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Abstract

Background: ["®F]FDG PET-based metabolic tumor volume (MTV) is a promising prognostic marker for lymphoma
patients. The aim of this study is to assess the sensitivity of several MTV segmentation methods to variations in image
reconstruction methods and the ability of ComBat to improve MTV reproducibility.

Methods: Fifty-six lesions were segmented from baseline ['®FIFDG PET scans of 19 lymphoma patients. For each
scan, EARL1 and EARL2 standards and locally clinically preferred reconstruction protocols were applied. Lesions were
delineated using 9 semiautomatic segmentation methods: fixed threshold based on standardized uptake value
(SUV), (SUV =4, SUV=2.5), relative threshold (41% of SUVmax [41M], 50% of SUVpeak [A50P]), majority vote-based
methods that select voxels detected by at least 2 (MV2) and 3 (MV3) out of the latter 4 methods, Nestle thresholding,
and methods that identify the optimal method based on SUVmax (L2A, L2B). MTVs from EARL2 and locally clinically
preferred reconstructions were compared to those from EARL1. Finally, different versions of ComBat were explored to
harmonize the data.

Results: MTVs from the SUV4.0 method were least sensitive to the use of different reconstructions (MTV ratio:
median=1.01, interquartile range =[0.96-1.10]). After ComBat harmonization, an improved agreement of MTVs
among different reconstructions was found for most segmentation methods. The regular implementation of ComBat
(‘Regular ComBat’) using non-transformed distributions resulted in less accurate and precise MTV alignments than a
version using log-transformed datasets ('Log-transformed ComBat’).

Conclusion: MTV depends on both segmentation method and reconstruction methods. ComBat reduces recon-
struction dependent MTV variability, especially when log-transformation is used to account for the non-normal
distribution of MTVs.
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Background
Positron emission tomography (PET) and computed
tomography (CT) are oncological imaging modalities
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have been shown to improve risk stratification. Baseline
metabolic tumor volume (MTV) is a quantitative meas-
ure, obtained from ['®F]-fluorodeoxyglucose (['*F]JFDG)
PET scans, which quantifies tumor burden with FDG
uptake [2]. Several studies demonstrated that high MTV
before starting treatment is significantly correlated with
a shorter progression-free survival (PFS) and/or overall
survival (OS) [3, 4]. These findings imply that MTV is a
promising prognostic factor in tailoring lymphoma ther-
apy. However, quantitative PET measures are susceptible
to image quality in varying degrees, including the differ-
ent PET reconstruction methods [5-7]. As such, several
papers clearly demonstrated the high sensitivity of inten-
sity measures like the maximal standardized uptake value
(SUVmax), SUVpeak and multiple textural features for
reconstruction setting [11, 14, 15]. As a result, new image
reconstruction methods, such as the point spread func-
tion (PSF), pose uncertainties about their impact on the
different quantitative PET metrics, including volumetric
features like MTV [8, 9]. Despite the auspicious potential
clinical value of MTV as a prognostic and response pre-
dictive marker in lymphoma, susceptibility to reconstruc-
tion setting and thus inability to reliably reflect (changes
in) tumor burden precludes any clinical implementation.
In this light, we aim to evaluate whether, and to which
extent, MTV is sensitive to reconstruction setting includ-
ing the impact of segmentation method. Therefore, in
this study we assess the variability in MTV using 9 semi-
automatic segmentation methods to variations in 3 dif-
ferent image reconstruction methods. Throughout the
literature, the ComBat method has been proposed as a
solution to reduce the impact of the image preprocess-
ing effect and it is currently used in various contexts [10].
Originally, ComBat has been used in genomics as a har-
monization strategy to deal with the alterations caused
by batch effects [11]. When applying this method, the
batch effect is discarded as all data are realigned in a sin-
gle space and biological information remains unchanged.
In image analysis, we can use ComBat to compensate for
the variability among features generated by the scanner/
protocol effect. However, ComBat harmonization is not
always correctly used. Therefore, in this paper we also
analyze the ability of using ComBat to remove variability
in MTV and whether different implementations of Com-
Bat are able to further improve the alignment of the data.

Methods

Study population

In this study, we used baseline ['**F]JFDG PET/CT scans
from 19 patients from two different datasets. The first
dataset consists of 14 patients scanned at Amsterdam
UMC which were retrospectively obtained from ongo-
ing studies with a waiver for informed consent from the
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Medical Ethics Review Committee of Amsterdam UMC,
location VUmc (IRB2018.029). From these 14 patients, 9
patients were diagnosed with DLBCL, 3 were diagnosed
with Hodgkin lymphoma, 2 were diagnosed with T cell
lymphoma and 1was diagnosed with post-transplant
lymphoproliferative disorder (PTLD). The second dataset
consists of 5 DLBCL patients which were recruited at the
outpatient clinics of the department of Hematology of the
Amsterdam UMC, location VUmc, and the outpatient
clinics of the department of Hematology of the Amstel-
land Hospital in Amstelveen (IRB2019.278). These trials
enrolled patients aged 18 years or older diagnosed with
DLBCL with at least one tumor with a diameter equal to
or more than 3 cm. Patients who had undergone chemo-
therapy in the past 4 weeks showed multiple malignan-
cies, metal implants or pregnant/lactating patients were
excluded from the study.

Quality control of scans

The quality control (QC) check of the scans followed
the EANM guidelines: The liver SUVmean should be
between 1.3 and 3.0, and the plasma glucose should be
lower than 11 mmol/L [12]. Furthermore, scans were
excluded during the QC if the scans were incomplete
and/or the total image activity (MBq) was not between
50 and 80% of the total injected FDG activity and/or any
DICOM data were missing as in [2].

Image processing

In order to analyze the impact of reconstruction meth-
ods, we used ['®F]FDG PET baseline scans derived from
three different reconstruction methods: one reconstruc-
tion which followed locally clinically preferred protocols
(high resolution or HR reconstruction), another recon-
struction following EARL1 standards (EARL1 recon-
struction) and a third reconstruction following EARL2
standards (EARL2 reconstruction). EARL2 standards
were established with the implementation of PSF into
the original EARL image reconstruction capabilities [13].
PSF is a resolution modeling algorithm which improves
image resolution and contrast [14]. In comparison with
EARL standards, the most substantial configuration to
the HR reconstruction is a pixel spacing parameter of
2 mm instead of 4 mm and a higher spatial resolution.
Table 1 contains a summary of the parameters related to
the reconstruction methods used in this study.

The MTYV of lesions was calculated and analyzed using
ACCURATE software [15]. ACCURATE enables the
calculation of MTV of lesions on PET scans automati-
cally and allows the users to apply multiple segmenta-
tion methods or volumes of interest (VOI) [15]. Nineteen
lymphoma patients were included in the analysis. For
each PET baseline study, 3 different reconstructions
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Table 1 Summary of parameters characterizing each reconstruction method

Method Series description Pixel spacing (mm) Slice thickness Reconstruction Manufacturer’s model name
(mm) method

EARL1 [WBA_CTAC]-Body 4x4x4 BLOB-OS-TF Ingenuity TF PET/CT, Vereos PET/CT

EARL2 [WBA_CTAC_PSF]-Body 4x4x4 BLOB-OS-TF Ingenuity TF PET/CT, Vereos PET/CT

HR [HN_CTAC_2mm]-Body 2X2x2 BLOB-OS-TF Ingenuity TF PET/CT, Vereos PET/CT

were investigated (EARL1, EARL2 and HR). We deline-
ated on average 3 lesions per PET scan, which resulted
in a total of 56 lesions across all of the included patients.
Nine different semiautomatic segmentation methods
were applied to delineate each of these lesions. Since each
PET scan consisted of 3 reconstructions, a total of 1512
delineations and MTV measurements were included for
the analysis.

For each reconstructed scan, the following segmen-
tation methods were applied: segmentation based on
fixed thresholds using standardized uptake value of 4.0
(SUV4.0), and SUV of 2.5 (SUV2.5), 41% of SUVmax
(41M), segmentation based on adaptive thresholding
using 50% of peak voxel value adapted for local back-
ground (A50P), majority vote approaches for segment-
ing voxels detected by at least 2 (MV2) and 3 (MV3) out
of these 4 methods [16], lesional-based methods that
identify the optimal method based on SUVmax (L2A,
L2B) [17] and a contrast oriented method, Nestle seg-
mentation [18]. For the L2A method, a SUV4.0 contour
is used for SUVmax>10 and MV3 for SUVmax< 10. For
L2B, MV2 instead of SUV4.0 in case of SUVmax > 10 was
used. The majority vote approaches are based upon the
agreements between SUV4.0, SUV2.5, A50P and 41M. A
detailed description of the methods can be found in [19].

ComBat harmonization

ComBat harmonization was applied to align the MTV
measurements from the three different reconstructions
used in this study. As aforementioned, ComBat was first
described in the field of genomics to remove batch effects
[10, 20]. The ComBat method assumes that the deviation
introduced by the batch effect is removed once the means
and the variances are standardized across the different
batches. The value of the feature Y for a specific VOI j
and scanner i is expressed as follows:

Yij =a+ vy +diey, (1)

where o represents the mean value of the feature Y, y rep-
resents the additive effect of the scanner, § is the multi-
plicative effect of the scanner, and ¢ is the error. In this
case, the feature ¥ would be the MTV and the VOI j the
delineated lesion. This harmonization method uses the

empirical Bayes framework to estimate the batch/scan-
ner effect terms, y; and §;. Subsequently, the corrected Y
value YijC"mBat is calculated in Eq. (2) where &, 7; and 5
are estimations of parameters «, y; and §;, respectively.

Yij_&_)/’\i+

YpomBat — _
ij 5,

(2)

To understand how the implementation of ComBat
is affecting our MTV values, we implemented multiple
versions and compared them to the original data. Ini-
tially, we applied the regular implementation of ComBat
which derives the transformation by aligning the mean
and standard deviation of the data groups pertaining to
different reconstructions (‘Regular ComBat’). This imple-
mentation of ComBat assumes a normal distribution of
the data. Since medical data are rarely normally distrib-
uted, we also implemented the version of ComBat which
applies the logarithmic transformation to attain normal
distributions (‘Log-transformed ComBat’). When apply-
ing such transformation, the returned values have already
been exponentially transformed to be comparable with
the rest. Details of these two ComBat versions can be
found in Table 2. Another approach to address the non-
normal data distribution is to standardize the median and
interquartile range instead of the mean and the standard
deviation. Furthermore, we investigated whether exclud-
ing outliers affects the harmonization of the data. Com-
Bat was applied using R version 4.0.5 based on the code
provided by Fortin et al. [21].

Statistical analysis

We first compared the MTV values across the 9 differ-
ent segmentation methods. For each one of the lesions,
we compared the MTVs obtained from EARL2 or HR

Table 2 Description of  characteristics of  ComBat

implementations

Version Alignment  Outliers Normalization
Regular ComBat Mean, SD Include None
Log-transformed Mean, SD Include Logarithmic trans-

ComBat formation

SD Standard Deviation
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reconstructions to those from EARL1 using MTV volume
ratios. Since EARLLI is used as the reference reconstruc-
tion method, in these ratios, EARL1 results are given in
the denominator as shown in the following equations:

, EARL2 MTV
MTV Ratio EARL2 = ———— 3)
EARL1 MTV
, HR MTV
MTV Ratio HR= — (4)
EARLI MTV

Equations (3) and (4) were calculated across all of the 9
segmentations which resulted in a MTV ratio value per
lesion for each segmentation method for both EARL2
and HR reconstructions. MTV ratios were used to com-
pare the effect of different reconstructions across mul-
tiple segmentations before applying ComBat and after
applying ComBat.

Results

The MTV analysis was carried out by calculating the
MTYV volume ratios (see Egs. 3 and 4 for reference). In
Fig. 1, the MTV ratios are plotted per segmentation
method for both EARL2 (a) and HR reconstructions (b).
A perfect alignment of MTV values between reconstruc-
tions is given by an MTV ratio of 1. Both plots show dis-
similarities with EARL1 reconstruction; however, MTV
from the HR reconstruction presents larger variability
than MTV from EARL2. Differences between recon-
structions are readily apparent for segmentation meth-
ods 41M, A50P, MV3 and Nestle, where the MTV ratio
boxplots stay below 1 (MTV ratio EARL2: median of
0.73, 0.86, 0.80 and 0.82, respectively), indicating that the
volume of the lesions segmented under these settings is
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smaller than the segmented volume with EARLI recon-
structions. These findings are also presented in Table 3,
where we displayed the median and IQR values for MTV
ratios for each of the segmentation methods. In addition,
for SUV2.5, the size and amount of outliers outnumbered
the rest of segmentation methods (Additional file 1:
Fig. S1). MTVs from the SUV4.0 segmentation method
showed the best alignment between reconstructions
(MTV ratio EARL2: median=1.01, interquartile range
(IQR)=[0.96, 1.10]). Generally, fixed threshold methods
were less sensitive to changes in reconstruction settings
(MTYV ratio EARL2: median of 0.96 for MV2, L2A and
L2B).

ComBat transformation was applied to compensate
for differences in reconstruction methods. Different ver-
sions of ComBat were implemented. In this paper, we
focused on the comparison between the Regular ComBat
and Log-transformed ComBat (see Table 2 for reference)
because the latter is generally less sensitive to outliers and
will, by definition, prevent the generation of negative val-
ues. Table 4 illustrates the median, mean, standard devia-
tion (SD) and IQR of the MTVs before and after ComBat
for 41M segmentation. SD and IQR are given because the
data are not normally distributed. An improved align-
ment between reconstructions after using ComBat was
observed. There is large variability in the data across the
3 reconstruction methods. This is also shown in Fig. 2.
In Fig. 2, MTV values per reconstruction setting are pre-
sented using 41M segmentation method for all three situ-
ations: before ComBat (a), after Regular ComBat (b) and
after Log-transformed ComBat (c). In Fig. 2b, negative
MTVs were obtained for the HR reconstruction when
using Regular ComBat. This was also observed for other

EARL2 Reconstruction - MTV Ratio

MTV ratio (EARL2/EARL1)
- &

=4
n

ermnas

4TM  ASOP* L2A 2B MV2  Mv3 NESTLE SUV25" SUV4.0

(a)

HR Reconstruction - MTV Ratio

4
n
L

MTV ratio (HR/EARL1)
|

T

M\I/3 NESTLE  SUV2.5" SUV4.0

4IM ASOP  L2A"  L2B MV2
(b)

Fig. 1 MTV ratios across segmentation methods. Each boxplot illustrates the set of MTV ratios obtained with a particular segmentation method:
41M, A50P, L2A, L2B, MV2, MV3, NESTLE, SUV2.5 or SUV4.0. MTV ratios are given for a EARL2 reconstructions and b HR reconstructions. * Implies few
outliers not displayed
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Table 3 MTV ratios (median and IQR for each segmentation method) for EARL2 and HR reconstructions
Segmentation EARL2/EARL1 HR/EARL1
Median IQR1 IQR3 Median IQR1 IQR3

41M 0.73 0.63 0.81 0.65 045 0.76
A50P 0.86 0.79 0.90 0.77 061 0.89
L2A 0.96 0.90 1.02 0.93 0.84 1.03
L2B 0.96 0.91 1.02 0.95 0.86 1.02
MV2 0.96 0.89 1.02 092 0.79 1.00
MV3 0.80 0.72 0.88 0.71 0.46 0.81
NESTLE 0.82 0.76 0.88 0.72 0.56 0.82
SUV2.5 0.96 0.92 1.00 0.98 0.88 1.07
SUV4.0 1.01 0.96 1.10 1.00 0.91 1.16
IQR Interquartile Range
Table 4 Transformation of MTV values (mL) with ComBat harmonization
Method Before ComBat After regular ComBat After Log-transformed ComBat

Mean (SD) Median (IQR) Mean (SD) Median (IQR) Mean (SD) Median (IQR)
EARL1 118 (345) 13 (32) 118 (345) 13(32) 118 (345) 13 (32)
EARL2 65 (196) 5(19) 118 (345) 12 (34) 125 (385) 9(33)
HR 52 (148) 6(19) 118 (345) 11 (44) 100 (284) 12 (38)

SD Standard Deviation, IQR Interquartile Range

segmentation methods such as SUV2.5, MV3 and A50P
(Additional file 2: Fig. S2).

The transformation of the MTV ratios per segmenta-
tion can be found in Fig. 3. Usually, an agreement of
MTVs among different reconstructions can be observed
post-ComBat harmonization for most segmentation
methods. For most of the segmentation methods, the
post-ComBat boxplots (dark blue) IQR included the
value of 1, especially after applying the Log-transformed
ComBat. However, these boxplots have larger IQR in
comparison with the boxplots for the values before
ComBat (light blue). This shows that ComBat increases
the variability of the MTV parameter and consequently
worsens the precision. The transformation was consid-
erably better when applying Log-transformed ComBat
instead of Regular ComBat. Log-transformed ComBat
led to higher accuracy with median values closer to 1 and
an acceptable increase in variability when compared to
Regular ComBat.

Discussion

The aim of this study was to evaluate the impact of image
reconstruction methods onto MTV calculations in base-
line [*®F]FDG PET scans of lymphoma patients. For this
study, we focused on two aspects: the reconstruction and
the segmentation method. Specifically, we analyzed the

interaction of three reconstruction methods with nine
different segmentation methods and how these condi-
tions affected MTV. At the moment, there is no consen-
sus about which methods and settings are optimal for
PET MTV quantification. However, the scientific com-
munity has acknowledged the need to generate robust
and reproducible MTV measurements for prognostic
and clinical applications [22-25].

The results of this study present significant inter-recon-
struction variability for MTV calculations. The three
different reconstruction methods which were evaluated
(EARL1, EARL2 and HR) resulted, in some cases, in
large differences in MTV values. Volumes derived from
EARL2 and HR reconstructions have a tendency to be
smaller in size when compared to EARLLI. This is in con-
cordance with a previous study where they found that
PSF reconstructions led to a decrease in MTV in 83% of
the analyzed lesions [26]. Furthermore, accurate MTV
quantifications are also influenced by the segmentation
method used. To our knowledge, this is the first study val-
idating the effect of segmentation algorithms for different
reconstruction methods, but the variation of MTV abso-
lute values among segmentation methods has been previ-
ously reported in several studies [11, 25, 27]. Our results
show that some segmentation methods are less sensi-
tive to changes in reconstruction methods than others.
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Fig.2 MTVs obtained using 41M segmentation across 3 different
reconstructions: EARL1, EARL2 and HR. a MTVs before ComBat
harmonization. b MTVs after ComBat using non-transformed
distribution (Regular ComBat). ¢ MTVs after ComBat using
log-transformed distribution (Log-transformed ComBat).
Regular ComBat leads to negative volume values for the clinical
reconstruction unlike Log-transformed ComBat which led to
positive-only volumes

The most robust (against reconstruction) segmentation
method for MTV calculations was SUV4.0. In a recent
work on DLBCL subjects, SUV4.0 was found to perform
the best in deriving MTV compared to 6 other segmenta-
tion methods [19]. Results from MV2 segmentation were
comparable to those of SUV4.0. MV2 segmentation tends
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to provide a fairly accurate segmentation of the lesions
as it delineates voxels included in at least two out of four
methods: SUV4.0, SUV2.5, A50P or 41% [11].

In the second stage of this study, we implemented
ComBat with the aim of removing the variability intro-
duced by the reconstructions. In a multicenter study on
breast cancer ['®F]JFDG PET images, ComBat was suc-
cessfully used to realign SUV measurements and mul-
tiple textural features [11]. Moreover, this approach has
been validated for scanner effect removal in other imag-
ing technologies such as CT [28] and MRI [29]. A better
alignment in MTV between the different reconstruc-
tion methods was indeed accomplished once ComBat
was applied. Our data showed very high values which
caused large variability within reconstruction meth-
ods (Table 4). These extremely large values are gener-
ally originated by the presence of bulky tumors and the
flooding effect caused by some segmentation methods.
To deal with these extreme outliers, we used Log-trans-
formed ComBat which achieves an improved alignment
of MTV values between reconstructions compared to
Regular ComBat. Some other versions of ComBat were
implemented in the attempt to further remove this
variability (using the median and the IQR in the trans-
formation); however, these did not show a significant
improvement. Despite a better alignment after ComBat,
we still observed a decrease in accuracy and a worsened
precision when comparing EARL2 and HR to EARLI.
Therefore, an upfront harmonization of image quality
and use of a consensus segmentation method are highly
preferred. Furthermore, use of regular version of Com-
Bat for the transformation resulted in negative MTV val-
ues for several segmentation methods particularly when
using the HR reconstruction. Bearing this in mind, we
believe ComBat should be used with caution. Adjusting
the parameters of this method is important in order to
avoid incoherent results and to mitigate any possible side
effects of the ComBat harmonization.

The overall uncertainty and variability of PET extracted
features can often be explained by the technical aspects
involved in imaging acquisition. As such, unexpected
deviations in volumetric features like MTV have to be
carefully considered and should not be hastily adopted
for response prediction. Novel technological imple-
mentations in reconstruction methods are significantly
improving image quality standards; however, they have
the effect of generating discrepancies in multicenter stud-
ies as not all PET systems can be equally equipped with
these technologies. Lack of standardization is, therefore,
becoming the main issue in MTV analysis of ['*F]FDG
PET-CT images. To address this matter, multiple medical
societies like the European Association of Nuclear Medi-
cine or the Society of Nuclear Medicine and Molecular
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Fig. 3 MTV ratio across 9 segmentation methods. MTV ratio calculated by comparing MTVs of EARL2 to those of EARLT, with EARLT as the
denominator for a particular segmentation method: 41M, A50P, L2A, L2B, MV2, MV3, NESTLE, SUV2.5 or SUV4.0. For each segmentation method,

2 boxplots are shown. The light blue boxplot represents data without ComBat harmonization, while the dark blue boxplot is obtained after
ComBat harmonization. MTV ratio equal to 1 indicates a perfect alignment between reconstructions. a MTV ratio before and after ComBat using
non-transformed distribution (Regular ComBat) b MTV ratio before and after ComBat using log-transformed distribution (Log-transformed ComBat)
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Imaging are advocating for the inclusion of harmonized
practices which can alleviate the variability and promote
robust tumor quantification. Finally and most impor-
tantly, the harmonization of these methods is an essential
step toward the implementation of MTV as a prognostic
factor in clinical practice.

Conclusion

This work corroborates the fact that robustness of MTV
depends on both segmentation method and reconstruc-
tion methods. We found SUV4.0 to be the recommended
method for lesion delineation, showing least sensitivity
to image reconstruction settings. Moreover, ComBat was
partially able to reduce reconstruction dependent MTV
variability, provided a log-transformation to account for
the non-normal distribution of MT Vs is included. In con-
clusion, herein we demonstrate the impact of the imaging
technical aspects in PET derived MTV and we highlight
the importance of standardization in imaging workflows
in order to enhance reproducibility for multicenter stud-
ies and, ultimately, the implementation of MTV for prog-
nosis in clinical practice.
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Additional file 1: Fig S1. MTV Ratio values across segmentation methods
including outliers. Each boxplot illustrates the set of MTV ratio values
obtained with a particular segmentation method: 41M, A50P, L2A, L2B,
MV2, MV3, NESTLE, SUV2.5 or SUV4.0. In a MTV ratios are given for EARL2
reconstruction and in b for HR reconstruction. SUV2.5 is the segmentation
method with the greatest number of outliers and also with the highest
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Additional file 2: Fig S2. MTVs after ComBat obtained using different
segmentations across reconstructions. a Results obtained from MV3 seg-
mentation. HR reconstruction shows negative MTVs. b Results obtained
from A50P segmentation. The EARL2 reconstruction shows negative
MTVs. € Results obtained from SUV2.5 segmentation. Both HR and EARL2
reconstructions show negative MTVs
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