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Metabolic tumorvolume(MTV)oninterimPET(I-PET) isapotentialprog-
nosticbiomarker fordiffuse largeB-cell lymphoma (DLBCL). Implemen-
tation of MTV on I-PET requires a consensus onwhich semiautomated
segmentation method delineates lesions most successfully with least
user interaction. Methods used for baseline PET are not necessarily
optimal for I-PET because of lower lesional SUVs at I-PET. Therefore,
we aimed to evaluatewhichmethodprovides the best delineationqual-
ity forDeauville score (DS) 4–5DLBCL lesionson I-PETat thebest inter-
observer agreement on delineation quality and, second, to assess the
effect of lesional SUVmaxondelineationquality andperformanceagree-
ment.Methods: DS 4–5 lesions from 45 I-PET scans were delineated
using 6 semiautomated methods: a fixed SUV threshold of 2.5 g/cm3,
a fixed SUV threshold of 4.0 g/cm3, an adaptive threshold corrected
for source-to-local backgroundactivity contrast at 50%of theSUVpeak,
41%ofSUVmax per lesion, amajority vote including voxels detected by
at least 2 methods, and a majority vote including voxels detected by at
least 3methods (MV3).DelineationqualityperMTVwas ratedby3 inde-
pendent observers as acceptable or nonacceptable. For eachmethod,
observer scores on delineation quality, specific agreement, and MTV
were assessed for all lesions and per category of lesional SUVmax (,5,
5–10, .10). Results: In 60 DS 4–5 lesions on I-PET, MV3 performed
best,withacceptabledelineation in90%of lesionsandapositiveagree-
ment of 93%. Delineation quality scores and agreement per method
strongly depended on lesional SUV: the best delineation quality scores
were obtained usingMV3 in lesions with an SUVmax of less than 10 and
using SUV4.0 in more 18F-FDG–avid lesions. Consequently, overall
delineation quality and positive agreement improved by applying the
most preferred method per SUV category instead of using MV3 as the
single best method. The MV3- and SUV4.0-derived MTVs of lesions
withanSUVmaxofmorethan10werecomparableafterexclusionofvisu-
ally failed MV3 contouring. For lesions with an SUVmax of less than 10,
MTVs using different methods correlated poorly. Conclusion: On
I-PET, MV3 performed best and provided the highest interobserver
agreement regardingacceptabledelineationsofDS4–5DLBCLlesions.
However, delineation-method preference strongly depended on
lesional SUV. Therefore, we suggest exploration of an approach that

identifies the optimal delineation method per lesion as a function of
tumor 18F-FDG uptake characteristics, that is, SUVmax.
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For staging and response evaluation in malignant lymphoma,
18F-FDGPET is a cornerstone (1,2). In Hodgkin lymphoma, the util-
ity of interim PET (I-PET) in early response-adapted therapy has
been demonstrated (3). In diffuse large B-cell lymphoma (DLBCL),
the role of I-PET–adapted strategies is still controversial, mainly
because of their insufficient positive predictive value (4).
To date, I-PET scans are classified using the 5-point Deauville

score (DS) as described in the guidelines of the International Confer-
ence onMalignant Lymphoma (2). However, DS of 4–5, which usu-
ally are considered treatment failures, suffer from a poor positive
predictive value (4,5). Discrimination between true nonresponders
and responders might improve by quantification (e.g., the relative
change in standardized tracer uptake) (5–11). Quantification will
reduce observer variability, and this is essential for successful clin-
ical implementation.
Metabolic tumor volume (MTV) before treatment seems to have

prognostic value (12–14). It has been suggested that MTV at I-PET
might add prognostic value aswell (7–9,15–17).MeasuringMTVon
I-PET is, however, challenging since lesional contrast in I-PET is
often limited. Moreover, 18F-FDG uptake can be heterogeneous
within and between lesions. Low, heterogeneous uptake results in
poor delineation reproducibility (18). In addition, manual tumor seg-
mentation is extremely time-consuming. Semiautomated or fully
automated segmentation methods may partially eliminate these
drawbacks (19–21), such as the so-called threshold-based methods,
in which the delineation threshold is based on a fixed SUV (e.g., a
fixed SUV threshold of 2.5 g/cm3 [SUV2.5] or a fixed SUV thresh-
old of 4.0 g/cm3 [SUV4.0]), a fixed percentage of tumor SUV (e.g.,
$41% of SUVmax), or a contrast-oriented algorithm (adaptive
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thresholds, e.g., an adaptive threshold corrected for source-to-local
background activity contrast at 50% of the SUVpeak [A50%peak])
(22).
The prognostic relevance of baseline MTV is relatively indepen-

dent of delineation methodology (albeit with different cutoffs)
(12–14). Here, SUV4.0 seems to be most successful on the basis
of interobserver reliability and ease of use (13,23). However, this
method is not necessarily optimal at I-PET, because at that time
point, lesional tracer uptake and target-to-background contrast are
lower, which may affect delineation quality. Consequently, more
user interaction is needed to obtain proper delineations, resulting
in a potentially higher interobserver variability. Initial studies eval-
uating MTV at I-PET showed prognostic value, but each applied a
different threshold method (37%, 40%–42% SUVmax, SUV2.5,
SUV4.0, gradient-based method). Moreover, observer variation
was not reported.
The delineation performance of these methods may depend on

tumor 18F-FDG uptake characteristics (24,25). Therefore, selection
of the optimal method based on lesional imaging characteristics,
as suggested by the ATLAAS (Automatic Decision Tree-Based
Learning Algorithm) selection approach, might improve delineation
quality over use of a single method for all lesions (26).
Successful validation and implementation of I-PET MTV in clin-

ical trials and practice require reliable, reproducible MTV measure-
ments at minimal operator interaction. Therefore, the aim of this
study was to evaluate which method provides qualitative acceptable
delineations of DS 4–5 DLBCL lesions on I-PET most often, with
high interobserver agreement; to study whether lesional SUVmax

affects delineation performance agreement; and, finally, to assess
to what extent overall delineation performance improves through
selection of the best delineation method based on lesional SUVmax.

MATERIALS AND METHODS

Patient and PET Imaging Selection
This study included newly diagnosed DLBCL patients, with

available I-PET data, from the HOVON (Stichting Hemato-
Oncologie voor Volwassenen Nederland)-84 study, an international
randomized clinical trial approved by institutional review board or
ethics committees, conducted between November 2007 and April
2012 (EudraCT 2006-005174-42, NTR10140) (27,28).
HOVON-84 was designed to evaluate early intensification of rit-

uximab in the first 4 cycles combinedwith cyclophosphamide, doxo-
rubicin, vincristine, and prednisone on the response rate and time to
reach response in previously untreated eligible patients with
CD-20–positive DLBCL. I-PET was performed after 4 cycles and
was centrally reviewed by 2 independent, experienced nuclear med-
icine physicians using the DS system and by a third reviewer when
adjudication was required (27).
For the present study, we randomly selected 45 I-PET/CT scans of

patients with an incomplete metabolic response (DS 4–5).

Automated PET Delineation Methods
Using in-house–developed software (ACCURATE tool), we

applied 6 automated PET delineation methods. Four of these delin-
eation methods were threshold-based, using SUV2.5, SUV4.0,
a threshold at 41% of the SUVmax per lesion (41%max), and
A50%peak (19,29). The A50%peak method segments lesions
when lesional uptake is less than twice the local background, defined
as the mean uptake of a single-voxel shell 2.5 cm around the edge of
a 70%-of-SUVmax isocontour, excluding voxels with an SUVmax of
more than 2.5 (30). SUVpeakwas defined as the highest average SUV

of a 1 cm3 sphere volume of interest across all positions within the
target lesion (31).
The 2 remaining delineation methods were based on a majority-

vote approach by which contours were determined by the intersec-
tion of the 4 threshold-based delineations. For these majority votes,
a voxel was included in the consensus delineation according to the
results of the majority of the threshold-based methods. If there
was agreement between at least 2 of the threshold-based methods,
the method was called majority-vote 2 (MV2); if there was agree-
ment between at least 3 of the threshold-based methods, the method
was called majority-vote 3 (MV3).
These 6 methods semiautomatically segmented MTVs on the

basis of the voxel with the highest detected SUV (SUVmax/SUVpeak)
within the manually selected lymphoma target lesion. Semiauto-
mated derived delineations were not manually adapted.

Observer Evaluation
Volumes of interest from these 6 methods were visualized on all

I-PET images to allow assessment of delineation quality separately
by 3 observers (a nuclear medicine physician [5 y of experience], a
radiologist [5 y of experience], and a hematologist [15 y of expe-
rience]). Observers were masked to the delineation method and
clinical outcomes but not to the baseline PET/CT results. Each
observer evaluated the quality of the MTV segmentation on a
lesional basis.
The delineation quality per method was scored as follows (Sup-

plemental Fig. 1; supplemental materials are available at http://
jnm.snmjournals.org) (23): acceptable (MTV required no
[“good”] or minimal [“moderate”] manual adaption to obtain a
visually accurate lymphoma segmentation) or nonacceptable
(MTV included a lot of physiologic background activity or visu-
ally did not select the complete lymphoma lesion, requiring exten-
sive manual adaption [“poor”], or MTV was so poorly defined that
even extensive manual adaption was no longer considered feasible
[“failed”]).

Statistical Analysis
The median and interquartile range of the observed MTVs were

calculated for each delineation method.
For all lesions, the dichotomous delineation quality scores, as

rated by the observers, were summarized as frequencies for each
of the 6 delineationmethods. Additionally, observer scoreswere cal-
culated for lesions categorized by their SUVmax (,5, 5–10, or.10)
to evaluate the effect of lesional SUVmax on these quality scores.
To evaluate which method obtained the best agreement among

observers on providing acceptable delineations (i.e., without the
need for extensive manual correction) of DLBCL I-PET lesions,
we used percentage agreement, specified for a rating of “acceptable”
(for a positive test result: positive agreement, PA) (32,33). PA
implies the percentage probability that observer B scores a method’s
MTV as acceptable identically to observer A. The negative agree-
ment (NA) measure reflects the probability that observers agreed
that the delineation performance rating was not acceptable. We
focused primarily on the agreement on the best-performing method;
therefore, NA measures are reported only to provide a complete
overview of the results.
Additional specific agreement analyses were performed per

SUVmax category. On the basis of the highest acceptable delineation
quality score and its PA, we explored which method was preferred
per SUVmax category. Next, we evaluated the extent to which the
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overall interobserver scoring performance improved when, per
SUVmax category, the most preferred method was used.
We explored whetherMTV calculated with the multiple-methods-

of-preference approach could be converted—by applying a mathe-
matic transformation—into values that are comparable when using
the single method of preference. Therefore, we tested whether these
MTVs per SUVmax category were log-normally distributed, and we
assessed their correlation with a Pearson correlation coefficient.

RESULTS

The 45 I-PET scans showed 60 DS 4–5 lesions (range, 1–4 per
scan) with a median SUVmax of 6.9 (interquartile range, 5.0–10.2).
The smallest median MTV was obtained with SUV4.0 (2.3 cm3)

and MV3 (4.9 cm3) and the largest with
SUV2.5 (29.9 cm3) and 41%max (27.6
cm3) (Table 1).
Regarding delineation quality scores, the

MV3-derived MTVs were most frequently
considered visually acceptable, with an
average of 90% of the lesions receiving
an observer score of acceptable (Fig. 1;
Table 2; Supplemental Table 1).
A50%peak and MV2 showed a lower
delineation performance (in 77.2% and
72.8% of lesions, respectively), whereas
SUV4.0 least frequently provided accept-
able delineations (52.8%). The observer
scores per method differed among SUVmax

categories: for the SUV2.5 and A50%peak
methods, a score of acceptable was given
more frequently for lesions with an
SUVmax of less than 5 than for lesions with
an SUVmax of more than 5. The opposite
trend was observed for the SUV4.0 and
41%max methods. For the MV3 method,
the frequency of a score of acceptable varied
by 6.6% among the SUV categories; this
method was therefore less affected by
lesional SUVmax than the other methods.
Specific agreement on a rating of

acceptable, calculated over all lesions,
revealed that the PA was highest for the
MV3 (93.2%), A50%peak (92.1%), and
MV2 (90.8%) methods, whereas the PA
for the other methods was lower, at

79.6% for SUV2.5, 84.2% for SUV4.0, and 87.2% for 41%max.
The observers agreed that for only 38.9% of the lesions, MV3 did
provide nonacceptable delineations (NA). The highest NA for a rat-
ing of acceptable was reached for the 41%max method (80.3%) and
the SUV4.0 method (82.4%).
The specific agreement per method depended on lesional SUVmax

(Table 2; Fig. 2). The absolute threshold methods showed opposite
trends, in which the SUV2.5 method performed well mainly in
lesions with a low SUVmax, and the SUV4.0 method performed
well mainly in lesions with a high SUVmax. Of the relative threshold
methods, the 41%max method performed suboptimally in lesions
with an SUVmax of less than 5 (PA of 77.8%), compared with higher
avid lesions (SUVmax 5–10, PA 91.8% and SUVmax .10, PA
85.7%), whereas A50%peak performed best in lesions with low
avidity (SUVmax , 5; PA, 94.9%). Both majority-vote methods
showed a high PA in lesions with an SUVmax of less than 10, but
MV3 performed best, with a lower NA, in these lesions with low
or medium avidity (SUVmax, 5–10).
MV3was the method of preference for lesions with an SUVmax of

less than 10, based on the highest frequency for an observer score of
acceptable combined with one of highest PA and lowest NA values
(Table 2; Supplemental Table 1). SUV4.0 was considered the most
preferred method for lesions with an SUVmax of more than 10. Com-
paring the method-of-preference approach with MV3, as the overall
best-performing method, resulted in an overall increase from 90% to
92.8% in the frequency of a score of acceptable, an increase from
93.2% to 95.2% in PA, and a decrease from 38.9% to 30.5% in NA.
Log-transformed MTVs obtained using MV3 and SUV4.0 for

lesions with an SUVmax of more than 10, both normally distributed

TABLE 1
Description of Observed MTVs per Method

Method Median Interquartile range

SUV2.5 29.9 4.8–181.4

SUV4.0 2.3 0.6–9.7

41%max 27.6 3.5–214.6

A50%peak 14.7 3.7–37.3

MV2 19.4 5.7–65.0

MV3 4.9 3.1–19.8

Data are cm3.

FIGURE 1. Frequency of delineation quality score of acceptable per delineation method as rated by
observers.
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(Shapiro-Wilk, P . 0.05), showed a strongly positive linear relation-
ship (R2 5 0.87, P , 0.001). All SUV4.0- and MV3-derived MTVs
for lesions with an SUVmax of more than 10 were nearly equal and
within 1.96 SDs or 10 cm3 from the line of identity, except for 2 outliers
(*A and *B in Fig. 3; Supplemental Fig. 2). TheMV3method for both
of these outlier MTVs was rated as nonacceptable by the observers,
each suggesting an underestimation of lesion volume, whereas MV3
was rated as acceptable for the other MTVs in this SUV category.
Since MV3 was considered the overall single method of prefer-

ence and the preferred method for lesions with an SUVmax of less
than 10, no additional transformation analyses were required.
None of the log-transformed method-derived volumes of lesions
with an SUVmax of less than 10, including MV3 and SUV4.0,
were normally distributed or showed high Spearman correlation
coefficients (Supplemental Fig. 3).

DISCUSSION

To the best of our knowledge, this was the first multiobserver
study that evaluated the delineation performance of several semiau-
tomated segmentationmethods forDS 4–5DLBCL lesions at I-PET.
Overall, MV3-derived MTVs were most frequently scored as
acceptable, with the highest PA and lowest NA.
Previous studies suggested that, in DLBCL, a lowMTV on I-PET

or amajor decrease inMTVversus baseline PETpredicts response at
end-of-treatment PET and progression-free survival (7–9,15–17).
However, MTV cutoffs were different, and it is unclear whether or
to what extent this difference relates to the use of different semiau-
tomated delineation algorithms. O~nate-Oca~na et al. used a 40%
SUVmax threshold (9); Zhang et al., 41% (17); Wu et al., 42%
(34); andMalek et al., 37% (7), along with a gradient-based segmen-
tation method, whereas Islam et al. applied an SUV4.0 threshold (8)

and Yang et al. (15) andMikhaeel et al. (16) an SUV2.5 threshold of
2.5. These differences preclude any meaningful metaanalysis to
build the case of evidence forMTV as a predictor of clinical outcome
additional to DSUVmax and the 5-point DS (10,11)—the latter, par-
ticularly for I-PETDLBCL studies, frequently prevailing at I-PET in
contrary to baseline PET, since correlation between MTVs obtained
by different segmentation methods is generally low for lesions with
an SUVmax of less than 10 (Supplemental Fig. 3).
The delineation quality and reproducibility of a method based

on a fixed SUV threshold may be most sensitive to lesion uptake
and local tumor-to-background contrast (24,25). Evaluating this
hypothesis in our DLBCL I-PET cohort indeed showed that
besides MTV correlations, quality scores and interobserver
agreement also strongly depended on the lesional SUVmax (Fig.
2; Table 2; Supplemental Fig. 3). This dependence explains, at
least partly, the discordance in method preference at baseline
PET/CT, when SUV4.0 was preferred, versus the preference for
MV3 at I-PET, as the lesional tracer uptake is much lower at
I-PET than at baseline (13,23). The delineation performance of
SUV4.0 was still successful at I-PET for highly avid lesions
(SUVmax . 10), that is, for lesions with uptake levels comparable
to baseline levels.
The delineation performance of the 41%maxmethod was also con-

sidered less successful in lesions with low avidity—that is, with a low
tumor-to-background ratio (Table 2; frequency of 40% for a
delineation-quality score of acceptable; PA, 78%). This finding is in
line with the European Association of Nuclear Medicine guidelines
for tumor imaging (35). Our results suggest that delineating lesions
of low avidity is most successful using SUV2.5, A50%peak, MV2,
and MV3 (Figs. 1 and 2; Table 2). Overall, for MV3, the observer
score frequency and PA for successful delineation was best and was

TABLE 2
Frequency of Delineation Quality Scores and Specific Agreement

Parameter SUV2.5 SUV4.0 41%max A50%peak MV2 MV3

Method-of-
preference
approach

Frequency of score of acceptable
per delineation method
(average percentage)

Total (60 lesions) 57.2 52.8 60.6 77.2 72.8 90.0 92.8

SUVmax , 5 (15) 82.2 11.1 40.0 86.7 86.7 88.9 88.9

SUVmax 5 5–10 (28) 51.2 48.8 58.3 76.2 66.7 92.9 92.9

SUVmax . 10 (17) 45.1 96.1 82.4 70.6 72.5 86.3 96.1

Specific agreement (acceptable
vs nonacceptable)

Percentage PA

Total (60 lesions) 79.6 84.2 87.2 92.1 90.8 93.2 95.2

SUVmax , 5 (15) 86.5 20.0 77.8 94.9 97.4 95.0 95.0

SUVmax 5 5–10 (28) 79.1 78.0 91.8 93.8 87.5 94.9 94.9

SUVmax . 10 (17) 69.6 95.9 85.7 86.1 89.2 88.6 95.9

Percentage NA

Total (60 lesions) 72.7 82.4 80.3 73.2 75.5 38.9 30.5

SUVmax , 5 (15) 37.5 90.0 85.2 66.7 85.7 60.0 60.0

SUVmax 5 5–10 (28) 78.0 79.1 88.6 80.0 75.0 33.3 33.3

SUVmax . 10 (17) 75.0 0.0 33.3 66.7 71.4 28.6 0.0
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least affected by lesional SUV. Therefore, MV3 might be considered
the single method of choice for assessing MTV in patients or PET
studies showing a large variation in lesional tracer uptake.
However, no single semiautomated delineation method—not even

MV3—performs optimally for different types of lymphoma at differ-
ent therapeutic stages without the need for manual correction (25).
Therefore, a workflow in which observers select the visually best-
performing method per lesion might improve overall delineation
success while minimizing interobserver variability compared with
manual segmentation (36). Translating this workflow at I-PET for
DBLCL might imply that lesions with an SUVmax of less than 10
should be delineated using the MV3 method and that the SUV4.0
method should be used if lesions have an SUVmax of more than 10
or if the observers consider contouring with the MV3 to have failed.
Berthon et al. introduced an approach to selecting a delineation

method; in this approach, an ATLAAS is used to further improve
accurate and reproducible lesion segmentation (26). This concept
is based on selecting the best method from several predefined
methods using lesion characteristics as input, and the approach out-
performed the PET segmentation accuracy of each single method.

We also found that compared with use
of each delineation method separately,
use of themethod with the highest accept-
able score frequency per SUV category
resulted in a more successful delineation
performance (Table 2). The overall good
performance of MV3 is to some extent
in line with the ATLAAS approach, as
the two approaches are both consensus-
based; that is, the MV3 method is based
on majority-vote selection of the voxels
to be included in the final MV3 volume
of interest using 4 segmentation methods
as input. Therefore, other consensus
approaches, such as STAPLE (simulta-
neous truth and performance level estima-
tion), might demonstrate an overall good
delineation performance in DLBCL
I-PET as well (37). However, identifying
a single MTV delineation algorithm that
is accurate, is easy to use, is reliable
when applied in multicenter or multiob-
server settings, and has good prognostic

performance may need to be reconsidered against an approach based
on selecting the most preferred method on a lesional basis, in partic-
ular for I-PET. Adding tumor volume, tumor SUVpeak-to-back-
ground ratio, and other PET metrics for selecting the best
delineation method per lesion might further improve the delineation
performance (26). Nevertheless, development of such an approach
requires a much larger dataset. Other advanced semiautomated seg-
mentation methods, such as those based on artificial intelligence,
might also increase the delineation success but are not yet available
and presently hamper implementation in a multicenter setting (38).
Our proposed approach is readily available because it can be applied
simply by first determining SUVmax and then using the MV3 or
SUV4.0 method without the need to develop complicated new tools.
Overall, we agree that the current literature has not made a convinc-

ing case that MTV outperforms DSUVmax at I-PET. However, its
potential added value can be demonstrated only if MTV methodology
is optimized and harmonized. Finally, it is unclear whether inconclu-
sive I-PET–guided trials are caused by inappropriate patient selection
(relying solely on the far-from-perfect accuracy of the positivity criteria
used so far). Therefore, attempts to improve and standardize the I-PET

response criteria, possibly including MTV,
are urgently needed.

CONCLUSION

To delineate DS4–5 DLBCL lesions on
I-PET, the semiautomatic delineation
approach MV3 was most often successful,
and at the highest interobserver agreement.
However, delineation quality and interob-
server agreement strongly depended on
SUVmax. Therefore, a delineation-method
selection strategy using lesional tracer
uptake metrics as input may provide better
segmentation. Since MV3 already showed
a very high success rate of 90% across all
lesions, we propose use of this method for
measuring the MTV of DS 4–5 lesions at

FIGURE 2. PA and NA on delineation quality score of acceptable as function of lesional SUVmax per
method.

FIGURE 3. Scatterplot of MTVs derived fromMV3 vs. SUV4.0 for lesions with SUVmax. 10. MTV *A
and *B applied by MV3 and SUV4.0 differed by more than 10 cm3 and 1.96 SD from line of identity (*A
and *B are demonstrated in Supplemental Fig. 2).
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I-PET in a supervised manner, that is, by visually inspecting the
delineation and optionally choosing the SUV4.0 method for lesions
of very high avidity (SUVmax . 10) when deemed necessary.
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KEY POINTS

QUESTION: Which method best delineates DS 4–5 DLBCL lesions
on I-PET and has the highest interobserver agreement regarding
acceptable delineation, and how should the effect of lesional SUVmax

on delineation quality and performance agreement be assessed?

PERTINENT FINDINGS: MV3 performed best and at the highest
interobserver agreement regarding acceptable delineation of DS
4–5 DLBCL lesions on I-PET. Delineation-method preference
strongly depended on lesional SUV.

IMPLICATIONS FOR PATIENT CARE: Automated estimation of
the MTV of DS 4–5 DLBCL lesions at I-PET is feasible in clinical
practice in a supervised manner using MV3 and, optionally, SUV4.0
for lesions of very high avidity.
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