between patients. This has been previously shown for
the liver (15) and is now also shown for the MBP.

Our data clearly demonstrate that the liver is a reference
background superior to MBP for early PET interpretation in
diffuse large B-cell lymphoma, even when using the
conservative .125% SUVmax criterion, which should per-
form similarly to visual interpretation of liver activity but
with lower interobserver variability. Indeed, it seems justi-
fied to use a higher level of reference background because,
at 2 cycles, residual “tumor” uptake likely represents a
significant component of posttherapy inflammatory changes
at this relatively early time after treatment, with or without
a minimal amount of viable tumor cells likely to be eradi-
cated with further treatment (16,17). Corticosteroids have
been shown to help reduce the contribution of inflammatory
cells to the 18F-FDG uptake and were included in our che-

TABLE 2
Outcome Prediction Using Different Reference Backgrounds for PET Interpretation at 2 Cycles of Chemotherapy

PFS (population n 5 92, events n 5 29) OS (population n 5 92, deaths n 5 21)

Parameter Se Sp PPV NPV Acc Se Sp PPV NPV Acc

MBP as reference background

.125% SUVmean 82.8 11.1 30.0 58.3 33.7 90.5 14.1 23.8 83.3 31.5

.221% SUVmean 51.7 71.4 45.5 76.3 65.2 61.9 71.8 39.4 86.4 69.6

.125% SUVmax 62.1 47.6 35.3 73.2 52.2 76.2 50.7 31.4 87.8 56.5

.168% SUVmax 51.7 79.4 53.6 78.1 70.7 57.1 77.5 42.9 85.9 72.8
Liver as reference background

.125% SUVmean 79.3 28.6 33.8 75.0 44.6 85.7 29.6 26.5 87.5 42.4

.201% SUVmean 55.2 76.2 51.6 78.7 69.6 61.9 74.6 41.9 86.9 71.7

.125% SUVmax 58.6 71.4 48.6 78.9 67.4 66.7 70.4 40.0 87.7 69.6

.140% SUVmax 58.6 79.4 56.7 80.6 72.8 66.7 77.5 46.7 88.7 75.0

Se 5 sensitivity; Sp 5 specificity; PPV 5 positive predictive value; NPV 5 negative predictive value; Acc 5 accuracy.
Data are percentages.

TABLE 3
Prediction of Chemotherapy Response (End of Induction) Using Liver-Based Early PET Interpretation

Cutoff 5 125% SUVmax Cutoff 5 140% SUVmax

Parameter PET2-negative* PET2-positive* PET2-negative† PET2-positive†

Complete response 15 4 15 4

Complete response unconfirmed 32 18 37 13
Partial response 9 4 9 4

Stable disease 0 2 0 2

Progressive disease 0 7 0 7

Not assessed (death during induction) 1 0 1 0

*x2 5 17.98, P 5 0.003.
†x2 5 21.25, P 5 0.0007.
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motherapy regimens (18). With liver uptake as the refer-
ence background (.125% SUVmax), PPV reached 48.6%
for PFS prediction, corresponding to a reduction of 15
false-positives, compared with MBP in the same setting.
The difference between MBP and liver uptake was only
0.5 units in terms of SUVmax (2.0 6 0.6 vs. 2.5 6 0.7,
respectively) but was sufficient to reduce false-positives.
Interestingly, the .125% SUVmax liver criterion resulted
in performance similar to our previously published custom
visual analysis allowing minimal residual uptake (9).
Receiver-operating-characteristic analysis has identified

optimal thresholds (e.g., .168% of MBP SUVmax,
.140% of liver SUVmax) leading to higher predictive
values and accuracies. Obviously, these figures cannot be
transposed to a visual scale of interpretation, but they
strengthen the message that liver appears a better reference
organ than MBP for early PET interpretation. Although the
positive predictive value of the .140% liver SUVmax cri-
terion remains lower than those obtained by measuring the
SUV reduction or by waiting 2 additional cycles, this crite-
rion results in a better sensitivity and slightly higher neg-
ative predictive value (9,19). With the caveats of the
somewhat different outcome measure (PFS vs. event-free
survival) evaluated using the .140% liver SUVmax crite-
rion, SUV reduction after 2 cycles and SUV reduction after
4 cycles, the difference in overall accuracy between these 3
approaches was relatively small (72.8%, 76.1%, and 77.5%,
respectively). For OS prediction, the accuracies were 75.0%,
84.8%, and 80.0%, respectively, but here again the higher
accuracy with the SUV reduction (due to higher PPV) was
at the expense of substantially lower sensitivity (66.7% for
the .140% liver SUVmax criterion vs. 52.4% and 52.9%
for SUV reduction at 2 and 4 cycles, respectively).
The concept of minimal residual uptake has been used

in many studies, but its definition varies. For Mikhaeel
et al., minimal residual uptake was defined as a focus of low-
grade uptake in an area of previously noted disease, likely to
represent inflammation but for which small-volume malig-
nancy could not be excluded (20). Therefore, minimal resid-
ual uptake was a “gray zone” with intermediate prognosis,
such as the “complete remission unconfirmed” category of
conventional assessment (10). The definition of minimal
residual uptake was more stringent in Hodgkin lymphoma:
for Gallamini et al., the definition was uptake equal to or
slightly higher than the MBP, with an SUV between 2.0 and
3.5 (3). In this case, minimal residual uptake was considered
a negative finding. Finally, an international consensus for
early PET evaluation has recently been reached favoring
the use of the London criteria, which emphasize comparison
of residual uptake with liver uptake (21). The London criteria
are currently being validated and have already shown mod-
erate to fair interobserver agreement (22,23).

CONCLUSION

For assessment of early response, particularly in risk-
adapted therapeutic trials, it seems preferable to refer to a

background with a higher level of uptake (the liver) than
that of the current international criteria (the MBP), which
were designed for end-of-treatment evaluation. This ap-
proach warrants further validation in larger clinical trials.
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