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Abstract
Purpose  The introduction of immunotherapy in pleural mesothelioma (PM) has highlighted the need for effective outcome 
predictors. This study explores the role of [18F]FDG PET/CT in predicting outcomes in PM treated with immunotherapy.
Methods  Patients from the NIPU trial, receiving ipilimumab and nivolumab +/- telomerase vaccine in second-line, were 
included. [18F]FDG PET/CT was obtained at baseline (n = 100) and at week-5 (n = 76). Metabolic tumour volume (MTV) 
and peak standardised uptake value (SUVpeak) were evaluated in relation to survival outcomes. Wilcoxon rank-sum test was 
used to assess differences in MTV, total lesion glycolysis (TLG), maximum standardised uptake value (SUVmax) and SUVpeak 
between patients exhibiting an objective response, defined as either partial response or complete response according to the 
modified Response Criteria in Solid Tumours (mRECIST) and immune RECIST (iRECIST), and non-responders, defined 
as either stable disease or progressive disease as their best overall response.
Results  Univariate Cox regression revealed significant associations of MTV with OS (HR 1.36, CI: 1.14, 1.62, p < 0.001) 
and PFS (HR 1.18, CI: 1.03, 1.34, p = 0.02), while multivariate analysis showed a significant association with OS only (HR 
1.35, CI: 1.09, 1.68, p = 0.007). While SUVpeak was not significantly associated with OS or PFS in univariate analyses, it 
was significantly associated with OS in multivariate analysis (HR 0.43, CI: 0.23, 0.80, p = 0.008). Objective responders had 
significant reductions in TLG, SUVmax and SUVpeak at week-5.
Conclusion  MTV provides prognostic value in PM treated with immunotherapy. High SUVpeak was not associated with 
inferior outcomes, which could be attributed to the distinct mechanisms of immunotherapy. Early reductions in PET metrics 
correlated with treatment response.
Study registration  The NIPU trial (NCT04300244) is registered at clinicaltrials.gov. https://​class​ic.​clini​caltr​ials.​gov/​ct2/​
show/​NCT04​300244?​cond=​Pleur​al+​Mesot​helio​ma&​cntry=​NO&​draw=​2&​rank=4
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Background

Pleural Mesothelioma (PM) has a dismal prognosis, with 
a median overall survival of approximately one year [1]. 
Given the large individual variations in disease progression 
and the scarcity of prognostic and predictive biomarkers, 
selecting the most effective therapeutic approach is difficult. 
Although new therapeutic modalities have been introduced 

[2], predicting which patients will respond to treatment 
remains a challenge.

In the context of multimodal treatment, comprising 
chemotherapy, surgery and possibly radiation therapy, [18F]
fluorodeoxyglucose positron emission tomography/com-
puted tomography ([18F]FDG PET/CT) serves as a standard 
assessment tool for evaluating disease extension. For inoper-
able patients, it is not routinely used [3–5].

[18F]FDG PET features have shown prognostic poten-
tial for malignancies such as colorectal cancer, head and 
neck cancer, lymphomas, and lung cancer [6–9]. Although Extended author information available on the last page of the article
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research has highlighted the potential of both volumetric 
PET features, including metabolic tumour volume (MTV), 
and maximum standardised uptake value (SUVmax) for PM 
summarised in some recent reviews and meta-analyses 
[10–12], existing studies often suffer from limitations such 
as small sample sizes or retrospective designs. A few stud-
ies suggest that PET may be superior to CT for response 
assessment in PM [13–16], which becomes increasingly 
relevant with the advent of immunotherapy [2].

The introduction of immunotherapy has revealed sev-
eral unique tumour response patterns, some of which may 
be difficult to detect using standard radiological imaging 
due to their lack of volumetric changes [17–19]. Moreover, 
differentiating between progressive disease and pseudo-
progression poses a challenge. The ability of [18F]FDG 
PET/CT to depict the metabolic microenvironment, in 
addition to anatomical structures, may be beneficial in 
evaluating early response to immunotherapy since the 
functional response to immunotherapy usually precedes 
radiological response [17–21].

Thus, further research is needed to evaluate the effec-
tiveness of 18F-FDG PET/CT in immunotherapy response 
assessment for PM.

To our knowledge, this is the first prospective, multi-
centre trial on [18F]FDG PET/CT in PM treated with dou-
ble immunotherapy comparing baseline to follow-up at 
week-5. Our study aimed to evaluate PET as a tool for pre-
dicting outcomes and assessing early response in patients 
with PM treated with immunotherapy.

Method

Patient population

The NIPU trial (NCT04300244) is a phase II, randomised, 
open-label, multicentre study that evaluates nivolumab and 
ipilimumab with or without UV1 vaccination as second-
line treatment in patients with PM [22]. Patients with 
progressive disease after first-line platinum doublet were 
eligible given good performance status and acceptable 
organ function. Patients were randomised 1:1 to ipili-
mumab and nivolumab alone or in combination with the 
UV1 telomerase peptide vaccine (16). Nivolumab (240 
mg) was administered intravenously every two weeks, and 
ipilimumab (1mg/kg) every six weeks, until disease pro-
gression, intolerable side effects, or for a maximum of 24 
months. Additionally, patients in arm A received the UV1 
vaccine regimen: three vaccinations in the first week, one 
in the second week, and four more over the following 11 
weeks, totalling eight vaccinations in 13 weeks (21).

Ethics

The trial was approved by the regional ethics commit-
tee (20/47804) and each sites ethics committee and was 
conducted in accordance with the Declaration of Helsinki 
of the World Medical Association and ICH E6 for Good 
Clinical Practice. All patients provided written informed 
consent.

PET scans

Each patient underwent [18F]FDG PET/CT at baseline, 
five weeks after the start of the treatment (week-5), one 
year after randomisation or at the time of progression. The 
PET/CT was conducted 60 minutes post-18F-FDG injec-
tion after a fasting period of six hours. A sub-cohort of 
the patients, predefined by the study site, underwent an 
additional scan 120 minutes post-injection, referred to as 
a late-phase scan. Fig. 1.

PET scans conducted at the time of progression or 
after one year were limited to a fraction of the patients, as 
determined by the investigator. These scans have not been 
included in the analyses presented in this article. Patients 
were injected with 3-3.7 MBq/kg [18F]FDG. Images were 
acquired using hybrid PET/CT systems, including Siemens 
Biograph 40 mCT, Siemens Biograph 64 Vision 600, and 
Siemens Biograph 64 mCT models. The standard 60-min-
ute scans captured images from the base of the skull to 
the thighs using 2 minutes/bed or a scan speed of 0.6-
1.5 mm/s depending on system. The extended 120-minute 
scans included only the thoracic region using 2-3 minutes/
bed or a scan speed of 0.6-1 mm/s. See Table 1 for details. 
Patients from the sites in Oslo (Norway), Aalborg (Den-
mark), Copenhagen (Denmark), Barcelona (Spain) and 
Perth (Australia) were included in the analyses. Scans from 
two of the study sites (Oslo and Aalborg) were acquired 
on systems accredited by the European Association of 
Nuclear Medicine Research Ltd (EARL) harmonisation 
programme and reconstructed to meet the EARL Stand-
ards 2 specifications [23]. Image data were collected and 
stored in TSD, a secure transfer and storage system at the 
University of Oslo, Norway. The PET image analyses were 
centralised and conducted at the main study site in Oslo.

Tumour lesions were identified according to the PET 
Response Criteria for Solid Tumours (PERCIST 1.0) 
[24] using Syngo.via, Lesion Scout with Auto-ID ver-
sion VB60A (Siemens Healthcare) [25]. The software 
automatically identifies lesions, based on an aorta region 
input and a percentage threshold relative to SUVmax, fil-
tering out normal tissue as recognised by the software. 
The threshold was manually adjusted for each image to 
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obtain segmentations visually corresponding to the lesion 
as observed in a 0-10 SUV window, through consensus by 
two investigators (E.H., S.T.). Segmentations less than 0.5 
ml were discarded. Lesions erroneously flagged as normal 
tissue were included, and vice versa. The use of fixed per-
centage thresholds, fixed SUV, and thresholds based on 

blood background were initially attempted but did not pro-
vide satisfactory delineation, see supplementary (Fig. S1). 
The software computed MTV (in units of cm3), total lesion 
glycolysis (TLG), SUVmax and peak standardised uptake 
value (SUVpeak) for each lesion. Separate lesions outside 
the hemithorax were not included. The highest SUVmax and 

Fig. 1   Flow chart illustrating 
the number of patients who 
underwent [18F]FDG PET/CT 
scans at baseline and week-5. 
[18F]FDG PET/CT = [18F]
fluorodeoxyglucose positron 
emission tomography/computed 
tomography. Patients excluded 
were those with insufficient 
image data transfer or techni-
cal issues with the transferred 
image data

Table 1   PET protocol at the different study sites. a, b Patients from 
Oslo and Aalborg met the EARL2 specifications, except for two 
patients from Aalborg (baseline 60-minute scan), four patients from 

Oslo (two baseline 60-minute, four baseline 120-minute and one 
week-5 60-minute scans), where a Gauss filter of 2 mm was used. 
EARL = European Association of Nuclear Medicine Research Ltd

Study site Oslo Aalborg Copenhagen Perth Barcelona

Number of patients 45 13 20 9 13
Manufactor Siemens Siemens Siemens Siemens Siemens
Model name Biograph mCT 40 Biograph mCT 64 Biograph 64 Vision Biograph mCT64 Biograph mCT 64
EARL2 compliant Yesa Yesb No No No
MBq/kg 3 3.5 3.5 3 3.7
Scan speed 60 min 2 min/bed 0.6-1 mm/sec 1.5 mm/sec 2 min/bed 2 min/bed
Minutes/bed 120 min 3 min/bed 0.6-1 mm/sec - 3 min/bed 2 min/bed
TOF Yes Yes Yes Yes Yes
PSF Yes Yes Yes Yes Yes
Iterations and subsets 2i21s 2i21s 4i5s 2i21s 3i21s
Gauss filter 5 mm 4 mm 2 mm 5-6 mm 2 mm
Matrix size 400 x 400 400 x 400 440 x 440 200 x 200 200 x 200
Pixel spacing/slice thick-

ness (mm)
2.04/2.04/3.00 2.04/2.04/5.00 1.65/1.65/2.00 4.07/4.07/5.00 4.07/4.07/1.50
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SUVpeak values and the sum of all segmented lesions for 
MTV and TLG were analysed. TLG was defined as MTV 
x mean standardised uptake value (SUVmean), SUVmax as 
the pixel exhibiting the highest uptake of [18F]FDG, and 
SUVpeak as the 1 cm3 volume with the highest [18F]FDG 
uptake within the tumour.

Radiological imaging and response assessment

A CT with intravenous contrast was performed at baseline 
and every 6 weeks for the first 12 months following ran-
domisation (± 7 days) and every 12 weeks thereafter (± 7 
days), with additional scans performed as clinically indi-
cated. Radiological assessment was performed according 
to modified Response Criteria in Solid Tumours (mRE-
CIST) [26]. If patients were assessed as being in complete 
response (CR), partial response (PR) or stable disease (SD) 
following an earlier assessment as progressive disease (PD), 
they were categorised as CR, PR or SD in accordance with 
immune RECIST (iRECIST) [27]. Patients were classified 
as `objective responders` if their best overall response was 
either CR or PR. Conversely, those who exhibited either 
SD or PD as their best overall response were categorised as 
'non-responders`.

Statistics

Statistical analyses were conducted using R version 4.2.2 
(2022-10-31). Non-parametric statistical tests were preferred 
because of the skewed distribution of the data. For analyses 
requiring normal distribution, a logarithmic transformation 
was performed. To analyse survival outcomes, Kaplan-
Meier plots with log-rank test was performed. Patients were 
divided into two subgroups based on values above or below 
the median MTV or the median SUVpeak derived from both 
the standard 60-minute and the 120-minute scans. These 
subgroups were referred to as ‘low MTV’ and ‘high MTV’, 
and ‘low SUVpeak’ and ‘high SUVpeak’, respectively. Pro-
gression-free survival (PFS) was calculated as time from the 
start of the treatment to the time of PD or death from any 
cause. Overall survival (OS) was calculated as time from 
the start of the treatment to death from any cause. Univari-
ate and multivariate Cox regression models were used to 
assess the associations between PET features and PFS and 
OS. Spearman correlation was performed to assess the cor-
relation between the covariates in the Cox-model (Supple-
mentary Fig. S2). Due to a high correlation between MTV 
and TLG, and SUVmax and SUVpeak, respectively, TLG and 
SUVmax were not included in the multivariate analyses. 
In addition to treatment arm (+/- UV1 vaccine), Eastern 
Cooperative Oncology Group (ECOG) performance status, 
histology and neutrophil-to-lymphocyte-ratio (NLR) were 
included as covariates in the multivariate analyses, as they 

have shown to be of prognostic value in PM [28–30]. In Cox 
regression analyses, the hazard ratios (HRs) and their cor-
responding confidence intervals (CIs) for continuous covari-
ates are presented as log-transformed values. Wilcoxon rank-
sum test was conducted to compare differences in baseline 
PET features and the changes in PET features from baseline 
to week-5 between objective responders and non-responders. 
Additionally, the Wilcoxon test was performed to compare 
differences in PET features between patients who were 
'programmed death ligand-1 (PD-L1) positive' and those 
who were PD-L1 negative. A significance level of 0.05 was 
established for testing of predictive power. Confidence inter-
vals (CI) were at the 95% level. To ensure data quality, all 
analyses were repeated using only the patients with scans 
accredited by EARL2.

Results

A total of 118 patients were included in the trial, 59 in each 
arm. The baseline PET scans of 100 patients were included 
in the analysis, of whom 57 had both 60-and 120-minute 
baseline scans. 76 of the patients underwent an interim PET 
scan at week-5 (Fig. 1).

Among the 100 patients included in the PET analysis, 
the best overall response observed was PR in 18 patients 
(18 %), SD in 53 patients (53 %) and PD in 25 patients (25 
%). None of the patients achieved CR. Four patients did not 
undergo radiological response assessment as deteriorating 
conditions and death prevented a follow-up CT scan. Of the 
18 patients with PR, 14 had a PET scan at week-5. Among 
these 14 patients, seven already showed PR at the first CT 
response assessment (week 5/6). See Table 2 for patient 
characteristics.

SUVmax and SUVpeak were obtained for all patients, how-
ever, MTV and TLG are unknown in one patient where a sat-
isfactory volume delineation was not feasible at the standard 
60-minute baseline scan and week-5 scan because of a low 
tumour-to-surrounding-tissue ratio.

The groups with low MTV from both the baseline 
60-minute and 120-minute scans had significantly better 
OS and PFS than the groups with high MTV (Fig. 2 and 
Supplementary Fig. S4). No significant difference in OS or 
PFS was found between groups with low or high baseline 
60-minute and 120-minute SUVpeak (Fig. 2 and Supplemen-
tary Fig. S3).

In univariate Cox regression analysis, MTV from the 
60- and 120-minute baseline scans showed significant 
associations with OS and PFS (Fig. 3 and supplemen-
tary Fig. S3). In multivariate Cox regression, MTV from 
the baseline 60-minute scan was significantly associated 
with OS, but it did not show a significant association with 
PFS. MTV from the 120-minute baseline scan was not 
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significantly associated with OS, however, it was signif-
icantly associated with PFS (Fig. 3 and supplementary 
Fig. S4).

Neither the SUVpeak from the 60-minute nor 120-minute 
baseline scans demonstrated significant associations with 
OS or PFS in univariate analyses. In multivariate analyses, it 
was significantly associated with OS at the 60-minute base-
line scan. (Fig. 3 and supplementary Fig. S4).

Cox regression analyses for TLG and SUVmax showed 
comparable results to MTV and SUVpeak (Fig. 3 and Sup-
plementary Fig. S5).

In univariate analysis, non-epithelioid histology, NLR, 
and ECOG performance showed significant associations 
with OS. In the multivariate analysis, only histology and 
ECOG emerged as significant predictors of OS. Similarly, 
for PFS, non-epithelioid histology and NLR were signifi-
cantly associated in univariate analysis. In the multivari-
ate analysis, significant associations with PFS were only 
observed for NLR (Fig. 3).

No significant differences in MTV, TLG, SUVmax or 
SUVpeak were found between PD-L1 positive and PD-L1 
negative in the baseline 60-minute scan nor the baseline 
120-minute scan (Fig. 4. and Supplementary Fig. S6).

There was no significant difference between objective 
responders and non-responders for baseline 60-minute MTV, 
TLG, SUVmax, or SUVpeak (Fig. 4).

There was a significant difference in the changes in MTV, 
TLG, SUVmax and SUVpeak from baseline to week-5 among 
objective responders compared to non-responders (p = 0.01, 
p < 0.001, p = 0.01 and p = 0.006, respectively). The median 
decline in TLG for objective responders was -47% (Q1 -57 %, 
Q3 6 %), whereas non-responders showed a median increase of 
49 % (Q1 12 %, Q3 97 %). Objective responders had a median 
decline in SUVmax of -22 % (Q1 -57 %, Q3 4 %), compared 
to a median increase of 4 % (Q1 -10 %, Q3 22 %) observed 
in non-responders. For SUVpeak, the median decline among 
objective responders was -24 % (Q1 -57 %, Q3 2 %), while 
non-responders experienced a median increase of 4 % (Q1 -8 
%, Q3 19 %). The median MTV increased by 4 % (Q1 -80 
%, Q3 24 %) in objective responders, compared to a median 
increase of 37 % (Q1 2 %, Q3 97 %) in non-responders. (Fig. 5)

Discussion

In our study, MTV from the baseline 60-minute scan was 
significantly associated with OS and PFS in univariate and 
with OS in multivariate Cox regression analysis. Although 
not statistically significant, a similar trend was observed for 
PFS in multivariate analysis. Patients exhibiting an objective 
treatment response had a significant decline in TLG, SUVmax 
and SUVpeak at week-5 compared to non-responders.

The association between survival outcome and non-epi-
theliod histology, ECOG performance status and NLR aligns 
with existing literature [28, 29, 30, 31, 32, 33].

Tumour volume is a well-documented prognostic indi-
cator in malignancies [34–36]. MTV is a measure of meta-
bolically active tumour volume, while TLG is tradition-
ally understood as a measure of glycolytic burden in the 
tumour. Existing studies examining PET characteristics in 

Table 2   Characteristics of the patients included in the analysis. PET 
(positron emission tomography) features from the baseline 60-minute 
scan. UV1 = UV1 telomerase vaccine. ECOG = Eastern Cooperative 
Oncology Group performance status. Best overall response accord-
ing to mRECIST (modified Response Criteria in Solid Tumours) and 
iRECIST (immune RECIST). MTV = metabolic tumour volume. 
TLG = total lesion glycolysis. SUVmax = maximum standardised 
uptake value. SUVpeak = peak standardised uptake value. NLR = 
neutrophil-to-lymphocyte-ratio

1 Median (OQR; n (%)

Patient characteristic N= 1001

Age 71 (64, 75)
Gender

 Female 23 (23%)
 Male 77 (77%)

Treatment alarm
 +UVI 49 (49%)
 -UVI 51 (51%)

ECOG
 ECOG 0 30 (30%)
 ECOG 1 70 (70%)

PD-L1
 PD-L1 negative 55 (55%)
 PD-L1 positive 14 (14%)
 Unknown 31 (31%)

Histology
 Epitheloid 77 (80%)
 Non-epitheloid 19 (20%)
 Unknown 4

Best overall response
 Progressive disease 25 (25%)
 Stable disease 53 (53%)
 Partial response 18 (18%)
 Unknown 4 (4%)

MTV (cm3) 196 (44, 377)
 Unknown 1

TLG 839 (227, 1916)
 Unknown 1

SUVmax 14 (10, 17)
SUVpeak 9.6 (6.7, 13.1)
NLR 3.3 (2.1, 5.2)

 Unknown 3
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PM have often demonstrated a significant relationship with 
both TLG and SUVmax and survival outcome, while results 
for MTV have been more variable –suggesting SUV to be a 
more robust prognostic indicator than volume [10–12, 37]. 
However, we found MTV and TLG to exhibit nearly identi-
cal associations with outcomes (Fig. 3 and supplementary 
Fig S5). This aligns with Reynolds et al.’s findings [38], 
which, after investigating MTV and TLG in patients with 
PM undergoing immuno-chemotherapy, argued that TLG 
serves more as a volume rather than a glycolytic activ-
ity indicator. They concluded that SUVmean is of inferior 
importance to TLG due to the high interpatient variance 
in MTV compared to a more constant SUVmean, and that 
for PM both MTV and TLG are a measure of volume [38]. 
The study by Reynolds et al. is limited by its small sample 
size and it did not explore other SUV metrics like SUVmax 
and SUVpeak. In contrast, our analysis evaluated SUVmax 
and SUVpeak, without examining SUVmean. Nevertheless, 
in our data, the correlation between MTV and TLG was 
0.97 (p < 0.0001) at the baseline 60-minute scan and 0.98 
(p < 0.0001) at the week-5 scan, supporting the view that 

TLG primarily indicates volume. Consequently, it may be 
feasible to opt only for MTV.

Aligned with research showing that high tumour burden 
may indicate effective immune evasion [39], our findings 
revealed that high MTV was associated with inferior out-
comes. Interestingly, no significant difference in baseline 
MTV was found between non-responders and objective 
responders, illustrating that an objective treatment response 
was also observed in patients with high tumour burden. 
However, the sub-analysis including only EARL2 images 
showed a significantly lower MTV among the objective 
responders compared to the non-responders (supplemen-
tary Fig. S7). Upon further exploration, we found that this 
difference in result was explained by several patients with 
high baseline tumour volume from one study site who expe-
rienced an objective response. More studies are needed to 
investigate whether a high tumour burden affects the efficacy 
of immunotherapy in PM.

Patients with an objective response demonstrated a nota-
ble decline in both TLG and SUV metrics at the week-5 
scan. For half of these patients, the objective response was 

Fig. 2   Kaplan Meyer curves with log-rank test based on MTV and 
SUVpeak from the baseline 60-minute scan. Panels a) and c) illustrate 
overall survival (OS) and progression free survival (PFS), respec-
tively, where Low MTV and High MTV are grouped based on values 

below or above the median MTV. Panels b) and d) illustrate OS and 
PFS, respectively, where Low SUVpeak and High SUVpeak are grouped 
based on values below or above the median SUVpeak. MTV = meta-
bolic tumour volume. SUVpeak = peak standardised uptake value
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Fig. 3   Univariate cox regres-
sion analyses with PET features 
from the baseline 60-minute 
scan for OS (a) and PFS (b), 
and multivariate Cox regres-
sion analyses for OS (c) and 
PFS (d). Continuous variables 
(MTV, TLG, SUVmax, SUVpeak 
and NLR) are log transformed. 
OS = Overall survival. PFS 
= Progression-free survival. 
ECOG = Eastern Cooperative 
Oncology Group performance 
status. UV1 = UV1 telomerase 
vaccine. MTV = metabolic 
tumour volume. TLG = total 
lesion glycolysis. SUVmax = 
maximum standardised uptake 
value. SUVpeak = peak stand-
ardised uptake value. NLR = 
neutrophil-to-lymphocyte-ratio. 
Four patients are excluded in 
the multivariate analyses due to 
not available histologic status, 
three due to not available NLR 
and one due to unobtainable 
MTV delineation
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not yet evident at the first CT response assessment, indicat-
ing the potential of PET scans in early response assessment 
in PM undergoing immunotherapy (Fig. 6).

However, this was not uniform across all responding sub-
jects. In a few responders, an increase in volumetric PET 

features and [18F]FDG uptake was observed at the week-5 
PET scan (Fig. 7). Two patients experienced a pseudopro-
gression according to iRECIST, of whom one had a week-5 
PET scan. Interestingly, while MTV increased in this patient, 
a decline in [18F]FDG uptake was observed at the week-5 

Fig. 4   Associations between PET features from the baseline 60-min-
ute scan with PD-L1 and treatment response. a) Associations between 
PD-L1 status and PET features from the baseline 60-minute scan, 
where patients are divided into PD-L1 positive (> 1) and PD-L1 
negative (< 1). b) PET features from the baseline 60-minute scan 
in patients with an objective response vs. patients without an objec-
tive response. Objective responders = patients with partial response 
according to modified Response Criteria in Solid Tumours (mRE-

CIST) and immune RECIST (iRECIST). Non-responders = patients 
with stable disease (SD) or progressive disease (PD) as their best 
overall response according to mRECIST and iRECIST. PD-L1 = 
programmed death ligand-1. PET = positron emission tomography. 
MTV = metabolic tumour volume. TLG = total lesion glycolysis. 
SUVmax = maximum standardised uptake value. SUVpeak = peak 
standardised uptake value
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scan (Fig. 8). This variability highlights the complexity of 
immunotherapy response mechanisms and underscores the 
need for further research.

In previous PM studies, SUVmax is often associated with 
a worse outcome, while for SUVpeak existing studies are lim-
ited [10–12, 37]. In our data, there was a high correlation 
between SUVmax and SUVpeak. Furthermore, in the survival 
analyses, the results for SUVmax and SUVpeak were similar. 
High baseline

SUVmax/SUVpeak in our study did not correlate with worse 
outcomes, rather the opposite was observed for high SUVmax 
and SUVpeak in the multivariate Cox regression analyses 
from the baseline 60-minute scan. This result is in contrast to 
the majority of previous studies, in which high SUVmax has 
been associated with a poorer outcome [10–12, 37]. Tests 
for multicollinearity and interaction effects between the 
variables were conducted without any explanatory findings. 
In previous studies, the patients were typically treated with 
chemotherapy rather than immunotherapy. Tumours exhibit-
ing increased cell density and proliferation, which are often 
mirrored in increased [18F]FDG uptake [40, 41], generally 
correlate with more aggressive disease and poorer patient 
outcomes. However, the biological response mechanisms 
invoked by immunotherapy, which emphasise the immuno-
logical characteristics of the tumour and its’ microenviron-
ment [42], might explain the lack of association between 
high SUVmax/SUVpeak and poor outcomes in our study. Our 

findings indicate that the traditional negative prognostic 
value of high SUVmax observed in PM treated with chemo-
therapy might not apply in the context of immunotherapy, 
and rather, a contrary trend might be present.

PD-L1 expression is known to be a predictor of response 
to immunotherapy in several malignancies, although this is 
not uniform across all cancer types [43]. Although the exact 
mechanisms are still unknown, [18F]FDG uptake has been 
associated with the expression of PD-L1 and CD8+ tumour 
infiltrating lymphocytes (TILs) [44–47]. High PD-L1 
expression is generally considered a poor prognostic indica-
tor in PM, yet studies have shown conflicting results regard-
ing the link between PD-L1 expression and immunotherapy 
response, summarised in a review by Perrino et. al [48]. We 
did not find a correlation between PD-L1 expression and 
PET features in the analysis of all baseline PET scans. How-
ever, in the sub-analysis of EARL2-compliant scans, there 
was a significantly higher MTV and TLG at the 60-minute 
baseline scan, as well as a significantly higher MTV, TLG, 
SUVmax and SUVpeak at the 120-minute baseline scan among 
PD-L1 positive compared to PD-L1 negative (supplemen-
tary Fig. S7 and Fig. S8). In the NIPU trial, the correla-
tion between PD-L1 expression and treatment response was 
not examined due to a substantial number of patients with 
indeterminate PD-L1 status [49]. Consequently, caution is 
advised when interpreting the association between PET fea-
tures and PD-L1 in our data. Further research is necessary 

Fig. 5   Changes in PET features from baseline to week-5. Illustration 
of the changes in PET features from baseline to week-5 in patients 
with an objective response versus non-responders (consisting of sta-
ble disease and progressive disease ) according to mRECIST and 

iRECIST. mRECIST = modified Response Criteria in Solid Tumours 
(mRECIST). iRECIST = immune RECIST. MTV = metabolic 
tumour volume. TLG = total lesion glycolysis. SUVmax = maximum 
standardised uptake value. SUVpeak = peak standardised uptake value
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to explore the potential relationship between SUV metrics 
and PD-L1 in PM, as well as the association between immu-
notherapy response and PD-L1 expression in this context.

[18F]FDG PET/CT features can offer valuable insights 
into individual disease trajectories, potentially guiding treat-
ment decisions and contributing to personalised patient 
care in PM. To effectively use PET in outcome prediction 
and response assessment, standardised methods for image 
evaluation and tumour delineation are essential. Continued 
research and rapid advancements in artificial intelligence 
(AI) and radiomics hold the potential to transform the practi-
cal use of PET in PM [3, 50–53].

Limitations

There are several limitations in this study. Primarily, the 
study sample size is limited. Additionally, a notable propor-
tion of the patients with [18F]FDG PET/CT scans did not 
meet the EARL2 specifications. Therefore, a sub-analysis 
was conducted that included only EARL2-compliant images 

(for patient characteristics see supplementary Table S1). 
The result of the sub-analysis gave comparable results, with 
the exception of the comparison between PD-L1 status and 
PET features, and the comparison of baseline PET features 
between objective responders and non-responders (see sup-
plementary Fig. S7 and Fig. S8). The discrepancy in results 
concerning PD-L1 status may be explained by a smaller frac-
tion of patients with unknown PD-L1 status among patients 
with EARL2 compliant images. Moreover, the utilisation of 
a threshold-based delineation software presented challenges. 
The threshold was determined by the investigators through 
consensus and was based on a visual interpretation of the 
images, which may challenge the repeatability of the results. 
Other thresholds, such as fixed percentage thresholds, fixed 
SUV, and thresholds based on blood background were initially 
attempted but did not provide satisfactory delineations (Sup-
plementary Fig. S1). A fixed threshold sometimes included 
the heart, mediastinal, or abdominal regions, while a fixed per-
centage of 40 % SUVmax often resulted in PM lesions being 
excluded. These challenges are closely related to the distinct 

Fig. 6   Example of a patient with a decline in MTV and [18F]fluoro-
deoxyglucose (FDG) uptake as early as the week-5 PET scan which 
was followed by a long-term objective tumour response. Compara-
tive imaging from baseline (top row) and week-5 (bottom row). To 
the left, axial computer tomography (CT) images, in the middle, axial 
positron emission tomography (PET)/CT images and to the right the 
maximum intensity projection (MIP). The PET images are observed 
within a 0-10 SUV window. The patient was classified as having 
stable disease at the first CT response assessment, before develop-

ing partial response at the week-12 CT scan according to the modi-
fied Response Criteria in Solid Tumours (mRECIST) and immune 
RECIST. While the patient had stable disease at the week-5 CT scan, 
PET/CT already showed a reduction in metabolic tumour volume 
(MTV) and a decline in [18F]FDG uptake in the tumour. The treat-
ment was discontinued after 7 months due to intolerable toxicity. The 
patient is still under follow-up 20 months after the start of the treat-
ment
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pleural growth patterns, varying tumour thickness and SUV 
heterogeneity observed in PM, in contrast to focal lesions in 
other malignancies. In the prognostic results, the wide range 
of MTV (5 to > 2000 cm3) mitigates the impact of the delinea-
tion methodology. The comparison of MTV between baseline 
and follow-up remains methodologically challenging. How-
ever, the literature discourages the use of thresholds based on 
a fixed SUV or a fixed percentage of SUVmax when analysing 
volumetric PET metrics at various time points within the same 
patient due to changes in [18F]FDG uptake [54]. While our 
method is less vulnerable to changes in [18F] FDG uptake, 
caution should still be taken when interpreting changes in 
MTV from baseline to week-5.

Conclusion

Our study finds MTV to be an outcome predictor in PM 
treated with immunotherapy. Contrary to previous PM 
studies where patients were treated with chemotherapy, 
our results do not suggest inferior outcomes in patients 
with high SUVmax or SUVpeak, possibly due to the unique 
mechanisms of immunotherapy. An early reduction in 
TLG, SUVmax and SUVpeak was associated with an objec-
tive treatment response. While there was an association 
between early decline in TLG, SUVmax and SUVpeak, and 
objective treatment response, a minority displayed an 

Fig. 7   Example of a patient with an initial increase in MTV and 
[18F]fluorodeoxyglucose (FDG) uptake despite long-term objec-
tive tumour response/disease control. Baseline (top row) and week-5 
(bottom row). To the left, axial computer tomography (CT) images, 
in the middle, axial positron emission tomography (PET)/CT images 
and to the right the maximum intensity projection (MIP). The PET 
images are observed within a 0-10 SUV window. While the patient 
had stable disease according to the modified Response Criteria in 
Solid Tumours (mRECIST) at the first CT response assessment, both 

metabolic tumour volume (MTV) and [18F]FDG uptake showed an 
increase from baseline to week-5. The patient was classified as hav-
ing a partial response at the week-12 CT scan. The patient demon-
strated clinical signs of improvement already at the week-5 visit. The 
planned one-year PET scan was cancelled due to hip surgery. The 
treatment was discontinued after 9 months due to the development 
of severe Immune-mediated thrombocytopenia (ITP) and the patient 
died of disease progression 2.5 years after the start of the treatment
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initial increase in PET metrics before subsequently hav-
ing a radiological and clinical response, which may reflect 
a different immune response. Further studies are warranted 
to investigate the associations between PET features, 
immune features of mesotheliomas and the response to 
immunotherapy.
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