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Abstract

Purpose Metabolically active tumour volume (MATYV) is a potential quantitative positron emission tomography (PET) imaging
biomarker in melanoma. Accumulating data indicate that low MATV may predict increased chance of response to immunother-
apy and overall survival. However, metastatic melanoma can present with numerous (small) tumour lesions, making manual
tumour segmentation time-consuming. The aim of this study was to evaluate multiple semi-automatic segmentation workflows to
determine reliability and reproducibility of MATV measurements in patients with metastatic melanoma.

Methods An existing cohort of 64 adult patients with histologically proven metastatic melanoma was used in this study. '*F-FDG
PET/CT diagnostic baseline images were acquired using a European Association of Nuclear Medicine (EANM) Research
Limited—accredited Siemens Biograph mCT PET/CT system (Siemens Healthineers, Knoxville, USA). PET data were analysed
using manual, gradient-based segmentation and five different semi-automatic methods: three direct PET image—derived delin-
eations (41MAX, ASOP and SUV40) and two based on a majority-vote approach (MV2 and MV3), without and with (suffix ‘+°)
manual lesion addition. Correlation between the different segmentation methods and their respective associations with overall
survival was assessed.

Results Correlation between the MATVs derived by the manual segmentation and semi-automated tumour segmentations ranged
from R?>=0.41 for AS0P to R*=0.85 for SUV40+ and MV2+, respectively. Manual MATV segmentation did not differ
significantly from the semi-automatic methods SUV40 (AMATYV mean =+ SD 0.08 £0.60 mL, P=0.303), SUV40+ (AMATV
—0.10£0.51 mL, P=0.126), MV2+ (AMATV —0.09£0.62 mL, P=0.252) and MV3+ (AMATV —0.03+£0.55 mL, P=
0.615). Log-rank tests showed statistically significant overall survival differences between above and below median MATV
patients for all segmentation methods with areas under the ROC curves of 0.806 for manual segmentation and between 0.756
[41MAX] and 0.807 [MV3+] for semi-automatic segmentations.

Conclusions Simple and fast semi-automated FDG PET segmentation workflows yield accurate and reproducible MATV mea-
surements that correlate well with manual segmentation in metastatic melanoma. The most readily applicable and user-friendly
SUV40 method allows feasible MATV measurement in prospective multicentre studies required for validation of this potential
PET imaging biomarker for clinical use.
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Introduction

Metastatic melanoma has evolved from being an incurable
disease with notoriously poor prognosis to a cancer type with
the potential of long-term survival in patients with durable
responses to immunotherapy [1-5]. Despite 5-year overall
survival rates of over 50% in patients with metastatic melano-
ma treated with a combination of anti-CTLA-4 and anti-PD1
immune checkpoint inhibitors, a substantial subset of patients
does not respond [5, 6] or experiences severe side effects [5,
7-9]. Patient and tumour characteristics that are both prognos-
tic and predictive for response to immunotherapy, such as an
elevated serum lactate dehydrogenase (LDH) level and the
presence of brain metastases, are far from perfect in predicting
which patients will benefit [10—12]. Therefore, biomarkers to
select patients or patient groups with the best chance of
benefitting from these (costly) treatments are urgently needed.

High baseline (metabolically active) tumour burden is as-
sociated with worse treatment outcome and poor survival in
patients with metastatic melanoma [11, 13—16]. Total body
positron emission tomography (PET) using the glucose ana-
logue 2-deoxy-2-[fluorine-18] fluoro-D-glucose ('*F-FDG) is
part of standard baseline work-up in metastatic melanoma
[13]. Besides visual identification of metastases, quantitative
parameters including metabolically active tumour volume
(MATYV) can be measured using these baseline BE-FDG
PET images. In patients treated with immune checkpoint in-
hibitors, baseline MATV was associated with survival after
correction for LDH level and presence of brain metastases [11,
13, 15].

Various methods can be used to define tumour volumes of
interest (VOIs), required for MATV measurements, on PET
images. Manual segmentations are very labour-intensive and
are prone to both intra- and interobserver variability.
Consequently, semi-automated methods are being used more
frequently. However, a single widely available and accepted
reference method is currently lacking. The European
Association of Nuclear Medicine (EANM) Research Limited
(EARL) guidelines [17] recommend segmentations based on
fixed standardized uptake value (SUV) VOI thresholds of 2.5
or4.0 g/mL, 41% or 50% of the lesion’s SUVmax and 50% of
the lesion’s SUVpeak adjusted for background uptake. These
recommendations are mainly based on phantom studies in-
volving uniformly filled spheres and clinical studies in non-
small-cell lung carcinoma patients and patients with different
types of lymphoma [18-20]. However, patients with metasta-
tic melanoma frequently have large numbers of tumour le-
sions, which can be particularly small and can occur in any
tissue or organ, with each organ having different background
FDG uptake. These issues may hamper extrapolation of the
recommended semi-automated delineation methods based on
other tumour types. To our knowledge, no melanoma-specific
semi-automatic segmentation studies have been published to

date. For feasible large-scale evaluation of the predictive and
prognostic value of quantitative PET parameters in metastatic
melanoma, a fast, standardized segmentation method and cor-
responding workflow yielding reproducible and clinically rel-
evant measurements is essential [21]. Recently, the need for
such a standardized segmentation method to obtain MATV as
a possible predictive biomarker was emphasized by E. Hindié
(2020). Therefore, the aim of the current study was to develop,
optimize and evaluate a clinically feasible MATV method and
delineation workflow in metastatic melanoma.

Materials and methods
Patient population

An existing cohort of patients with metastatic melanoma (n =
64) was used for this study [13]. In brief, all adult patients with
histologically proven cutaneous or mucosal metastatic mela-
noma (American Joint Committee on Cancer [AJCC] [10] 7th
edition stage IV melanoma) without prior systemic treatment
and with a baseline '*F-FDG PET/CT scan performed be-
tween May 2014 and December 2015 with PET-positive le-
sions were included in the cohort. Patients also underwent a
baseline contrast-enhanced diagnostic CT scan around the
time of PET/CT scanning [22]. Patient and tumour character-
istics were retrieved retrospectively from the electronic patient
files (see Table 1 in [13] or Supplemental Table 1 for a mod-
ified version).

The local medical ethics committee approved the study and
the need for written informed consent for this retrospective
analysis was waived (case number: 2016/474). The institu-
tional objection registry indicated that the selected patients
had not objected to the use of their personal data for research
purposes. Patient data and images were pseudonymized, and
data were stored on a secured server according to local data
management regulations.

Imaging protocol

Baseline '®F-FDG PET scans were acquired using an EARL
accredited Siemens Biograph mCT PET/CT system (Siemens
Healthineers, Knoxville, USA). PET image acquisition was
performed according to EANM guidelines for tumour imag-
ing [17]. Acquired images were reconstructed using 3D TOF
OP-OSEM with 3 iterations and 21 subsets, and a Gaussian
filter of 6.5 mm into an image matrix size of 256 x 256 with a
voxel size 0f 3.2 x 3.2 x 2 mm. Patients were instructed to fast
and avoid exercise at least 46 h prior to intravenous '*F-FDG
injection (3 MBg/kg activity). Plasma glucose levels were <
198 mg/dL before '*F-FDG administration and the time inter-
val between '®F-FDG injection and imaging was 60 min (+
5 min). Total body PET imaging (from the top of the head to
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Table 1 Overview of the various tumour delineation methods

Segmentation method VOI delineation threshold

Manual Visual, gradient-based

Semi-automatic

SUV40 SUV =4.0 g/mL

41MAX 41% lesion SUVmax

A50P 50% lesion SUVpeak, corrected for background

MV2 Voxels included by >2 of SUV25, SUV40,
41MAX and A50P

MV3 Voxels included by >3 of SUV25, SUV40,

41MAX and A50P

and including the feet) was conducted with 1-3 min per bed
position (depending on body weight). Prior to PET acquisi-
tion, patients underwent a low-dose CT (non-contrast-en-
hanced) for attenuation and scatter correction (tube voltage
of 80—140 kV, tube current of 30 mAs and a spiral pitch factor
of 1).

Image analysis

PET images were analysed using ACCURATE, an in-house
developed image analysis tool [23]. PET data of all 64 patients
had previously been delineated using a manual, gradient-
based segmentation method as described in [13] (observer
1). For this study, using the same gradient-based segmentation
method, PET images of the first 20 patients were delineated by
a second observer (observer 2) to determine interobserver var-
iability in manual MATV measurements. Furthermore, PET
data of all 64 patients were analysed using six different semi-
automatic segmentation methods and corresponding
workflows.

The total tumour burden (TTB) tool in ACCURATE is
based on four commonly used PET image—based segmenta-
tion methods [17, 18, 24-26]. The different methods have
been described previously by Kolinger et al. In short, the
PET image-based segmentation methods are as follows: a
fixed SUV threshold of 2.5 g/mL (SUV25), a fixed SUV
threshold of 4.0 g/mL (SUV40), an adaptive threshold at
41% of each lesion’s SUVmax (41MAX) and a contrast
corrected threshold for local tumour-to-background activity
at 50% of the lesion’s SUVpeak (A50P). SUV25 was not
included as an individual segmentation method in the final
study because the first cases analysed by this approach result-
ed in VOIs that included large areas of healthy tissue requiring
substantial manual corrections. Therefore, we did not consider
this method to be clinically feasible and omitted it in the anal-
ysis of the remaining scans. In addition, two consensus
methods, so-called majority-vote methods, are available in
the TTB tool: agreement between two or more of the four
abovementioned standard PET-based methods (MV2) and
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agreement between three or more of the four standard PET-
based methods (MV3) (Table 1) [27]. Furthermore, the TTB
tool requires a minimal lesion volume which was set to 3 mL
for all methods in the current study.

The TTB tool yields automatically segmented VOIs of all
areas fulfilling the abovementioned thresholds. Regions with
physiologically high uptake (such as the bladder, kidneys, the
myocardium and the brain) can be removed manually by a
single mouse click. Subsequently, all individual VOIs are
saved and summed (referred to as VOI,y,;) and used to derive
quantitative image parameters. Optionally, all lesions initially
overlooked by the thresholding algorithm can be selected and
added to the total VOI by the observer using single mouse
clicks. Addition of all visible lesions to the VOI may increase
MATV accuracy as indicated in a lymphoma study [26].
When all visible lesions have been added, the final summed
VOI is saved again (referred to as VO ,,+) and also used to
derive quantitative imaging parameters.

For comparison and completeness, we additionally ex-
plored the prognostic value of other PET biomarkers:
SUVmax, SUVpeak and TLG.

Statistical analysis

Statistical analyses were performed using SPSS Statistics, ver-
sion 25.0 (IBM Corp., Armonk, NY) and Rstudio version
1.1.463. Normal distribution of the data was assessed using
Q-Q plots. Interobserver agreement between the MATV mea-
surements obtained through manual VOI segmentation was
analysed using Pearson’s correlation analysis, relative differ-
ence plots and boxplots. Correlation between MATVs obtain-
ed from manual and semi-automatic methods and among
MATVs obtained from different semi-automatic methods
was assessed using Pearson’s correlation analysis.
Differences between the MATVs obtained using the different
semi-automatic methods, and between the MATVs of the
manual segmentation versus the different semi-automatic
methods, were explored using paired samples ¢ tests after log
transformation of the data. A P value of less than 0.05 was
considered significant. For quantification of VOI similarity,
the Jaccard similarity coefficient and overlap fraction between
manually segmented VOIs of observer 1 and VOIs obtained
using each semi-automated segmentation method were
calculated.

For each segmentation method, receiver-operating-
characteristic (ROC) curves were obtained to assess associa-
tions of the differently obtained MATVs with overall survival.
Kaplan-Meier plots were used to estimate overall survival
(defined as time between baseline PET and date of death or
last follow-up). Patients were stratified into two groups based
on the median MATYV for each segmentation method and log-
rank tests were performed to test whether these groups had
significantly different survival curves.
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Fig. 1 Scatter plot (a), boxplots a

(b) and ratio plot (¢) of MATV 10000.00
measurements (mL) obtained
through manual VOI
segmentation of the first 20
patients (n = 20) delineated by
observer 1 and observer 2. The
dashed line in a indicates the
regression between the
measurements of both observers
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Results
Manual segmentation versus TTB tool

A high interobserver correlation was found between the
manual segmentation in the first 20 patients (R*=0.935)
(Fig. 1). Figure 1b shows boxplots of the MATVs of both
observers demonstrating a good agreement between both

T T T T
50 100 200 500 1000 2000

Mean (Observer 1 + Observer 2)/2

observers. Manually derived MATVs were similar be-
tween observer 1 and observer 2 (n=20; P=0.314,
AMATV mean+SD 0.06+0.27 mL, 95% CI [-0.06—
0.19]). Correlations between the manual segmentations
by observer 1 and the five different semi-automatic seg-
mentation methods (with, i.e. VOIy,+, and without addi-
tional lesion selection, i.e. VOI;y,) ranged from R>=0.41
to R*=0.85 (Figs. 2 and 3). MATVs were equal to zero in
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Fig. 2 Correlogram between the
MATYV measurements (n = 64)
obtained from the manual VOI
segmentations of observer 1 and
the MATV measurements
obtained through use of semi-
automated segmentation in the
TTB tool without additional le-
sion selection, i.e. VOly,, and
with additional lesion selection,
i.e. VOt 41IMAX, the semi-
automated segmentation method
using 41% of the lesion’s
SUVmax; A50P, the semi-
automated segmentation method
using 50% of the lesion’s
SUVpeak adjusted for back-
ground uptake; SUV40, the semi-
automated segmentation method
using a fixed SUV threshold of
4.0 g/mL; MV2, consensus “ma-
jority-vote” method using agree-
ment between 2 or more of the
standard PET-based methods;
MV3, consensus “majority-vote”
method using agreement between
3 or more of the standard PET-
based methods

Mv3
MV2 +
MV2
SUVA40 +
Suv40
AS0P +
A50P
41MAX +
41MAX

Manual | 043
(reference standard) =
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Segmentation method

Fig. 3 Boxplots showing the spread of MATV obtained through manual
VOI segmentations of observer 1 (white) and all semi-automatic segmen-
tations (n = 64) without (orange), i.e. VO, and with (blue) additional
lesion inclusion, i.e. VOl o+ The boxes bound the interquartile range
(IQR) divided by the median MATYV (indicated by the thick horizontal
black line). The whiskers extend to a maximum of 1.5*IQR beyond the
box. The asterisks indicate a significant difference (P < 0.05) between the
MATYV measurements obtained using the semi-automated methods and
the manual segmentation. Please note, in some patients, semi-automatic
segmentation methods do not succeed in capturing any lesions (for
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example in cases of lesions <3 mL). In these cases, MATV equals zero.
41MAX, the semi-automated segmentation method using 41% of the
lesion’s SUVmax; ASOP, the semi-automated segmentation method
using 50% of the lesion’s SUVpeak adjusted for background uptake;
SUV40, the semi-automated segmentation method using a fixed SUV
threshold of 4.0 g/mL; MV2, consensus “majority-vote” method using
agreement between 2 or more of the standard PET-based methods; MV3,
consensus “majority-vote” method using agreement between 3 or more of
the standard PET-based methods
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Table 2 Jaccard similarity coefficient and percentage overlap between
VOlIs. All semi-automated segmentation methods were compared to man-
ual delineations by observer 1. Please note, in some patients, semi-
automatic segmentation methods did not succeed in capturing any lesions

(for example in cases of lesions <3 mL) in contrast to the manual delin-
eation. In these cases, semi-automatic MATV and, consequently, the
Jaccard coefficient and overlap fraction equal zero

Segmentation method

Jaccard coefficient (mean + SD, range)

Fraction overlap (mean + SD, range)

41MAX 0.29+0.26, 0-0.79
41IMAX+ 0.44+0.25, 0-0.87
A50P 0.30+0.25, 0-0.78
A50P+ 0.38+0.23, 0-0.94
SUV40 0.30+0.24, 0-0.79
SUV40+ 0.39+0.21, 0-0.83
MV2 0.27+0.23, 0-0.83
MV2+ 0.32+0.24, 0-0.86
MV3 0.30+0.26, 0-0.80
MV3+ 0.38+0.26, 0-0.85

0.34+0.29, 0-0.95
0.65+0.29, 0-1
0.38+0.30, 0-0.89
0.64+0.30, 01
0.46+0.35, 0-1
0.62+0.32, 01
0.42+0.34, 0-0.98
0.59+0.38, 0-1
0.38+0.30, 0-0.87
0.58+0.35, 0-0.98

cases where the semi-automatic segmentation method was
not able to segment any voxels, e.g. when none of the
voxels exceeded the fixed SUV and/or volumetric segmen-
tation thresholds.

When observers were allowed to select additional lesions
that were initially not included in the automated preselection
(VOlyar+), total summed MATYV increased by 166%, 8§6%,
18%, 53% and 89% for the 41MAX, ASOP, SUV40, MV2
and MV3 methods, respectively.

Log transformed MATYV derived by manual segmentation
did not differ between observer 1 and the semi-automatic

& & &
L 8 -
wrd o wrda \

A e
?

& e 7 TR

41MAX AS0P

Fig. 4 Example MIP images of a single patient for comparison of the
manual segmentations of observer 1 and all semi-automated segmenta-
tions without additional lesion selection. 41MAX, the semi-automated
segmentation method using 41% of the lesion’s SUVmax; AS50P, the
semi-automated segmentation method using 50% of the lesion’s
SUVpeak adjusted for background uptake; SUV40, the semi-automated

Manual

SUV40 method (AMATV mean=+SD 0.08 +0.60 mL, 95%
CI [-0.07-0.23], P=0.303); the semi-automatic SUV40+
method (AMATV mean=+SD —0.10£0.51 mL, 95% CI [~
0.23-0.03], P=0.126); the semi-automatic MV2+ method
(AMATV mean+SD —0.09+0.62 mL, 95% CI [-0.24—
0.06], P=0.252); or the semi-automatic MV3+ method
(AMATV mean+SD —0.03+0.55 mL, 95% CI [-0.17-
0.10], P=0.615). All other semi-automated segmentation
methods (VO and VOIy,+) showed significant differ-
ences in MATVs values derived compared to manual segmen-
tation by observer 1 (P< 0.05).

® ®
% %
o o

suvao Mv2 Mv3
segmentation method using a fixed SUV threshold of 4.0 g/mL; MV2,
consensus “majority-vote”” method using agreement between 2 or more of
the standard PET-based methods; MV 3, consensus “majority-vote” meth-
od using agreement between 3 or more of the standard PET-based
methods

@ Springer



1504

Eur J Nucl Med Mol Imaging (2021) 48:1498-1510

Fig. 5 Example MIP images of a
single patient for comparison of
the manual segmentations of
observer 1 (left) and the semi-
automated SUV40 segmentations "
without additional lesion selec-

tion (middle) and the semi- w0
automated SUV40+ segmenta-
tions with additional lesion selec-
tion (right). Arrows indicate

manually added lesions. SUV40, {?)
the semi-automated segmentation

method using a fixed SUV
threshold of 4.0 g/mL s b
Wy
Manual
Table3  Areas under the ROC curves (see Fig. 5). A comparison can be

made between manual segmentation, semi-automatic VOI segmentation
(i.e. VOlIya1), and semi-automatic VOI segmentation with additional le-
sion selection (i.e. VOl +). 41MAX, the semi-automated segmentation
method using 41% of the lesion’s SUVmax; A50P, the semi-automated
segmentation method using 50% of the lesion’s SUVpeak adjusted for
background uptake; SUV40, the semi-automated segmentation method
using a fixed SUV threshold of 4.0 g/mL; MV2, consensus “majority-
vote” method using agreement between 2 or more of the standard PET-
based methods; MV3, consensus “majority-vote” method using agree-
ment between 3 or more of the standard PET-based methods

Segmentation method Area under the ROC curve

Manual VoI VOI+
Observer 1 0.806
41MAX 0.756
AS0P 0.791
SUV40 0.790
MV2 0.772
MV3 0.790
41MAX+ 0.770
A50P+  0.766
SUV40+ 0.785
MV2+ 0.783
MV3+ 0.807
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The Jaccard similarity coefficient and overlap fraction
were determined to quantify overlap between manually
segmented VOIs and the VOIs obtained through semi-
automated segmentation (Table 2). For illustrative pur-
poses, example MIP images showing the manual seg-
mentations of observer 1 versus the VOIs obtained with
semi-automated segmentation methods with and without
additional lesion selection are shown in Figs. 4 and 5,
respectively.

Survival

At the time of analysis (17.9 months after the last baseline
PET acquisition), 21 of the included 64 patients (32.8%)
were still alive. Patients (n = 64) were divided into two
groups, a high and a low MATV group, for each seg-
mentation method based on the median MATV. Kaplan-
Meier curves for overall survival showed good separa-
tion of the high and low MATV curves and were statis-
tically significant (P <0.05) for each of the semi-
automatic segmentation methods (without additional le-
sion selection) (Fig. 6b—f) as has been described previ-
ously for the manual method (Fig. 6a). Selecting addi-
tional lesions (i.e. VOI,+) did not improve the associ-
ation of overall survival with MATV compared to



Eur J Nucl Med Mol Imaging (2021) 48:1498-1510 1505
= Binary variable ¢ 1] 2 2 Binary variable
10 “ Manual <= or > 10 b 41MAX <= or >
median 29.23 { median 19.74
\’ <= median 29 23 L <= median 19.74
08 L —1> medhan 29.23 08 | ~M>median 19.74
<= median 29 23 - & <=median 19.74 -
censored i censored
k] - \ _4_>median 2923 - ] X L T median 19.74 -
% 06 v " censored E 06 4 censored
@ h 3 Y
1 £ 1
g 04 1 3 04 1
[s 2t 1 o 1
1 1
ey I
02 3 02 L
P=0.001 2 G, 28 P =0.005
00 00|
00 10.00 2000 3000 40.00 00 1000 2000 30.00 4000
Time between death/last follow-up and baseline PET in months Time between death/last follow-up and baseline PET in months
= Binary variable [ Binary variable
2] i == ASO0P <= or > L = SUV40 <= or >
ik median 27.50 | median 30.21
‘1 <= median 2750 \ <= median 30 21
08 ‘.1 > median 27 50 08 3 15 > median 30.21
L <= median 2750- L <= median 30 21-
1 censored L censored
[ o \ 4> median 2750 - q 1 >median 30.21-
% 08 L " censored % 06 v censored
5 L 5 |
17 4 ‘g it
& Y 1
3 04 My 3 04 L
5} — o -y
t 1
L - y | E— o
02 . - 02 e SR B
P=0.003 P=0.007 L
00 00
00 10.00 2000 3000 4000 00 1000 20.00 30.00 4000
Time between deathilast follow-up and baseline PET in months Time between death/last follow-up and baseline PET in months
10 e Binary variable 10 & Binary variable MV3
o 1 MV2 <= or > median = <= or > median 26.45
{ 27.02 1 B ”
k \ <=median 26 45
- Y <=median 2702 2 \ > median 2645
08 1 1> median 27.02 08 f <= median 26 45 -
L ¥ <= median 27.02- Ll censored
] censored 1 ~+> median - censored
B Y 4> median 27 02- x o \
2z 06 ' censored 2 06 1
5 5 1
@ 1 7] 1
E o E L‘
3 04 o | 3 04 b
1 1
B 1 L -
02 S - 02 1 - -
P=0.023 = P=0.003
00 00
00 10.00 2000 3000 40,00 00 1000 20.00 30.00 4000
Time betv foll ip and PET in months Time foll p and PET in months

Fig. 6 Kaplan-Meier curves and log-rank test P values for overall survival
of all patients (n = 64) based on median MATV obtained through manual
segmentation (a) and semi-automatic segmentation without additional le-
sion selection using the different quantitative PET image—based thresholds
incorporated in the TTB tool: 4IMAX (b), AS0P (¢), SUV40 (d), MV2 (e)
and MV3 (f). 4IMAX, the semi-automated segmentation method using
41% of the lesion’s SUVmax; A50P, the semi-automated segmentation

automatic segmentation without selecting additional le-
sions (i.e. VOl ) (Fig. 7). The ROC curves reveal no
significant differences regarding sensitivity and specific-
ity for predicting overall survival, with similar areas un-
der the curves (Figs. 8 and 9, Table 3). Kaplan-Meier
survival curves were similar for the other quantitative
FDG PET parameters SUVmax, SUVpeak and/or total

method using 50% of the lesion’s SUVpeak adjusted for background up-
take; SUV40, the semi-automated segmentation method using a fixed SUV
threshold of 4.0 g/mL; MV2, consensus “majority-vote” method using
agreement between 2 or more of the standard PET-based methods; MV3,
consensus “majority-vote” method using agreement between 3 or more of
the standard PET-based methods

lesion glycolysis (TLG) compared to MATV (see
Supplemental Fig. 1). Corresponding ROC curves with
associated areas under the curves were slightly higher for
(combinations with) MATYV and its associated parameter
TLG than the independent biomarker SUVmax or
SUVpeak (see Supplemental Fig. 2 and Supplemental
Table 2).
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Fig. 7 Kaplan-Meier curves and a
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Discussion segmentation method for future use. Manual segmentation of

This study shows that MATV measurements by rapid semi-
automatic segmentation methods correlate well with MATVs
derived by manual tumour delineation. MATYV is a quantita-
tive FDG PET biomarker with potential prognostic and/or
predictive value in patients with metastatic melanoma and
these rapid semi-automatic segmentation methods make fur-
ther clinical validation of this biomarker feasible [25, 28].
We found a high interobserver correlation between manual,
gradient-based MATV delineations in metastatic melanoma
patients. Furthermore, manually obtained MATVs correlated
well with five different semi-automatic segmentation
methods. The time expenditure for the different segmentation
methods is highly variable. Difference in time expenditure
could play an important role in determining the most suitable

@ Springer

all lesions took more than 1 day for several of the patients
studied (data not shown), depending on the number of small
metastases. A similar retrospective study evaluating FDG PET
parameters in melanoma patients (n = 56) used manual lesion
indication followed by semi-automatic contouring with a 40%
SUVmax threshold [15] and reported an average delineation
time per patient of 10 min. The shorter time expenditure re-
ported might be explained by differences in the extent of man-
ual delineation (complete lesion delineation vs. only manual
lesion indication in [15]) and the inclusion of patients with
stage 11, i.e. with less widespread disease, as opposed to only
stage IV patients in our cohort. Using the automated methods
presented in our paper, segmentations always finished in
~3 min. When additionally selecting initially missed but vis-
ible lesions, total processing time per patient increased to 10—
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30 min (depending on the number of metastases and the PET
segmentation threshold settings). However, including all le-
sions by manually adding initially missed ones (i.e. VOIy1+)
did not change the association of MATV with survival. This
implies that the fast and simple workflow of semi-automated
segmentation method works equally well as time-consuming
and error-prone manual delineation, even when excluding le-
sions < 3 mL. This justifies omitting manual interference with
the semi-automatic methods when evaluating associations of
MATYV with survival, since this provides the most time-
efficient and observer-independent measurement. The lack
of additional benefit of adding initially missed lesions also
emphasizes the robustness of MATV as a potential PET bio-
marker to predict overall survival in metastatic melanoma.
The excellent performance of semi-automated MATV
measurements compared to manual segmentation was also
found in other studies evaluating MATYV for survival predic-
tion in different cancer types [19, 20, 28]. In patients with
diffuse large B cell lymphoma, MATV was measured using
two types of quantitative PET image analysis software. This
software incorporated three different PET image—based
thresholds (a SUVmax of 2.5 g/mL, 41MAX, and all voxels
> SUVmean in a spherical VOI of 3 cm? placed in the liver as
recommended in the PERCIST guidelines (PERCIST Hermes
[29]). Depending on the delineation method, different
MATVs were obtained but all methods predicted survival
outcome with similar accuracy [19]. Likewise, the strong
prognostic value of MATYV for survival outcome in peripheral
T cell lymphoma was similar for four different PET image—
based adaptive thresholding methods (signal-to-background

ratio, tumour-to-background intensities, 3-dimensional geo-
metric model based on spatial resolution and mean
SUVmax) [20].

The absolute fixed threshold SUV40 was the semi-
automatic MATV measurement method that best correlated
with manual segmentation. For this method, selection of ad-
ditional lesions (VOly,+) had the least impact on the MATV
and did not improve the AUC of the ROC curve. Moreover,
the SUV40 method was the least time-consuming and was
perceived as the most user-friendly method. Therefore, use
of the semi-automated SUV40 method without additional le-
sion selection is recommended for further studies.

Limitations of the current study include its retrospective
nature and heterogeneity in patient treatments. Although treat-
ments do not influence baseline MATV measurements or cor-
relations among the segmentation methods, the associations
with survival might change. Furthermore, in the standard of
care PET/CT acquisition a non-contrast-enhanced low-dose
CT is obtained, which has a lower sensitivity than PET com-
bined with contrast-enhanced CT for most metastatic loca-
tions [22]. Although this can have implications for lesion de-
tection and management in specific clinical cases, it is highly
unlikely that the PET-based MATV segmentations will
change by non-contrast-enhanced vs. contrast-enhanced CT.
Moreover, previous assessment of the contrast-enhanced CT
in a subset of the cohort revealed only 0.4% (small) additional
FDG PET-negative lesions [13]. Additionally, since all mea-
surements were performed on '*F-FDG PET images only,
brain metastases (observed in 22 patients) could not be includ-
ed in the automated MATV measurements. However, the
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Fig. 9 Bar plot of the AUC of the ROC curves illustrating the difference
in accuracy of predicting survival outcome based on MATV obtained
using manual tumour segmentations (white) and through use of semi-
automatic segmentation methods (without (orange), i.e. VOIy,, and with
additional lesion selection (blue)), i.e. VOIy@+. 41MAX, the semi-
automated segmentation method using 41% of the lesion’s SUVmax;
A50P, the semi-automated segmentation method using 50% of the
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lesion’s SUVpeak adjusted for background uptake; SUV40, the semi-
automated segmentation method using a fixed SUV threshold of 4.0 g/
mL; MV2, consensus “majority-vote” method using agreement between
2 or more of the standard PET-based methods; MV3, consensus “major-
ity-vote” method using agreement between 3 or more of the standard
PET-based methods
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contribution of brain metastasis to the total MATV is gener-
ally small [30] and individual brain metastases are often <
1 mL based on MRI [31, 32], i.e. below the used threshold
of 3 mL lesion volume in the TTB.

In summary, we found that a semi-automated seg-
mentation workflow, especially using the SUV40 meth-
od, provides a fast and robust approach for measuring
MATV in melanoma patients. The association of MATV
with overall survival was similar for semi-automated
methods compared to manual delineation. The proposed
workflow is a promising, clinically feasible approach for
measuring MATV and is a good starting point for pro-
spective multicentre validation of MATV as quantitative
(predictive and/or prognostic) imaging biomarker in
melanoma patients.

Conclusion

In metastatic melanoma patients, the quantitative imag-
ing biomarker MATV can be obtained using the robust,
rapid and simple semi-automated SUV40 segmentation
approach. This straightforward approach allows mea-
surement of MATV in large prospective multicentre
studies required for validation of this FDG PET imaging
parameter as a predictive and/or prognostic biomarker in
the clinic.
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