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Metabolic tumor volume (MTV) is a promising biomarker of pre-
treatment risk in diffuse large B-cell lymphoma (DLBCL). Different
segmentation methods can be used that predict prognosis equally
well but give different optimal cutoffs for risk stratification. Seg-
mentation can be cumbersome; a fast, easy, and robust method
is needed. Our aims were to evaluate the best automated MTV
workflow in DLBCL; determine whether uptake time, compliance or
noncompliance with standardized recommendations for '8F-FDG
scanning, and subsequent disease progression influence the suc-
cess of segmentation; and assess differences in MTVs and discrim-
inatory power of segmentation methods. Methods: One hundred
forty baseline '8F-FDG PET/CT scans were selected from U.K.
and Dutch studies on DLBCL to provide a balance between scans
at 60 and 90 min of uptake, parameters compliant and noncompli-
ant with standardized recommendations for scanning, and patients
with and without progression. An automated tool was applied for
segmentation using an SUV of 2.5 (SUV2.5), an SUV of 4.0 (SUV4.0),
adaptive thresholding (A50P), 41% of SUVax (41%), @ majority vote
including voxels detected by at least 2 methods (MV2), and a ma-
jority vote including voxels detected by at least 3 methods (MV3).
Two independent observers rated the success of the tool to de-
lineate MTV. Scans that required minimal interaction were rated
as a success; scans that missed more than 50% of the tumor or
required more than 2 editing steps were rated as a failure. Results:
One hundred thirty-eight scans were evaluable, with significant dif-
ferences in success and failure ratings among methods. The best
performing was SUV4.0, with higher success and lower failure rates
than any other method except MV2, which also performed well.
SUV4.0 gave a good approximation of MTV in 105 (76%) scans,
with simple editing for a satisfactory result in additionally 20% of
cases. MTV was significantly different for all methods between pa-
tients with and without progression. The 41% segmentation method
performed slightly worse, with longer uptake times; otherwise,
scanning conditions and patient outcome did not influence the
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tool's performance. The discriminative power was similar among
methods, but MTVs were significantly greater using SUV4.0 and
MV2 than using other thresholds, except for SUV2.5. Conclusion:
SUV4.0 and MV2 are recommended for further evaluation. Auto-
mated estimation of MTV is feasible.
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Metabolic tumor burden assessed with 18F-FDG PET is a
promising biomarker for pretreatment risk in lymphoma (/-8).
Published reports have used different methods to measure meta-
bolic tumor volume (MTV) and tumor lesion glycolysis, which is
the product of MTV and SUV ean (9-11).

Measurement of MTV requires the observer to delineate tumor
with uptake above a chosen threshold, which may be based on
absolute SUV (e.g., an SUV of 2.5 (8,12,13) or 4.0 (14,15)) or a
percentage of the SUV,,, in each tumor region (e.g., 25% (7) or
41% (1,2,6)), which are summed together. For percentage meth-
ods, if counts vary by more than 10% within a heterogeneous
tumor mass, the observer should subdivide it into parts (/6) to
avoid a situation in which an intense area, such as with a SUV .«
of 20, causes exclusion of voxels with an SUV of 8.2 or less (41%
of SUV ,1.4) so that MTV is underestimated. Adaptive thresholding
and other techniques that do not rely on fixed thresholds have been
used in solid tumors (/7—19) but not much in lymphoma (9).

Tumor delineation can be time-consuming, especially in patients
with lymphoma, who often have multiple and heterogeneous nodal
and extranodal masses (/7). Sometimes the observer needs to edit
tumor outlines to remove adjacent physiologic uptake in the urinary
tract, brain, and heart, because many software algorithms use a seed
approach to group regions with similar uptake for rapid outlining.
The editing stage can introduce variation in delineation between
observers (20).
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Quantitative measurements can be affected by different meth-
ods of patient preparation, image acquisition, and reconstruction
(21). Significant efforts have been made to standardize '3F-FDG
scanning in clinical trials, including initiatives by the European
Association for Nuclear Medicine Research Limited (EARL) (22)
and the Society of Nuclear Medicine and Molecular Imaging (23).
However, there still exist differences in clinical practice and clin-
ical trials that affect quantitative estimates such as MTV. Despite
these methodologic issues, MTV is a robust predictor of progre-
ssion-free-survival (PFS) and—in some reports—of overall sur-
vival in diffuse large B-cell lymphoma (DLBCL) (8,12,24) and
other subtypes (2,6,7,25). However, the median value and opti-
mum cutoff that separates patients with high-risk disease from
patients with low-risk disease are crucially dependent on the seg-
mentation method, the patient population characteristics, and the
efficacy of treatment (26). Measurement of MTV can be cumber-
some using current software approaches (//), and there is no
agreed-upon consensus about the best method. These issues have
precluded assessment of MTV for risk stratification, to date, in
multicenter trials (20).

There is a clear unmet need to develop a standard method for
MTYV measurement in multicenter trials and, ultimately, in clinical
practice (20). Given that all methods appear to predict prognosis
with equal effectiveness (9,11), efforts should focus on developing
a quick and easy method that has high success rates for outlining
visible tumor, gives consistent results, and can be implemented in
multiple software platforms. An automated approach to reduce
user interaction and interobserver variation is desirable to achieve
these goals. DLBCL is the most common lymphoma subtype and
possibly the most challenging for MTV measurement, as tumor is
frequently disseminated and extranodal (20).

The aims of this study were to evaluate the best method using
an automated tool to measure MTV in DLBCL, assessed by the
success of segmentation of visible tumor; to determine whether
the success of the measurement method is influenced by uptake
time and compliance or noncompliance with standardized recom-
mendations for '8F-FDG scanning (2/) and the presence or ab-
sence of progression or death at 2 y; and to assess the differences
in MTV and discriminatory power obtained by different segmen-
tation methods.

MATERIALS AND METHODS

PET/CT scans were selected from patients with newly diagnosed
DLBCL scanned in research studies in The Netherlands and the United
Kingdom. The scans are part of the comprehensive Positron Emission
Tomography ReAnalysis (PETRA) database to validate interim '3F-FDG
PET as a biomarker of response for non-Hodgkin lymphoma (https://
petralymphoma.org/). The studies had approval by institutional review
boards or ethics committees. The scans were chosen to provide a balance
between, first, patients scanned using 60 min of uptake (Netherlands
scans) and patients scanned using 90 min of uptake (U.K. scans); second,
patients who were scanned using reconstruction parameters compliant
with standardized recommendations and patients who were not (2/); and
third, patients who had died or experienced disease progression at 2 y
and patients who had not.

Software called Accurate was used to automatically measure MTV
on baseline scans (27). It minimizes user interaction by automatically
outlining tumor regions and allows multiple segmentation methods to
be applied. Physiologic uptake can be removed and lesions added, if
required, using a single click on maximum-intensity-projection and
volume images. Two independent readers, without knowledge of the
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patient outcome, performed measurements and rated the success or
failure of methods and workflows to automatically delineate visible
tumor. PET and CT datasets were displayed alongside each another,
with an option to fuse the datasets if necessary. The consensus ratings
of the 2 readers were used in analyses.

The following segmentation methods were applied: an SUV of 2.5
(SUV2.5), an SUV of 4.0 (SUV4.0), adaptive thresholding using 50%
of peak voxel value adapted for local background (AS0P) (28), 41% of
SUVmax (41%), a majority vote segmenting voxels detected by at least
2 methods (MV2), and a majority vote segmenting voxels detected by
at least 3 methods (MV3) (29). Majority-vote approaches were in-
cluded because previous studies showed they may outperform single
underlying standard methods (30), which may not necessarily be best
for all lesions and patients. Each method was rated on whether it
succeeded or failed in the task of automatic tumor delineation or re-
quired some additional but limited user interaction to edit the MTV
(Table 1). Use of more than 2 additional manual editing steps was
considered not feasible for clinical practice and was rated as a failure
of the method.

In statistical analyses, a sample size of 140 allowed for 70 scans in
each of the 3 subgroups (uptake time, EARL compliance, and
progression or death) or 35 scans if divided further, as all subgroups
were balanced to allow for robust identification of differences larger
than 20% in success and failure rates (significance level, 0.05; power,
0.80).

Descriptive statistical tests were performed for all segmentation
methods. Differences in success rates among the 6 segmentation
methods were assessed using x? tests. The influence of uptake time,
reconstruction method, and progression on success and failure rates
was also assessed by x? tests. MTVs were analyzed using raw and
natural logarithmic transformed data because of their nonnormal dis-
tribution. To assess agreement in MTVs among segmentation meth-
ods, Pearson correlation coefficients were determined. The influence
of uptake time, reconstruction method, and progression on MTVs
obtained by the different methods was evaluated by ¢ tests. The dis-
criminative power regarding progression and nonprogression of the
segmentation methods was assessed by comparing the mean volumes
using ¢ tests and receiver-operating-characteristic curves. All analyses
were performed with IBM SPSS, version 22.

TABLE 1
Definition of Success, Failure, and Editing-Required Ratings
Rating Findings
Success No or minimal interaction was needed by

observer; for example, removing brain or
bladder uptake or adding single region with
single mouse click

Failure Automatic segmentation missed more than
half the visible tumor on scan, or tumor
flooded into (also included) uptake in
adjacent physiologic structures that required
complex slice-by-slice editing of 3 or more

regions

Editing
required

One or 2 additional manual steps were
required; for example, adding missed
regions or deleting slice-by-slice up to 2
regions of physiologic uptake adjacent
to tumor using eraser tool (typically bladder or
kidneys)
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RESULTS

One hundred forty baseline PET/CT scans were assessed. Two
patients without '8F-FDG-avid disease were excluded, leaving
138 scans. Agreement between readers was excellent, at 91%
for the 41% method and over 95% for all other methods.

Performance of Different Segmentation Methods

Ratings significantly differed among methods. The best-performing
method was SUV4.0, with significantly higher success and lower
failure rates than any other method (P < 0.005) except MV2
(Table 2). SUV4.0 gave a good visual approximation of tumor
burden in 105 (76%) scans, with minimal user interaction (Table
2). Editing was required to achieve a satisfactory estimation of
visible tumor in an additional 20% (27/138), comprising a single
editing step in 21 patients and 2 steps in 6 patients. After editing,
the volume was altered by less than 10% in 12 patients, by 10%—
25% in 9 patients, and by more than 25% in 5 patients. The
commonest reason for failure of the 41% and AS50P methods
was that more than half the visible tumor was not outlined (Fig.
1), and the commonest reason for failure of SUV2.5 was that the
automatic segmentation included physiologic uptake that would
require complex editing to remove (Fig. 2).

Influence of Uptake Time, Reconstruction Method, and
Patient Outcome on Success and Failure Rates

When different uptake times were compared, the 41% (P <
0.05) and MV3 (P < 0.05) methods were more likely to fail when
scans were acquired at 90 min (Supplemental Table 1A; supple-
mental materials are available at http://jnm.snmjournals.org). The
uptake time had no influence on the success and failure rates of
other methods to delineate MTV. There were no statistically sig-
nificant differences in the performance of the methods between
scans that complied with EARL recommendations and scans that
did not (Supplemental Table 1B). All methods performed as well
in patients who died or progressed as in patients who did not
(Supplemental Table 1C).

Comparison of MTVs Among Segmentation Methods

MTVs were log-transformed to obtain a normal distribution and
were greater using SUV4.0 and MV2 than using the other
thresholds (Table 3), except for SUV2.5, which gave the largest
volumes. These differences were statistically significant. A high
correlation (r = 0.72) was observed between values obtained us-
ing SUV4.0 and SUV2.5, but volumes obtained by the 41% and

TABLE 2
Pairwise Tests of Segmentation Methods Using SUV4.0 as
Reference

Segmentation method Success Failure Editing required

SuV4.0 105 6 27
MV2 102 10 26
MV3 2 40" 8
41% 82" 45 11
A50P 75* 57* 6
Suv2.5 51 57* 30

*P < 0.005, compared with SUV4.0.
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FIGURE 1. Case 1 was rated as successful using SUV4.0 (A) but as
failure using the 41% method (B) because it missed more than half the
visible tumor.

AS50P methods showed only a moderate correlation (Fig. 3); hence,
recalculating the volume obtained using one method by applying
simple linear transformation to give the volume that would be
obtained using another method is not possible. MV2 showed the
highest correlation (r = 0.94) with SUV4.0, and MV3 showed the
highest correlation with the 41% method (r = 0.94).

For all segmentation methods, the means of MTVs did not
significantly differ between Netherlands and U.K. patients (i.e., 60
vs. 90 min of uptake) (Supplemental Table 2A) or between
patients who were scanned using EARL recommendations and
patients who were not (Supplemental Table 2B). For all methods,
MTVs were significantly higher in patients who progressed or died
than in patients who did not (Supplemental Table 2C). The
discriminative power of all methods was similar (Fig. 4).

A S B =

FIGURE 2. Case 2 was rated as successful using SUV4.0 (A) but
as failure using SUV2.5 (B) because of inclusion of physiologic uptake,
requiring complex editing.
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TABLE 3
Untransformed and Log-Transformed MTVs (cm?3) by Segmentation Method

Segmentation method Median volume Interquartile range Log-volume mean Log-volume SD
SUV4.0 311 75; 888 5.56 1.54
Suv2.5 906 255; 1616 6.45 1.34
41% 125 31; 398 4.73 1.73
A50P 87 29; 246 4.50 1.62
Mv2 329 82; 921 5.66 1.55
MV3 109 32; 356 4.66 1.56
DISCUSSION assessed using simulated and phantom data for which true volumes

The principle aim of this study was to determine the best
segmentation method to measure MTV in DLBCL at baseline
using automated software. MTV is a robust predictor of patient
outcome in DLBCL irrespective of the delineation method, but the
absolute values for MTV and the optimal cutoffs to divide good-
prognosis groups from poor-prognosis groups differ (/1,26). Mea-
surement of MTV in patients with DLBCL takes around 3—-6 min
per scan, depending on the method, but complex cases can take
10-20 min (/7). There is presently no agreement about which
method to use; however, there is a consensus that reproducible
and rapid automated measurements are needed to explore MTV
for prognostic stratification in prospective trials and, ultimately,
for clinical application (20). MTV measurement methods can be

are known (/6), to try to overcome challenges in segmentation of
PET images that have limited spatial resolution, causing partial-
volume effects, when developing contouring algorithms (37). How-
ever, phantoms are not representative of the clinical situation, which
includes variations in contrast, heterogeneity, and the shapes and
sizes of lesions and patients. Moreover, recent studies suggest that
the actual MTVs resulting from using different methods do not
affect prognostic performance (/0) and, thus, that bias in observed
MTV data is clinically less relevant than good reproducibility.
Therefore, we chose to rate the success of an automated tool
with a fixed color table and SUV scale to delineate visible tumors
satisfactorily in patients with DLBCL according to the opinion
of experienced observers—a method that represents how these tu-

mors would be assessed in everyday practice
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2 4 6 8 0 2 46 8
I I I

(32). We devised a method to rate the suc-
cess or failure of the Accurate tool a priori.
To our knowledge, this is the first report to
evaluate the success of an automated method
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in this way. Furthermore, we considered
whether the choice of the best method was
influenced by scanning conditions (i.e., up-
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There were significant differences in
performance for automated measurement
of MTV with different segmentation meth-
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mentation was SUV4.0; however, MV2 also
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was included because no single method
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M imation of tumor delineation that will be
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patients. Consensus approaches using a ma-
jority vote and the Simultaneous Truth and
Performance Level Estimation (STAPLE)
algorithm are being explored in radiotherapy
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planning (30) and performed better than seg-

FIGURE 3. Distributions, scatterplots, and correlations of segmentation methods.
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mentations based on a single algorithm in an
imaging analysis challenge to contour a large
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FIGURE 4. Receiver-operating-characteristic curves for MTVs using
different methods.

dataset comprising simulated, phantom, and clinical images of soli-
tary tumors (31).

Automatic delineation using SUV4.0 was successful in over
three quarters of patients using single clicks to remove any uptake
present in the brain, urinary tract, and heart. In the remainder, an
automated process was not completely reliable, generally because
lesions were adjacent to areas with high physiologic uptake
requiring user interaction. For some cases, the volume was altered
substantially during editing, but for most, only 1 or 2 additional
steps were needed to obtain a reasonable estimate of MTV. The
other segmentation methods did not perform as well. Failure of
SUV2.5 was mostly due to the complex editing needed to remove
physiologic uptake, for a reasonable approximation of tumor
burden. For SUV4.0, this situation was encountered in only 1
patient, because spillover of counts into other tissues was less
common and, when it did occur, the overlap between tumor and
physiologic uptake was less extensive and required 1 or 2 editing
steps. Failure of the 41% and ASOP methods was usually due to
underestimation of tumor because of heterogeneity, with more
than 50% of the tumor having uptake less than the chosen
threshold. The 41% method performed slightly worse in patients
scanned at 90 min, probably because uptake in tumor rises over
time and, thus, for heterogeneous tumors with areas of high
uptake, fewer voxels would be included in 41% of the SUV .y,
compounding the problem of underestimation. The influence of
uptake time could possibly explain the preference of different
groups for particular methods in reported studies (20). Other scan-
ning conditions did not influence how well methods performed.

The absolute values for MTV varied among methods, as
previously reported (20,26,33). Across the whole range of vol-
umes, a positive bias was seen for SUV2.5 and a negative bias
for the other methods, in comparison with SUV4.0 and MV2,
which performed similarly to each other. MV2 selects voxels in-
cluded in at least 2 segmentation methods (SUV2.5, SUV4.0, A50,
or 41%) and commonly included voxels delineated using SUV4.0
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and the next method that came closest to delineating a similar
volume, usually SUV2.5. MV3 selects voxels included in at least
3 of the segmentation methods, and it segmented volumes that
were similar to those of the 41% method, which was most likely
to delineate more of the same voxels as 2 or more of the other
methods. MV2 performed similarly to SUV4.0 but required delin-
eation using more than 1 segmentation method. This process is fully
automated within Accurate but could be less easy to implement
across software platforms than a single SUV4.0 threshold method.
Clinically available software currently can measure MTV using
SUV4.0, although Accurate has additional features to enable the
user to quickly review the maximum-intensity-projection image
and add missed lesions or remove physiologic uptake with a single
click, speeding the segmentation process. Correlation among all the
other thresholds was moderate or good but not sufficient to allow the
MTYV from different segmentation methods to be used interchange-
ably by a simple linear transformation.

All methods had similar discriminative power, as previously
reported (/7). Because we used a case-control design, with an
oversampling of patients with progression, we cannot express re-
sults as positive and negative predictive values to decide which
method is best for clinical use. Yet, our results seem to confirm pre-
vious findings (9,11), although the receiver-operating-characteristic
curves demonstrated lower discriminative power than was found by
Ilyas et al. (11), possibly because the latter used cases from a single
institution and performed manual editing in most. Nonetheless, the
fact that all methods predicted prognosis equally well suggests that
selection of the best method can be based on success rate, ease of use,
and time or user interaction to obtain total tumor burden.

Limitations are that the research software developed by our
group is not yet widely available but the software has been designed
as a tool that could be implemented across software platforms after
discussions with manufacturers. Only classic segmentation methods
published in lymphoma datasets were assessed, whereas more
sophisticated methods may give more reliable estimates of tumor
volume (37). However, as we realized that a single method may not
be able to reliably delineate all lesions for all patients, we included
majority-vote—based approaches that have been shown to outper-
form single-method segmentations. Yet, we observed that at base-
line, MTV measurements in DLBCL patients were equally feasible
using MV2 and SUV4. MTV was assessed by 2 experienced ob-
servers with high concordance, mirroring the high reproducibility
reported by others (/7,25). However, the observers were aware of
which method was being applied; masking was not possible because
the delineation method was often obvious. We have assumed that
the cases evaluated are representative, but the case-control design
meant that 50% of patients progressed; the rate of progression
would be lower in the clinic. This overrepresentation is likely to
accentuate the challenges of measuring MTYV, as patients who prog-
ress later would be expected to have a higher disease burden and
more extranodal disease than the average clinical population.

CONCLUSION

Automated estimation of MTV is feasible. SUV4.0 and possibly
MV?2 are recommended for further evaluation of baseline MTV
in larger, unselected, multicenter datasets representative of all
patients with DLBCL. The results are also likely to be applicable
to other lymphoma subtypes. Further work will explore the association
of MTV with clinical outcome in a larger database within the PETRA
consortium using the best methods evaluated in this study.
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KEY POINTS

QUESTION: What is the best automated workflow to measure
MTV in DLBCL; is the choice of best workflow influenced by
uptake time, compliance or noncompliance with standardized
recommendations for 18F-FDG scanning, and subsequent
progression; and do segmentation methods give different MTVs
or discriminate between patient outcomes equally?

PERTINENT FINDINGS: The best automated workflow (judged by
segmentation of visible tumor by experienced observers) was
SUV4.0, with significantly higher success and lower failure rates
than other methods (SUV2.5, A50P, 41%, and MV3) except MV2,
which also performed well. The choice of the best workflow was
not influenced by use of standardized scanning recommendations
or subsequent patient progression, although the 41% method
performed slightly worse, with longer uptake times.

IMPLICATIONS FOR PATIENT CARE: Automated estimation of
MTV is feasible in clinical practice using SUV4.0 and possibly also
MV2.
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