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Simple Summary: In a retrospective study of patients with advanced or metastatic melanoma treated
with first-line immune checkpoint inhibitors, we investigated the value of metabolic criteria, PERCIST
5 (criteria used for conventional chemotherapy), and imPERCIST5 (criteria adapted for immunother-
apy therapeutic evaluation). Responding patients according to both criteria had better overall survival
than that of not-responding patients, with a 2 years OS of 91% versus 39%, respectively. Combining
different approaches to assess response could help improve the confidence in the test aiming at
evaluating the response to immunotherapy.

Abstract: Background: Immune checkpoint inhibitors (ICI) are currently the first-line treatment for
patients with metastatic melanoma. We investigated the value of positron emission tomography
(PET) response criteria to assess the therapeutic response to first-line ICI in this clinical context and
explore the potential contribution of total tumor metabolic volume (TMTV) analysis. Methods: We
conducted a retrospective study in patients treated with first-line ICI for advanced or metastatic
melanoma, with 18F-FDG PET/CT performed at baseline and 3 months after starting treatment.
Patients’ metabolic response was classified according to PERCIST5 and imPERCIST 5 criteria. TMTV
was recorded for each examination. Results: Twenty-nine patients were included. The median overall
survival (OS) was 51.2 months (IQR 13.6—not reached), and the OS rate at 2 years was 58.6%. Patients
classified as responders (complete and partial response) had a 90.9% 2-year OS rate versus 38.9% for
non-responders (stable disease and progressive disease) (p = 0.03), for PERCIST5 and imPERCIST
5 criteria. The median change in metabolic volume was 9.8% (IQR −59–+140%). No significant
correlation between OS and changes in TMTV was found. Conclusion: The evaluation of response
to immunotherapy using metabolic imaging with PERCIST5 and imPERCIST5 was significantly
associated with OS in patients with advanced or metastatic melanoma.

Keywords: FDG PET; melanoma; immunotherapy; therapeutic response; immune checkpoint
inhibitors

1. Introduction

Melanoma is a rare skin cancer (5% of all skin cancers) but accounts for most of its
lethality [1]. Moreover, the incidence of melanoma throughout the world has been in-
creasing for the last 50 years [2]. Until a decade ago, advanced or metastatic melanoma

Cancers 2022, 14, 3190. https://doi.org/10.3390/cancers14133190 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14133190
https://doi.org/10.3390/cancers14133190
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-4557-3377
https://doi.org/10.3390/cancers14133190
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14133190?type=check_update&version=1


Cancers 2022, 14, 3190 2 of 14

resulted in a poor prognosis [3]. The emergence of new therapies such as immune check-
point inhibitors (ICI), represented by anti-PD1 and anti-CTLA4, have improved the overall
survival (OS) and progression-free survival (PFS) of patients with advanced and metastatic
melanoma and are now validated for their therapeutic management [4–6]. However, not
all patients will benefit from this approach, with an overall response rate of about 40%
for anti-PD1 monotherapy and long-term survival of about 35% [6,7]. The combination of
nivolumab and ipilimumab improves the overall response rate to over 50%, with a trend
for better OS (more than 52% of OS at 5 years with the nivolumab/ipilimumab combination
versus 44% for nivolumab as monotherapy), at the cost of increased toxicities [4]. Moreover,
based on their mechanism of action, the efficacy of these ICI may be delayed and result in
a late clinical response or even in a transitory increase in tumor volume [8,9]. FDG PET
has largely been used for staging advanced melanoma and restaging at relapse [10,11]
with good diagnostic accuracy, leading to its use for therapeutic evaluation in patients
receiving systemic therapy, especially ICI [12]. In addition to what has been proposed for
the morphological evaluation of response to ICI, with immune-related response criteria [8],
some new PET criteria have been proposed to improve the prediction of response to ICI,
including the immunotherapy-modified Positron Emission Tomography Response Criteria
in Solid Tumors (imPERCIST) [13–17]. These new criteria share the common feature that
the progression classification requires more than the appearance of new lesions, contrary to
the conventional PERCIST score [18]. However, their clinical utility remains controversial,
and to the best of our knowledge, only one study applied the imPERCIST5 criteria to a
series of patients treated with ipilimumab, and none in patients on first-line antiPD1 (or anti
PD1/anti CTLA4 combination) for advanced/metastatic melanoma [16]. Moreover, FDG
PET-derived metabolic volume seems to be a highly promising approach as a prognostic
factor on baseline FDG PET, as well as in the follow-up FDG PET examinations [19–24].
We investigated whether these two PET/CT criteria (PERCIST5 and imPERCIST5) had
prognostic value in patients receiving first-line ICI for advanced or metastatic melanoma.
We also investigated the potential contribution of total metabolic tumor volume (TMTV)
change for therapeutic evaluation and prognosis.

2. Materials and Methods
2.1. Patients

We conducted a retrospective monocentric study on patients from Melbase, a national
prospective clinical cohort (NCT02828202) at St. Louis Hospital (Paris, France). Inclusion
criteria were patients with unresectable stage III or stage IV melanoma, aged over 18 years,
treated with first-line ICI (nivolumab, pembrolizumab or nivolumab + ipilimumab combi-
nation), who performed a PET/CT maximum two months prior to treatment, and PET/CT
two to four months after initiating ICI, on the same PET/CT device. Exclusion criteria
were patients who did not have target lesions on initial PET/CT, patients with only brain
metastasis and patients with another progressive solid neoplasia or blood cancer. Main
data regarding patients’ demographics and outcomes, disease characteristics and treatment
details were collected.

All patients had given informed consent, and the study was approved by the regional
ethics committee (n◦ 12,027, 2012).

2.2. 18F-FDG PET/CT Protocol

All patients performed their exams on a Biograph mCT Flow 64-4R PET/CT system
(Siemens Healthcare, Erlangen, Germany) of the Nuclear Medicine Department of the Saint-
Louis University Hospital. Patients fasted for at least 6 h before the 18F-FDG injection. If
the plasma glucose level was below 11 mmol/L, patients received an intravenous injection
of 3 MBq/kg of Fluorine-18 (18F) fluorodeoxyglucose (FDG). After the injection, patients
had a resting period of 60 +/−10 min before image acquisition. All PET/CT acquisitions
were performed from the vertex to the toes without an injection of iodine contrast material.
Each examination started with a CT scan for correction of attenuation and anatomical
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localization, immediately followed by PET acquisition. PET images were reconstructed
(Matrix: 200 × 200, Voxel: 4 × 4 × 3 mm3) with mCT software using OP-OSEM (Ordinary
Poisson Ordered Subset Expectation Maximization) and TOF and PSF corrections. Images
were post-smoothed with a 4 mm-FWHM Gaussian kernel.

2.3. Image Analysis

Two experienced nuclear medicine physicians (AR and LV) interpreted the images
independently and blinded to clinical data, followed by a consensus for discordant results.
Syngovia (Siemens) and Fiji software were used for image analysis. For every patient, the
SULpeak of each target lesion and the TMTV were recorded. SUL is an estimate of the
rate of glucose metabolism normalized by lean mass. The investigators placed a sphere
corresponding to the volume of interest (VOI) around the target lesion. In this VOI, the
software searched for the 1.0 cm3 sphere that included the voxels with the highest mean
SUL: this SUL was reported as SULpeak. The percentage of change in the sum of lesions
SULpeak between the baseline and follow-up examinations was calculated and defined
as ∆SULpeak:

∆SULpeak =
(
∑ SULpeak follow up PET − ∑ SULpeak baseline TEP

)
/
(
∑ SULpeak baseline

)
× 100.

The investigators then classified patients into one of four categories: complete metabolic
response (CR), partial metabolic response (PR), stable metabolic disease (SD), or progressive
metabolic disease (PD) according to the PERCIST 5 and imPERCIST 5 criteria as follows:

- PERCIST5 criteria (PET Response Criteria in Solid Tumors): nuclear physicians mea-
sured SULpeak on up to 5 metastatic lesions and no more than 2 per organ. The lesions
could be different on baseline and follow-up PET/CT. The target lesions had to have
a SULpeak greater than the reference threshold defined as follows: on the healthy
liver: reference threshold = 1.5* SULmean liver +2* σSULliver; on the metastatic liver:
reference threshold = 2* SULmean mediastinum +2* σSULmediastinum. CR was
defined as complete resolution of 18F-FDG within measurable target lesion so that it
is less than mean liver activity and indistinguishable from surrounding background
blood-pool levels. PR was defined as a decrease of more than 30% in the sum of
SULpeak. PD was defined as an increase of more than 30% in the sum of SULpeak or
the appearance of new lesions. Finally, SD applies to patients who do not fit into the
definitions of CR, PR or PD.

- imPERCIST5 criteria (modified PERCIST criteria for immunotherapy): the analysis
of the 5 lesions was performed similarly to PERCIST5, with the difference that the
appearance of a new lesion did not lead automatically to PD. Thus, the SULpeak of
the new lesion(s) had to be included in the sum of the SULpeak of the 5 hottest tumor
lesions, and PD was only defined by an increase of more than 30% in the sum of the
SULpeak. New lesion(s) were included in the sum of total SULpeak if they had a
SULpeak greater than pre-existing target lesions or if less than 5 target lesions were
detected at baseline.

In addition, TMTV, expressed in mL, was determined for each patient. TMTV was
measured using the 41% SUVmax threshold method. These measurements were obtained
using the Fiji software by semi-automatic contouring. The investigators had to ensure that
each semi-automatically contoured lesion corresponded to a tumor lesion, and the volume
could be manually delineated if necessary.

2.4. Statistical Analysis

The results are given as median with their interquartile range. Concordance between
the imPERCIST5 and PERCIST5 criteria was evaluated using Cohen’s kappa test. PFS and
OS curves were obtained using the Kaplan–Meier method. PFS was defined as the time
from treatment initiation until progression or death (from any cause). OS was defined as the
time from treatment initiation until death (from any cause). For the OS and PFS analysis, the
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data were dichotomized into responder patients (CR and PR) and non-responder patients
(SD and PD). The log-rank test was used to evaluate the differences between the Kaplan–
Meier curves for each evaluation method. The Younden Index method for determining the
metabolic volume variation cut-off (∆T-MTV) was applied to discriminate patients into
two groups. A p value of 0.05 or less was considered significant.

3. Results
3.1. Patient Characteristics

Between January 2015 and May 2019, 29 patients were included in the study (Figure 1).
Fifteen patients were on first-line treatment with pembrolizumab, nine with nivolumab and
five with nivolumab + ipilimumab combination. Patient characteristics are summarized in
Table 1. The median age at treatment initiation was 64 years (IQR 56–79). Eight patients
(27%) had a high LDH level, and 24% had a BRAF-mutated melanoma. Two patients had
brain metastasis before the onset of treatment.
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Figure 1. Flow chart.

Table 1. Patient characteristics at ICI induction (WT for Wildtype; M for Mutated; NA for Missing Data).

Patient Characteristics Patients nb (Total = 29)

Gender
Female 14 (48%)
Male 15 (52%)

Type of treatment
pembrolizumab 15 (52%)

nivolumab 9 (31%)
nivolumab + ipilimumab 5 (17%)

Breslow (mm)
≤1 4

1, 1–4 9
>4 13

Missing data 3
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Table 1. Cont.

Patient Characteristics Patients nb (Total = 29)

Mutation status
BRAF WT/M/NA 22/7/0
NRAS WT/M/NA 19/9/1
Ckit WT/M/NA 10/2/17

ECOG
0 17
1 10
2 2

LDH level
normal 19

high 8
Missing data 2

Type of primary melanoma
cutaneous
mucosal

23
4

unknown 2

3.2. PET/CT Acquisitions

The baseline PET/CT was performed at a median of 3 weeks before treatment initiation
(IQR 1.3–3.7), and the follow-up PET/CT was performed at a median of 12.8 weeks after
starting ICI (IQR 11.6–13.9). Image acquisition was completed on average 65 +/− 7 min
after radiotracer injection. For three patients, target lesions at baseline had a SULpeak
below the PERCIST5 reference threshold but were clearly distinct from the surrounding
background and were retained for analysis. These lesions were all sub-centimetric and
corresponded to skin nodules, lung nodules and para-rectal adenopathy.

3.3. Baseline PET/CT

On baseline PET/CT, 68 target lesions were analyzed for all patients, with a median
of 2 target lesions per patient (IQR 1–3). The median sum of SULpeak per patient was 8.4
(IQR 4.8–16.7). The median TMTV was 5.6 mL (IQR 2–27).

3.4. Metabolic Response at 3 Months

On the follow-up PET/CT, 62 target lesions were analyzed, with a median sum
of SULpeak of 6.8 (IQR 1.9–14.8). Individual patients’ ∆SULpeak values are shown in
Figure 2. Eleven patients (37.9%) were classified as responders according to PERCIST5 and
imPERCIST5 criteria (3 CR and 8 PR, Supplementary Figure S1). Eighteen (62.1%) were
classified as non-responders (14 PD and 4SD according to PERCIST 5 criteria versus
8 PD and 10 SD according to imPERCIST 5, Supplementary Figure S2) (Table 2). Overall,
14 patients (48.3%) were classified as progressive according to PERCIST5 criteria versus 8
(28%) according to imPERCIST5 criteria (Figure 2).

The median follow-up TMTV was 8.6 mL (IQR 1.4–22.4). The median change in TMTV
between the two PET/CT (∆TMTV) was thus +9.8% (IQR −59–+140%). The ∆TMTV for
each patient is shown in Figure 3.

The median ∆TMTV in non-responders was +117% (IQR +48%–+290%); the median
∆TMTV in responders was −88% (IQR −39%–−93%). Patients classified as non-responders
(PD and SD) according to PERCIST 5 or imPERCIST5 criteria had increased ∆TMTV, except
for two patients classified as SD for whom ∆TMTV had decreased by 50%.
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Figure 2. Waterfall plot of changes in SULpeak for PERCIST5 (A), imPERCIST5 (B) and according to
the appearance of new lesions (C).
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Table 2. Correlation between PERCIST5 and imPERCIST5 criteria (PD: for progression disease, PR:
for partial response, CR: for complete response and SD: for stable disease). k = 0.718.

imPERCIST 5

PERCIST 5 CR (n) PR (n) SD (n) PD (n) Total (n)

CR 3 0 0 0 3
PR 0 8 0 0 8
SD 0 0 4 0 4
PD 0 0 6 8 14

Total 3 8 10 8 29
Cancers 2022, 14, x  8 of 15 
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3.5. Survival Study

The median follow-up was 47.18 months. At the time of data analysis, 15 patients had
died, and one patient was lost to follow-up (34 months after ICI treatment). Among them,
12 patients died of progressive disease, 1 of stroke (9 months after treatment initiation,
classified as CR), 1 by accidental death (4.8 months after treatment initiation, classified
as SD) and 1 for unknown cause (30.8 months after treatment initiation, classified as PR).
Moreover, among the 14 patients still alive, nine had progressed.

The median PFS was 5.4 months, and the 2-year PFS rate was 20.7%. PFS was better in
the responder group (CR and PR) versus non-responders (SD and PD), with a 2-year PFS
rate of 54.5% vs. 0% (HR: 8.6, 95%IC: 2.7–27.4) (Supplementary Figure S3). PFS was higher
in patients without new lesions than in patients with new lesions on evaluation PET/CT
(p = 0.007) (Supplementary Figure S4).

The median OS was 51.2 months (IQR 13.6—not reached), and the 2-year OS rate was
58.6%. OS was significantly higher in the responder group versus non-responders using
either PERCIST5 or imPERCIST5 criteria with a 2-year OS of 91% vs. 39%, respectively (HR:
5.96, 95%IC: 1.3–26.7) (Figure 4). Furthermore, OS was significantly betterer in patients
without new lesions on the follow-up PET/CT (p = 0.011) (Figure 5).
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Complementary analysis survival was also performed according to thresholds for
changes in TMTV at −10.3% (threshold obtained by ROC analysis) and at +9.8% (threshold
corresponding to the median). On one hand, there was no significant difference in OS
between groups, whatever cut-off was used (p = 0.14 and p = 0.093, respectively, Figure 6).
On the other hand, PFS was longer in patients with the largest decrease in TMTV, with both
cut-offs (p = 0.0011 and p < 0.001, respectively) (Supplementary Figure S5).
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3.6. Patients’ Outcome

Twenty-eight patients had treatment discontinuation, for disease progression (n = 16,
57%), medical decision (mostly because of prolonged CR) (n = 4, 14%), toxicity of ICI (n = 5,
18%), premature death independent of disease (n = 2, 7%) and geriatric deterioration of
general condition in one patient (4%).

The follow-up characteristics of the 11 patients classified as responders at 3 months
(3 with RC + 8 with PR) are shown in Supplementary Table S1. Of these patients, nine were
still alive at the end of the data collection, including five with a follow-up of more than
3 years. Of the eight patients initially classified as PR, five achieved a CR on follow-up
PET/CT. Four of the initially responding patients had a disease recurrence: the first one
had a brain recurrence occurring 2 months after initiation of immunotherapy, visualized
on MRI but not on PET/CT. He was treated by cerebral radiotherapy and continued
immunotherapy for some time. The second patient presented a progression of a renal
lesion 6 months after the administration of a single course of immunotherapy (stopped for
colitis) and could benefit from a local treatment by cryotherapy. The third one experienced
progression with grelic lesions that were removed surgically, with no further treatment
because of the patient’s age, and remained disease-free thereafter. The fourth one presented
with a cutaneous recurrence, surgically removed, allowing a CR, and ICI was pursued.

A total of 22 patients developed disease progression, of whom 18 were classified as
non-responders on the 3-month PET/CT, and four relapses occurred in initially responding
patients. Five patients had elevated LDH levels at the time of recurrence or progression, and
14 had normal levels (data missing in three patients). Of these 22 patients, eight were still
alive at the time of data analysis. Salvage treatments, such as chemotherapy, radiotherapy,
surgery and targeted therapy, were introduced for patients who progressed on the 3-month
PET assessment (Supplementary Table S2).

3.7. Assessment of Adverse Events

Twenty-two patients (76%) experienced adverse events from immunotherapy with
grade 3 or 4 events in eight patients (evaluated with the CTCAE v4.0 scale). Five responding
patients stopped the treatment prematurely for toxicity due to fibrosing pneumonitis,
grade 3 colitis, colitis associated with skin toxicity (in 2 patients) and lipodystrophy-like
skin toxicity.
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The 3-month follow-up PET/CT revealed adverse events in four patients: colitis,
thyroiditis, sarcoidosis associated with thyroiditis, and sarcoidosis with hypophysitis.

4. Discussion

In our study, the tumor response assessed at 3 months using imPERCIST 5 and
PERCIST5 PET/CT criteria in patients with advanced or metastatic melanoma treated
with first-line anti-PD1 +/−anti CTLA4 combination is a predictor of OS. The 2-year OS
was 91% in the responder group versus 39% in the non-responder group, and the 2-year
PFS was 54.5% versus 0%, with similar results according to PERCIST 5 or imPERCIST
5 criteria. Ito et al. [16], in 60 metastatic melanoma patients treated with ipilimumab, found
that OS at 2 years was 61% in responders versus 33% in non-responders according to
PERCIST5 criteria and 66% versus 29% according to imPERCIST5 criteria. Thus, similar to
what we found, PERCIST5 and imPERCIST criteria yield both relevant results regarding
patients’ outcomes. Iravani et al. evaluated the metabolic response with PERCIST criteria
after 2 to 4 months of treatment with first-line ipilimumab/nivolumab combination in
31 patients and found CMR in 62% of patients, PMR in 19% and PD in 19% [25]. CMR at
this first evaluation was associated with better OS than non-CMR response. Amrane et al.
explored the value of different response criteria (RECIST, iRECIST, PERCIST and PECRIT)
to evaluate response to immune checkpoint inhibitors as monotherapy, around 3 months
for a first evaluation and sometimes later in the follow-up in 37 patients [13]. At the
first evaluation, RECIST, iRECIST and PERCIST criteria seemed predictive of PFS and OS.
Patients without response according to PERCIST criteria had a median PFS and OS of
6.1 and 11 months versus 23.8 and 26.1 months for those with a response. Likewise, in our
cohort, responder patients did better regarding PFS and OS than non-responder patients.
Of note, some of the initially responding patients eventually progressed, mostly in the
oligometastatic mode, allowing local treatment and disease control.

The analysis of tumor metabolic volume has been evidenced as a relevant tool in the
evaluation of metastatic melanoma treated by ICI, allowing not only baseline outcome
prognostication [18,26] but also accurate prediction of the response to treatment [20,22,23].
In a study on 85 melanoma patients treated with ICI, the metabolic tumor volume at first
evaluation proved to be an independent prognostic factor for OS, along with the presence of
central nervous system lesions [20]. Annovazzi et al. also compared several PET parameters
to assess response 3 to 4 months after either ipilimumab or PD-1 inhibitors as monotherapy
in a total of 57 patients [22]. In the anti-PD1 group, PET parameters, such as EORTC, delta
MTV and delta TLG, correlated with patients’ outcomes at one year in most of the patients
with PD according to these PET metrics. In 36 patients evaluated between 2 to 4 months
after treatment by pembrolizumab monotherapy, Vermeulen et al. found that PFS and OS
were significantly longer in patients achieving a decreased/stable TMTV compared with
those with increasing TMTV [23]. In our study, we found a similar result for PFS but not
for OS, probably due to the limited size of our series of patients. The initial TMTV seems
lower in our study than in other previously reported studies: 5.6 mL versus 6.8 mL to
28.2 mL [19,21,25,26]. This difference may be partly explained by the fact that the patients
in our study were in first-line ICI and therefore possibly treated with less advanced disease.

In our study, one case of pseudoprogression was observed (3.5% of patients), and this
is similar to the 4.7% incidence reported by Basler et al. in a series of 112 patients [27].
The incidence of pseudoprogression may be as high as 4–10% for patients with metastatic
melanoma on immunotherapy [28]. However, as in other studies involving ICI, we ob-
served that most patients with the appearance of new lesions had a worse outcome than
patients with no new lesions at 3 months [15,16]. Anwar et al. reported that the number of
new lesions but also their size predicted a patient’s outcome [15]. These results highlight
the importance of taking into account all aspects of imaging (metabolism, metabolic vol-
ume, size and number of lesions). Moreover, the best response with ICI can be achieved
beyond 3 months [25,29], emphasizing the need to accurately identify patients that would
ultimately benefit from the treatment and those for whom an alternative should be consid-
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ered in a timely manner. A potential benefit for the “stable disease” subcategory defined
according to the new imPERCIST5 criteria would be to comfort the clinicians when the
therapeutic strategy is to continue ICI despite progression according to the conventional
PERCIST 5 criteria, if a patient’s clinical condition allows it [30], especially if the tumor
volume remains low.

Retrospective data collection is one of the limitations of this study. Survival analysis
was not totally independent of the response observed in the PET/CT evaluation. Indeed,
PET/CT at 3 months was used for evaluation and therapeutic adaptation by hospital
clinicians. Nevertheless, the follow-up evaluation of the patients was also guided by the
clinical examination, the LDH level and the brain MRI, and decisions to continue or stop the
immunotherapy were taken by an interdisciplinary committee based on a set of arguments,
including the onset of serious adverse events.

Another limitation of this study is the small number of patients recruited, which
may have limited the power of the statistical analysis. This is due to our strict inclusion
criteria: we chose to include patients with PET/CT performed on the same camera to
limit variations in SUL potentially due to different acquisition or reconstruction methods
between cameras.

The application of the PERCIST5 criteria is challenging. One difficulty is the target
lesions’ size. Indeed, melanoma metastasis is sometimes small, and the use of SULpeak
may underestimate the 18F-FDG uptake intensity of these small lesions. For three patients,
target lesions were sub-centimetric and had a SULpeak below the PERCIST5 reference
threshold but were clearly distinct from the surrounding background and were retained
for analysis.

At this time, there are no consensus criteria for the evaluation of immunotherapy with
FDG PET/CT. However, it seems relevant to analyze several elements before classifying
a patient as progressive, such as the time between the initiation of immunotherapy and
the PET/CT evaluation, the ∆SULpeak, the ∆TMTV and the number of new lesions (if
applicable). Even if FDG PET/CT occupies a growing role in oncology, the clinical and
biological aspects remain essential for the evaluation and orientation of the therapeutic
strategy. Physical evaluation, biological assessment with the long-established LDH in
melanoma, but also the emerging circulating tumoral DNA [31] may help to put into
perspective ambiguous metabolic response patterns.

5. Conclusions

The evaluation of tumor response with FDG PET/CT in patients with advanced or
metastatic melanoma three months after first-line ICI using imPERCIST 5 and PERCIST5 cri-
teria is significantly correlated with OS. Large prospective studies are needed to confirm
these results and further evaluate the potential role of the total metabolic tumor volume.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14133190/s1, Table S1. Follow-up of responder patients;
Table S2. Follow-up of non-responder patients according to PERCIST5 and imPERCIST5 criteria;
Figure S1. Example of a partial response to ICI; Figure S2. Example of progression under ICI;
Figure S3. PFS between responder (CR+PR) vs non-responder (SD+PD) patients according to PER-
CIST5 (Figure A) and imPERCIST 5 (Figure B) criteria; Figure S4. PFS of patients with no new
lesion versus patients with at least one new lesion; Figure S5. PFS of patients with ∆TMTV less than
−10.3% versus greater than −10.3% (Figure A) and those with ∆TMTV less than +9.8% versus greater
than +9.8%.

Author Contributions: Conceptualization, C.L., L.V.; methodology, C.L., J.D., B.B., L.V., A.M., P.M.;
software, A.R., L.V., A.M.; formal analysis, A.R., L.V., A.M.; resources, C.L., P.M.; data curation, J.D.,
C.L., B.B., E.B., L.D.M., C.A., A.R., L.V.; writing—original draft preparation: A.R., J.D., L.V.; writing—
review and editing, A.M., E.B., C.A., L.D.M., P.M., C.L., B.B.; supervision: L.V.; project administration,
C.A., L.D.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/cancers14133190/s1
https://www.mdpi.com/article/10.3390/cancers14133190/s1


Cancers 2022, 14, 3190 13 of 14

Institutional Review Board Statement: This study is performed within the Melbase database, n◦

12,027, 2012, avis favorable du Comité de Protection des Personnes Ile-de-France XI.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: A.R., A.M., E.B., J.D., P.M., L.V. and L.D.M. declare no conflict of interest. C.A.:
Travel accommodations and Meetings: Roche, BMS and AMGEN. B.B.: personal fees from BMS,
personal fees from MSD, personal fees from Novartis, personal fees from Sanofi and personal fees
from Pierre Fabre. C.L.: grants and personal fees from Bristol-Myers Squibb, personal fees from
MSD, personal fees from Novartis, personal fees from Amgen, grants and personal fees from Roche,
personal fees from Avantis Medical Systems, personal fees from Pierre Fabre, personal fees from
Pfizer, personal fees from Incyte, personal fees from Merck Serono and personal fees from Sanofi.

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
2. Schadendorf, D.; van Akkooi, A.C.J.; Berking, C.; Griewank, K.G.; Gutzmer, R.; Hauschild, A.; Stang, A.; Roesch, A.; Ugurel, S.

Melanoma. Lancet 2018, 392, 971–984. [CrossRef]
3. Balch, C.M.; Gershenwald, J.E.; Soong, S.J.; Thompson, J.F.; Atkins, M.B.; Byrd, D.R.; Buzaid, A.C.; Cochran, A.J.; Coit, D.G.; Ding,

S.; et al. Final Version of 2009 AJCC Melanoma Staging and Classification. J. Clin. Oncol. 2009, 27, 6199–6206. [CrossRef]
4. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;

Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef]

5. Garbe, C.; Amaral, T.; Peris, K.; Hauschild, A.; Arenberger, P.; Bastholt, L.; Bataille, V.; Del Marmol, V.; Dréno, B.; Fargnoli,
M.C.; et al. European Consensus-Based Interdisciplinary Guideline for Melanoma. Part 2: Treatment—Update 2019. Eur. J. Cancer
2020, 126, 159–177. [CrossRef]

6. Robert, C.; Ribas, A.; Schachter, J.; Arance, A.; Grob, J.-J.; Mortier, L.; Daud, A.; Carlino, M.S.; McNeil, C.M.; Lotem, M.; et al.
Pembrolizumab versus Ipilimumab in Advanced Melanoma (KEYNOTE-006): Post-Hoc 5-Year Results from an Open-Label,
Multicentre, Randomised, Controlled, Phase 3 Study. Lancet Oncol. 2019, 20, 1239–1251. [CrossRef]

7. Hamid, O.; Robert, C.; Daud, A.; Hodi, F.S.; Hwu, W.J.; Kefford, R.; Wolchok, J.D.; Hersey, P.; Joseph, R.; Weber, J.S.; et al. Five-Year
Survival Outcomes for Patients with Advanced Melanoma Treated with Pembrolizumab in KEYNOTE-001. Ann. Oncol. 2019, 30,
582–588. [CrossRef]

8. Wolchok, J.D.; Hoos, A.; O’Day, S.; Weber, J.S.; Hamid, O.; Lebbe, C.; Maio, M.; Binder, M.; Bohnsack, O.; Nichol, G.; et al.
Guidelines for the Evaluation of Immune Therapy Activity in Solid Tumors: Immune-Related Response Criteria. Clin. Cancer Res.
2009, 15, 7412–7420. [CrossRef]

9. Hoos, A.; Wolchok, J.D.; Humphrey, R.W.; Hodi, F.S. CCR 20th Anniversary Commentary: Immune-Related Response Criteria–
Capturing Clinical Activity in Immuno-Oncology. Clin. Cancer Res. 2015, 21, 4989–4991. [CrossRef]

10. Xing, Y.; Bronstein, Y.; Ross, M.I.; Askew, R.L.; Lee, J.E.; Gershenwald, J.E.; Royal, R.; Cormier, J.N. Contemporary Diagnostic
Imaging Modalities for the Staging and Surveillance of Melanoma Patients: A Meta-Analysis. J. Natl. Cancer Inst. 2011, 103,
129–142. [CrossRef]

11. Schroer-Gunther, M.A.; Wolff, R.F.; Westwood, M.E.; Scheibler, F.J.; Schurmann, C.; Baumert, B.G.; Sauerland, S.; Kleijnen, J.
F-18-Fluoro-2-Deoxyglucose Positron Emission Tomography (PET) and PET/Computed Tomography Imaging in Primary Staging
of Patients with Malignant Melanoma: A Systematic Review. Syst. Rev. 2012, 1, 62. [CrossRef]

12. Sachpekidis, C.; Larribere, L.; Pan, L.; Haberkorn, U.; Dimitrakopoulou-Strauss, A.; Hassel, J.C. Predictive Value of Early 18F-FDG
PET/CT Studies for Treatment Response Evaluation to Ipilimumab in Metastatic Melanoma: Preliminary Results of an Ongoing
Study. Eur. J. Nucl. Med. Mol. Imaging 2015, 42, 386–396. [CrossRef]

13. Amrane, K.; Le Goupil, D.; Quere, G.; Delcroix, O.; Gouva, S.; Schick, U.; Salaun, P.-Y.; Abgral, R.; Alavi, Z.; Keromnes, N.; et al.
Prediction of Response to Immune Checkpoint Inhibitor Therapy Using 18F-FDG PET/CT in Patients with Melanoma. Medicine
2019, 98, e16417. [CrossRef]

14. Sachpekidis, C.; Anwar, H.; Winkler, J.; Kopp-Schneider, A.; Larribere, L.; Haberkorn, U.; Hassel, J.C.; Dimitrakopoulou-Strauss,
A. The Role of Interim 18F-FDG PET/CT in Prediction of Response to Ipilimumab Treatment in Metastatic Melanoma. Eur. J.
Nucl. Med. Mol. Imaging 2018, 45, 1289–1296. [CrossRef]

15. Anwar, H.; Sachpekidis, C.; Winkler, J.; Kopp-Schneider, A.; Haberkorn, U.; Hassel, J.C.; Dimitrakopoulou-Strauss, A. Absolute
Number of New Lesions on 18F-FDG PET/CT Is More Predictive of Clinical Response than SUV Changes in Metastatic Melanoma
Patients Receiving Ipilimumab. Eur. J. Nucl. Med. Mol. Imaging 2018, 45, 376–383. [CrossRef]

16. Ito, K.; Teng, R.; Schöder, H.; Humm, J.L.; Ni, A.; Michaud, L.; Nakajima, R.; Yamashita, R.; Wolchok, J.D.; Weber, W.A. 18 F-FDG
PET/CT for Monitoring of Ipilimumab Therapy in Patients with Metastatic Melanoma. J. Nucl. Med. 2019, 60, 335–341. [CrossRef]

http://doi.org/10.3322/caac.21551
http://doi.org/10.1016/S0140-6736(18)31559-9
http://doi.org/10.1200/JCO.2009.23.4799
http://doi.org/10.1056/NEJMoa1910836
http://doi.org/10.1016/j.ejca.2019.11.015
http://doi.org/10.1016/S1470-2045(19)30388-2
http://doi.org/10.1093/annonc/mdz011
http://doi.org/10.1158/1078-0432.CCR-09-1624
http://doi.org/10.1158/1078-0432.CCR-14-3128
http://doi.org/10.1093/jnci/djq455
http://doi.org/10.1186/2046-4053-1-62
http://doi.org/10.1007/s00259-014-2944-y
http://doi.org/10.1097/MD.0000000000016417
http://doi.org/10.1007/s00259-018-3972-9
http://doi.org/10.1007/s00259-017-3870-6
http://doi.org/10.2967/jnumed.118.213652


Cancers 2022, 14, 3190 14 of 14

17. Goldfarb, L.; Duchemann, B.; Chouahnia, K.; Zelek, L.; Soussan, M. Monitoring Anti-PD-1-Based Immunotherapy in Non-Small
Cell Lung Cancer with FDG PET: Introduction of IPERCIST. EJNMMI Res. 2019, 9, 8. [CrossRef]

18. Wahl, R.L.; Jacene, H.; Kasamon, Y.; Lodge, M.A. From RECIST to PERCIST: Evolving Considerations for PET Response Criteria
in Solid Tumors. J. Nucl. Med. 2009, 50, 122S–150S. [CrossRef]

19. Ito, K.; Schöder, H.; Teng, R.; Humm, J.L.; Ni, A.; Wolchok, J.D.; Weber, W.A. Prognostic Value of Baseline Metabolic Tumor
Volume Measured on 18F-Fluorodeoxyglucose Positron Emission Tomography/Computed Tomography in Melanoma Patients
Treated with Ipilimumab Therapy. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 930–939. [CrossRef]

20. Nakamoto, R.; Zaba, L.C.; Rosenberg, J.; Reddy, S.A.; Nobashi, T.W.; Davidzon, G.; Aparici, C.M.; Nguyen, J.; Moradi, F.; Iagaru,
A.; et al. Prognostic Value of Volumetric PET Parameters at Early Response Evaluation in Melanoma Patients Treated with
Immunotherapy. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 2787–2795. [CrossRef]

21. Awada, G.; Jansen, Y.; Schwarze, J.K.; Tijtgat, J.; Hellinckx, L.; Gondry, O.; Vermeulen, S.; Warren, S.; Schats, K.; van Dam,
P.-J.; et al. A Comprehensive Analysis of Baseline Clinical Characteristics and Biomarkers Associated with Outcome in Advanced
Melanoma Patients Treated with Pembrolizumab. Cancers 2021, 13, 168. [CrossRef]

22. Annovazzi, A.; Vari, S.; Giannarelli, D.; Pasqualoni, R.; Sciuto, R.; Carpano, S.; Cognetti, F.; Ferraresi, V. Comparison of 18F-FDG
PET/CT Criteria for the Prediction of Therapy Response and Clinical Outcome in Patients with Metastatic Melanoma Treated
With Ipilimumab and PD-1 Inhibitors. Clin. Nucl. Med. 2020, 45, 187–194. [CrossRef]

23. Vermeulen, S.; Awada, G.; Keyaerts, M.; Neyns, B.; Everaert, H. Early Reassessment of Total Metabolic Tumor Volume on
FDG-PET/CT in Advanced Melanoma Patients Treated with Pembrolizumab Predicts Long-Term Outcome. Curr. Oncol. 2021, 28,
1630–1640. [CrossRef]

24. Schweighofer-Zwink, G.; Manafi-Farid, R.; Kölblinger, P.; Hehenwarter, L.; Harsini, S.; Pirich, C.; Beheshti, M. Prognostic Value of
2-[18F]FDG PET-CT in Metastatic Melanoma Patients Receiving Immunotherapy. Eur. J. Radiol. 2022, 146, 110107. [CrossRef]

25. Iravani, A.; Osman, M.M.; Weppler, A.M.; Wallace, R.; Galligan, A.; Lasocki, A.; Hunter, M.O.; Akhurst, T.; Hofman, M.S.; Lau,
P.K.H.; et al. FDG PET/CT for Tumoral and Systemic Immune Response Monitoring of Advanced Melanoma during First-Line
Combination Ipilimumab and Nivolumab Treatment. Eur. J. Nucl. Med. Mol. Imaging 2020. [CrossRef]

26. Seban, R.-D.; Nemer, J.S.; Marabelle, A.; Yeh, R.; Deutsch, E.; Ammari, S.; Moya-Plana, A.; Mokrane, F.-Z.; Gartrell, R.D.;
Finkel, G.; et al. Prognostic and Theranostic 18F-FDG PET Biomarkers for Anti-PD1 Immunotherapy in Metastatic Melanoma:
Association with Outcome and Transcriptomics. Eur. J. Nucl. Med. Mol. Imaging 2019, 46, 2298–2310. [CrossRef]

27. Basler, L.; Gabryś, H.S.; Hogan, S.A.; Pavic, M.; Bogowicz, M.; Vuong, D.; Tanadini-Lang, S.; Förster, R.; Kudura, K.; Huellner,
M.W.; et al. Radiomics, Tumor Volume, and Blood Biomarkers for Early Prediction of Pseudoprogression in Patients with
Metastatic Melanoma Treated with Immune Checkpoint Inhibition. Clin. Cancer Res. 2020, 26, 4414–4425. [CrossRef]

28. Queirolo, P.; Spagnolo, F. Atypical Responses in Patients with Advanced Melanoma, Lung Cancer, Renal-Cell Carcinoma and
Other Solid Tumors Treated with Anti-PD-1 Drugs: A Systematic Review. Cancer Treat. Rev. 2017, 59, 71–78. [CrossRef]

29. Sachpekidis, C.; Kopp-Schneider, A.; Hakim-Meibodi, L.; Dimitrakopoulou-Strauss, A.; Hassel, J.C. 18F-FDG PET/CT Lon-
gitudinal Studies in Patients with Advanced Metastatic Melanoma for Response Evaluation of Combination Treatment with
Vemurafenib and Ipilimumab. Melanoma Res. 2019, 29, 178–186. [CrossRef]

30. Humbert, O.; Cadour, N.; Paquet, M.; Schiappa, R.; Poudenx, M.; Chardin, D.; Borchiellini, D.; Benisvy, D.; Ouvrier, M.J.;
Zwarthoed, C.; et al. 18FDG PET/CT in the Early Assessment of Non-Small Cell Lung Cancer Response to Immunotherapy:
Frequency and Clinical Significance of Atypical Evolutive Patterns. Eur. J. Nucl. Med. Mol. Imaging 2020, 47, 1158–1167. [CrossRef]

31. Wong, S.Q.; Raleigh, J.M.; Callahan, J.; Vergara, I.A.; Ftouni, S.; Hatzimihalis, A.; Colebatch, A.J.; Li, J.; Semple, T.; Doig, K.; et al.
Circulating Tumor DNA Analysis and Functional Imaging Provide Complementary Approaches for Comprehensive Disease
Monitoring in Metastatic Melanoma. JCO Precis. Oncol. 2017, 1–14. [CrossRef]

http://doi.org/10.1186/s13550-019-0473-1
http://doi.org/10.2967/jnumed.108.057307
http://doi.org/10.1007/s00259-018-4211-0
http://doi.org/10.1007/s00259-020-04792-0
http://doi.org/10.3390/cancers13020168
http://doi.org/10.1097/RLU.0000000000002921
http://doi.org/10.3390/curroncol28030152
http://doi.org/10.1016/j.ejrad.2021.110107
http://doi.org/10.1007/s00259-020-04815-w
http://doi.org/10.1007/s00259-019-04411-7
http://doi.org/10.1158/1078-0432.CCR-20-0020
http://doi.org/10.1016/j.ctrv.2017.07.002
http://doi.org/10.1097/CMR.0000000000000541
http://doi.org/10.1007/s00259-019-04573-4
http://doi.org/10.1200/PO.16.00009

	Introduction 
	Materials and Methods 
	Patients 
	18F-FDG PET/CT Protocol 
	Image Analysis 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	PET/CT Acquisitions 
	Baseline PET/CT 
	Metabolic Response at 3 Months 
	Survival Study 
	Patients’ Outcome 
	Assessment of Adverse Events 

	Discussion 
	Conclusions 
	References

