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Why harmonization is needed when using FDG PET/CT
as a prognosticator: demonstration with EARL-compliant SUV
as an independent prognostic factor in lung cancer
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Abstract
Background To determine EARL-compliant prognostic SUV thresholds in a mature cohort of patients with locally advanced
NSCLC, and to demonstrate how detrimental it is to use a threshold determined on an older-generation PETsystem with a newer
PET/CT machine, and vice versa, or to use such a threshold with non-harmonized multicentre pooled data.
Materials and methods This was a single-centre retrospective study including 139 consecutive stage IIIA-IIIB patients. PET data
were acquired as per the EANM guidelines and reconstructed with unfiltered point spread function (PSF) reconstruction.
Subsequently, a 6.3 mm Gaussian filter was applied using the EQ.PET (Siemens Healthineers) methodology to meet the
EANM/EARL harmonizing standards (PSFEARL). A multicentre study including non-EARL-compliant systems was simulated
by randomly creating four groups of patients whose images were reconstructed with unfiltered PSF and PSF with Gaussian post-
filtering of 3, 5, and 10 mm. Identification of optimal SUV thresholds was based on a two-fold cross-validation process that
partitioned the overall sample into learning and validation subsamples. Proportional Cox hazards models were used to estimate
age-adjusted and multivariable-adjusted hazard ratios (HRs) and their 95% confidence intervals. Kaplan–Meier curves were
compared using the log rank test.
Results Median follow-up was 28 months (1–104 months). For the whole population, the estimated overall survival rate at
36 months was 0.39 [0.31–0.47]. The optimal SUVmax cutoff value was 25.43 (95% CI: 23.41–26.31) and 8.47 (95% CI: 7.23–
9.31) for the PSF and for the EARL-compliant dataset respectively. These SUVmax cutoff values were both significantly and
independently associated with lung cancer mortality; HRs were 1.73 (1.05–2.84) and 1.92 (1.16–3.19) for the PSF and the
EARL-compliant dataset respectively. When (i) applying the optimal PSF SUVmax cutoff on an EARL-compliant dataset and the
optimal EARL SUVmax cutoff on a PSF dataset or (ii) applying the optimal EARL compliant SUVmax cutoff to a simulated
multicentre dataset, the tumour SUVmax was no longer significantly associated with lung cancer mortality.
Conclusion The present study provides the PET community with an EARL-compliant SUVmax as an independent prognosticator
for advanced NSCLC that should be confirmed in a larger cohort, ideally at other EARL accredited centres, and highlights the
need to harmonize PET quantitative metrics when using them for risk stratification of patients.
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Introduction

Lung cancer is the leading cause of cancer-related deaths
worldwide. The clinical management of lung cancer may
combine chemotherapy, molecular-targeted therapy, radio-
therapy and surgery used alone or in combination. The choice
of the treatments and their sequence depends on accurate stag-
ing, particularly in terms of the nodal status in the thorax and
the presence of distant metastases. In that setting, 18F-
fluorodeoxyglucose positron emission tomography/
computed tomography (FDG PET/CT) has become a standard
tool for initial staging [1]. In addition to its role in staging,
FDG PET/CT is increasingly used for radiotherapy planning
[2], therapeutic monitoring [3] and as a prognosticator [4].
The last of these roles of FDG PET/CT relies on the use of a
standardized uptake value (SUV) metric, such as SUVmax, for
risk stratification of patients, i.e., to predict the overall survival
(OS) in lung cancer patients.

In recent years, several studies have demonstrated the value
of SUV as a prognostic factor in patients with non-small-cell
lung cancer (NSCLC). However, the SUV thresholds for risk
stratification of patients were determined before new algo-
rithms, such as point spread function (PSF) modelling, were
released. PSF, which is available from the major PET vendors,
has been shown to improve the diagnostic performance of
FDG PET/CT in various cancers. This algorithm also signifi-
cantly increases the SUV metrics compared with standard
algorithms such as ordered subset maximization and expecta-
tion (OSEM) reconstruction. As a consequence, optimal
thresholds determined on older generation PET/CT systems
cannot be applied to centres using newer systems equipped
with PSF, and vice versa. Moreover, the heterogeneity in the
quantitative capability that exists between PET systems
equipped with conventional reconstruction algorithms and
those with advanced algorithms is worsened by the fact that
even centres using similar equipment tend to use different
reconstruction parameters, which affects SUV metrics [5].

For those reasons, harmonization programmes, such as the
EANM/EARL accreditation programme, have been developed
to facilitate the use of quantitative PET parameters in
multicentre trials or at sites equipped with several PETsystems
[5, 6]. Briefly, these harmonizing standards are based on the
accurate calibration of PET systems, compliance to guidelines
for PET imaging and the use of a reconstruction with a filter
chosen so that quantitative metrics extracted from PET images
are comparable between all accredited centres. Most of the
EARL-accredited centres tend to use two reconstructions:
one optimized for diagnostic purposes and one used for quan-
titative purposes, meeting harmonizing standards [5]. More

recently, a software solution has been released that allows the
interpretation of PET images optimized for diagnostics while
providing harmonized SUVs without the need for a second
reconstruction [7, 8]. In addition to beingmore convenient than
the use of two reconstructions, this software retrospectively
allows analyses of data acquired and stored before the era of
harmonization programmes, providing the opportunity to pro-
duce mature series of EARL-compliant PET data, if other
sources of variability in SUV measurements are controlled.

The aim of the present study was to provide the PET com-
munity with an EARL-compliant prognostic SUV threshold for
locally advanced NSCLC. The second aim was to demonstrate
how it is detrimental to use a threshold determined on an older-
generation PET system with a newer PET/CT machine, and
vice versa. Also investigated was the application of an
EARL-compliant threshold to multicentre pooled data from
various PET reconstruction algorithms and parameters, includ-
ing systems not meeting the EARL-harmonizing standards.

Materials and methods

Patients’ selection

A crosswise analysis between the database from our picture ar-
chiving and communications system and that of the Regional
Cancer Registry was performed to identify all biopsy-proven
non-small-cell lung cancer patients who were referred to our
regional comprehensive cancer centre between June 2008 and
June 2014 and presented at the thoracic multidisciplinary meet-
ing. We selected patients with stage IIIA and IIIB NSCLC as
determined by the multidisciplinary tumour board. Patients who
did not have a baseline PETscan as part of their diagnostic work-
up, who were referred for recurrence of disease, and who had a
known history of other malignancies were excluded (Fig. 1).

To have a minimum setback of 36months for each patient, we
decided to end the observational period on June 1st, 2017. French
regulations do not mandate ethical committee approval for obser-
vational studies without any additional therapies or monitoring
procedures. Nevertheless, we sought approval for the collection
of data for our study at the National Commission on Informatics
and Liberty (CNIL), with the registration n° 2,084,596 v 0.

Calibration and cross-calibration of the PET/CT system

The calibration of the PET system was performed daily with a
68Ge cylinder with a known radioactive concentration. A cross-
calibration procedure was performed every 3 months during the
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present study, as per the EANMguidelines [9]. The range of the
cross-calibration factors was between 0.985 and 1.01.

FDG PET/CT acquisition

PET examinations were performed as per the EANM guide-
lines for PET tumour imaging. Patients were fasted for at least
6 h before intravenous injection of 18F-FDG. All PET studies
were tentatively performed after 60 ± 5 min rest in a warm
room on a Biograph TrueV system (Siemens Healthineers)
with a 6-slice spiral CT component.

First, a free-breathing CTacquisition was performed, using
the following parameters: 60 mAs, 130 kVp, pitch 1, and 6 ×
2 mm collimation. Then, a PET emission acquisition was per-
formed with time per bed acquisitions of 160 s and 220 s for
normal weight (BMI ≤ 25 kg/m2) and overweight patients
(BMI > 25 kg/m2) respectively. Patients were scanned from
the skull base to the mid-thighs.

Raw data were reconstructed with a point spread function
(PSF) reconstruction algorithm (HD; TrueX, Siemens
Healthineers), with three iterations and 21 subsets and no filter-
ing. The matrix size was 168 × 168 voxels, resulting in voxels of
4.07 × 4.07 × 4.07 mm. Scatter and CT attenuation corrections
were applied based on the CT scan.

PET analysis

PETanalysiswas performed on Syngo.via software equippedwith
the EQ.PETsoftware (SiemensHealthineers). For each study, both
PSF and PSFEARL SUVmax values were extracted from the

primary tumour, using a 41% isocontour method as per the
EANMguidelines, excluding all nodal foci adjacent to the tumour.

SUVmax ¼
maximum mesured activity

�
Bq�

cc

� � body weight gð Þ

injected dose Bqð Þ

with the assumption that the density of the human body is 1 g/cc.
EARL quantitative values were recorded after the application

of a Gaussian filter meeting the EARL requirements. The
EQ.PET filter was calculated from NEMA NU2 phantom data
from a PSF reconstruction, as described in detail elsewhere.
Briefly, the recovery coefficients (RCs, defined as the ratio be-
tween the measured and true activity concentration for each
sphere) of a National Electrical Manufacturers Association NU2
phantom scanned per the EANM guidelines were aligned to the
EANM reference RCs by applying a Gaussian filter. As per the
last recommendation from the EARL team for our centre, which
has been accredited since 2015, the filter was 6.3 mm (Fig. 2).

Statistical analysis

Data are expressed as percentages (%) or means with standard
deviations (± SD) or ranges when necessary. A Wilcoxon
matched-pairs signed-rank test was used to compare the
EARL-compliant and the PSF SUVmax values. Overall surviv-
al was defined as the time from the baseline PETscan to death
of any cause or the end of the study, whichever came first.

We used a validated method to determine cutoffs described
hereafter [10]. Potential cutoffs for each SUV measure were
selected as described by Mazumdar et al. [11]. All possible
values of the SUVmeasure were selected. Briefly, for each value
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ø of the SUV scale the shortest time at which > 90% of the
patients had died (T[ø]) was determined. Then, based of the
ø / T[ø] curve, the relevant cutoffs were selected while avoiding
very similar cutoffs ± 0.01. They corresponded to the constant
proportion of the curve ø / T[ø].

The study sample was separated into training and validation
datasets following Faraggi and Simon’s method [12]. This two-
fold cross-validationmethod consists of dividing the overall sam-
ple into learning and validation subsamples. An optimal cutoff is
determined for each group using the minimum p value approach
(the value associated with the maximal log-rank statistic or,
equivalently, the minimum p value), and each patient was clas-
sified according to the cutoff of the subsample to which he/she
did not belong. The final cutoff was the value (among all possible
cutoffs) that minimized the p value in the overall sample, using a
stratified log-rank test with subsample as the stratum. We evalu-
ated the stability of the cutoffs using 500 bootstrap replications.
Then the log–hazard ratio and its 95% CI were computed using
themethod described byHöllander et al. [13]. The final PSFEARL
and PSF SUVmax cutoff values were then used in Cox propor-
tional hazard regression models. Cox proportional hazards
models with age as the underlying time scale were used to esti-
mate age-adjusted and multivariable-adjusted hazard ratios
(HRs) and 95% confidence intervals (CIs) for the associations
between lung cancer mortality and different measures of SUV
metrics. Covariates that changed the HR estimate by > 5% were
included: age (continuous), gender, and histological subtype. We
found that the criteria for the proportional hazards assumption
were met using Schoenfeld residuals. Survival curves were con-
structed using the Kaplan–Meier method.

We additionally conducted two sensitivity analyses: (i) we
switched the PSFEARL and PSF cutoff values and estimated their
association with LC mortality using similar multivariable Cox
regressions, and (ii) we created a virtual random multicentre
study in which reconstruction was performed using different
methods. To this end, we randomly generated four groups of
patients (n1 = 34, n2 = 35, n3 = 35 and n4 = 35) whose images
were reconstructed with a PSF reconstruction algorithm with
no filtering and a Gaussian post-filtering of 3 mm, 5 mm, and

10 mm respectively (Fig. 2). We also applied the previous opti-
mal EARL and PSF cutoff values to this dataset.

We performed the analyses using Stata 15 (Stata Corp,
College Station, TX, USA) and considered two-sided p values
< 0.05 as statistically significant.

Results

Population characteristics

We identified a database of 497 patients among which 358
were excluded because of the presence of a second cancer,
the absence of a baseline PET examination, or because they
were presented due to recurrence (Fig. 1). The characteristics
of the 139 included patients are summarized in Table 1. With a
median follow-up of 28 months (1–104 months), 110 patients
(79.1%) died. In the whole population, the estimated OS rate
at 36 months was 0.39 (0.31–0.47).

The technical characteristics of the PETexaminations were as
follows: the injected dose was 4.06 ± 0.48 MBq/kg; the blood

Fig. 2 Recovery coefficients
based on maximum pixel values
in a NEMA NU2 phantom
scanned as per the EANM/EARM
accreditation program. Unfiltered
PSF reconstruction is used for
diagnostic purposes, and PSF
with a 6.3 Gaussian filter is used
for EARL-compliant quantitation.
Other kernels (3, 5, and 10 mm)
have been used to simulate a
multicentre study by randomly
assigning these filters to four
groups of patients

Table 1 Patients characteristics and corresponding univariable
proportional HRs and 95% CIs for their associations with lung cancer
mortality

Characteristics Total population
(n = 139)

Univariable HR
(95% CI)

Age (years), median
(range)

63.0 (57.5–69.0) 1.00 (0.98–1.02)

Gender, n (%)

Females 35 (25.2) 1.00

Males 104 (74.8) 1.32 (0.84–2.06)

Histology, n (%)

Adenocarcinoma 65 (46.8) 1.00

Squamous cell
carcinoma

59 (42.4) 1.21 (0.82–1.79)

Others 15 (10.8) 0.80 (0.41–1.59)
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glucose level at the time of injectionwas 5.67 ± 1.38mmol/l; and
the delay between injection and acquisition was 64.3 ± 6.9 min.

Cutoffs definition

Results of optimal cut points are summarized in Supplemental
Table 1.

For the PSF, the most frequently selected cutoff across 500
bootstrap replications (436 of 500) was 25.43 (95% CI:
23.41–26.31). The learning and validation subsamples found
identical cutoffs 348 times and 341 times out of 500 bootstrap
replications for PSF and EARL respectively. We repeated the
process for the EARL-compliant PET and found the corre-
sponding numbers (408 of 500) with the most frequently se-
lected cutoffs 8.47 (7.23–9.31).

Quantitative analysis of SUVmaxwith EARL-compliant
cutoff values

The mean [± SD, (range)] tumour SUVmax values were 18.07
[±8.04, (3.50–45.31)] and 13.54 [±6.55, (2.63–32.55)] for the
PSF and EARL-compliant PET datasets, respectively
(p < 0.0001). In the univariable proportional hazards (Cox)
regression, using the optimal PSF SUVmax cutoff value on
the PSF dataset and the optimal EARL SUVmax cutoff on
the EARL-compliant dataset, these SUVmax cutoff values
were both significantly associated with an increase in the haz-
ard of death (Table 2). Kaplan–Meier survival analyses
showed that patients with a tumour SUVmax > 25.43 on PSF
images or > 8.47 on EARL-compliant images had significant-
ly poorer OS (p = 0.03 and p < 0.01, respectively, Fig. 3a). The
mean survival times of patients with an SUVmax > 25.43 on
PSF images and > 8.47 on EARL-compliant images were
23.4 months and 15.9 months respectively, compared with
the mean survival time of 32.4 months for the overall popula-
tion. In the univariable analysis, histology, age and gender
were not found to be associated with lung cancer mortality

(Table 1); however, a multivariable analysis was also conduct-
ed and is displayed in Supplemental Table 2.

Quantitative analysis of SUVmax when switching
cutoff values

In the univariable proportional hazards (Cox) regression, when
switching the optimal SUVmax cutoff values between the two
sets of quantitative data, i.e., applying the optimal PSF SUVmax

cutoff to the EARL-compliant dataset and applying the optimal
EARL SUVmax cutoff to the PSF dataset, the SUVmax cutoff
values were no longer significantly associated with an increase
in the hazard of death (Table 2). As expected and shown in Fig.
3b, Kaplan–Meier survival analyses did not demonstrate a sig-
nificant worse overall survival in patients with a tumour
SUVmax > 8.47 on PSF images or > 25.43 on EARL-compliant
images (p = 0.10 and 0.43, respectively).

Quantitative analysis of SUVmax in a simulated
multicentre dataset

As shown in Fig. 2, the application of a Gaussian filtering with
various kernels led to recovery coefficients curves within the
EARM/EARL bandwidth in one case and outside the EARM/
EARL bandwidth in three cases.

When applying the optimal EARL SUVmax cutoff to the
simulated multicentre dataset, no association was found be-
tween a tumour SUVmax > 8.47 and lung cancer mortality in
the univariable proportional hazards (Cox) regression.
Moreover, there was no significant difference in the overall
survival of patients with a tumour SUVmax value ≤ 8.47 or >
8.47 in the Kaplan–Meier analysis (p = 0.25, Fig. 3c).

Discussion

Harmonization programmes, such as the EANM/EARL pro-
gramme and the Quantitative Imaging Biomarker Alliance
(QIBA/UPICT) [14, 15], have been set up to allow the compar-
ison of SUV metrics across different centres, especially in
multicentre studies [5, 6, 15]. These programmes are also useful
in the context of departments that are running several different
PETsystems. Our group and other contributors have demonstrat-
ed that harmonization is necessary for therapeutic monitoring
[16, 17]. The present study focused on another use of PET/CT:
using SUV metrics as prognosticators for tailored treatment in
patients with a higher risk of relapse or death who might benefit
from more active surveillance and second line treatments.

Thus far, several retrospective and prospective studies have
reported very different cutoff values depending on the PET
system used and the reconstruction settings considered. We
found cutoff values of 8.47 for the EARL-compliant dataset
and 25.43 for unfiltered PSF images (percentage difference =

Table 2 Univariable proportional HRs and 95% CIs of the association
between SUVmax cutoff values and lung cancer mortality

Univariable proportional hazards (Cox) regression analyses

Variables Hazard ratio 95% CI for HR

EARL dataset

EARL cutoff value > 8.47 1.64 1.04–2.62

PSF cutoff value > 25.43 1.35 0.65–2.75

PSF dataset

EARL cutoff value > 8.47 1.75 0.89–3.47

PSF cutoff value > 25.43 1.87 1.16–3.03

Simulated multicentre dataset

EARL cutoff value > 8.47 1.32 0.82–2.10
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Fig. 3 Prognostic value of tumour SUVmax. Overall survival Kaplan–
Meier curves according to different scenarios. a Use of the optimal
PSF and EARL SUVmax cutoff values on their respective datasets. b

Use of the PSF and EARL SUVmax cutoff values switched across
datasets. c Use of the PSF and EARL SUVmax cutoff values on a
simulated multicentre dataset
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66.7). In NSCLC, all stages considered, many other SUVmax

cutoff values have been described, ranging from 5 to 20 [18].
Our study found that these cutoff values that were determined
for a given PET system using a specific reconstruction type
could not be extrapolated to other PETcentres, in both routine
clinical and multicentre studies. It is noteworthy that the dif-
ferent SUV thresholds published for NSCLC patients may
also be due to different repartitioning of histological subtypes
(adenocarcinoma versus squamous cell carcinoma) and EGFR
mutational status in American, European, and Asian cohorts
of patients, as these parameters have been shown to influence
SUVmax [19–21] and are known to depend on ethnicity.

It should be noted that the present study evaluated the
worst-case scenario by comparing PSF reconstructions with
no post-filtering to their EARL-compliant counterparts.
Therefore, one could expect that the observed SUVmax vari-
ations would have been less important if post-filtering with a
small kernel (2 or 3 mm) had been applied, which is what
many centres tend to do [8].

Our study highlights the fact that that standardization of quan-
titative data is needed for multicentre studies mixing SUVs ex-
tracted from different PETsystemswhen risk-stratifying patients.
From a clinical perspective, this appears to be necessary for
assessing pre-therapeutic tumour metabolic characteristics as a
supplemental tool in the patient management process. The ongo-
ing improvements in imaging standardization procedures such as
the EANM/EARL programme [5, 6] have paved the way to
standardizing SUV cutoff values. Determining SUV threshold
values with harmonized quantitative data offers the opportunity
to provide prognostic indices that can be extrapolated on a large
scale across all accredited centres. One should also keep in mind
that in addition to these reconstruction considerations, all the
other physical and biological sources of SUV variability [22]
must be adequately controlled. Thus, in the present study,
cross-calibration between the PET system and the gamma coun-
ter used to prepare doses was performed regularly, and the
injected activity per kg of body weight as well as the post-
injection times were remarkably stable among patients and met
the EANM guidelines for PET tumour imaging [9, 23].This
could be considered as a strength but also as a weakness of our
study, compared to a real multicentre study such as the recent one
by Kaalep et al. [24] where cross calibration factors ranged from
0.88 to 1.12. A correction was proposed to account for system
calibration bias in order to be able to compare the various recon-
struction modes’ impact on RCs and not to be affected by inter-
scanner calibration errors. For this purpose, a correction factor,
defined as the ratio between expected and measured activity
concentration in the corresponding uniform background com-
partment, was applied to all RCs.

A limitation of this study was that the metabolic tumour
volumes (MATV) could not be evaluated in the same way that
we studied the impact of reconstruction parameters on SUV
because the EQ.PET technology did not provide EARL-

compliant metabolic volumes. Baseline MATV are being in-
creasingly used; they have been shown to be predictive of OS
in NSCLC patients [25, 26], and are sensitive to reconstruction
parameters [27]. Even if the determination of the optimal cut-
offs involved advanced statistical tools, they need to be validat-
ed in other prospective and bigger samples. Nevertheless, as
cutoffs for all PET datasets were determined using the same
methodology, this does not impact the conclusions of a detri-
mental effect of using a threshold determined on an older-
generation PET system with a newer PET/CT machine, and
vice versa; thus, as a consequence, the need for harmonization.

As a perspective, it should be noted that though a large
number of the EARL-accredited centres do not have PSF or
PSF and time-of-flight capabilities, this situation is expected
to change over the next several years. A recent study evaluat-
ing recent systems with these reconstruction capabilities or
Bayesian penalized-likelihood reconstruction [24] reported a
potential upgrade of the EARL specifications. As shown in
Supplemental Fig. 1, our unfiltered PSF reconstruction would
not fulfil the requirements of this upgrade, but PSF using a
post-filtering Gaussian filter with a 3 mm kernel would. The
threshold extracted from PSF-filtered data with a 3 mm
Gaussian filter and its prognostic capability are shown in
Supplemental Fig. 2; this threshold can be used by EARL-
accredited centres using advanced reconstruction algorithms
when this upgraded EARL specification is released.

Conclusion

The present study including a mature cohort of 139 consecu-
tive patients who presented with stages IIIA and IIIB NSCLC
provides the PET community with an EARL-compliant
SUVmax as an independent prognosticator, and demonstrates
the need to harmonize PET protocols with harmonizing stan-
dards, such as the EANM/EARL programme, whenever SUV
metrics are used as prognosticators.
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