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Our purpose was to evaluate the diagnostic role of '8F-3,4-dihy-
droxyphenylalanine (DOPA) PET/CT at the time of staging in chil-
dren with neuroblastoma and to investigate its ability to assess
treatment response. We also investigated the prognostic value of
18F-DOPA PET/CT at the same time points. Methods: We enrolled
children with neuroblastoma at onset. Before and after induction
chemotherapy, all patients underwent '8F-DOPA PET/CT and '23I-
metaiodobenzylguanidine (MIBG) scanning plus SPECT/CT. '8F-
DOPA PET/CT results were compared with those of '23-MIBG
whole-body scanning (WBS). For each modality, patient-based
analysis and lesion-based analysis were performed and sensitivity
was calculated. We applied scoring systems to '23]-MIBG scanning
and 8F-DOPA PET/CT (i.e.,'2%I-MIBG WBS score and whole-body
metabolic burden [WBMB], respectively) and evaluated the associ-
ation between these parameters, the principal neuroblastoma risk
factors, and outcome. Results: We enrolled 16 high-risk and 2 in-
termediate-risk neuroblastoma patients. On patient-based analysis,
sensitivity in detecting primary tumors, soft-tissue metastases, and
bone or bone-marrow metastases was 83%, 50%, and 92%, re-
spectively, for 123-MIBG WBS versus 94%, 92%, and 100%, re-
spectively, for 18F-DOPA PET/CT. On lesion-based analysis, the
sensitivity of 18F-DOPA PET/CT in detecting soft-tissue and bone or
bone-marrow metastases was 86% and 99%, respectively—signif-
icantly higher than that of '23I-MIBG WBS, at 41% and 93%, re-
spectively. After therapy, on patient-based analysis, the sensitivity
in detecting primary tumors, soft-tissue metastases, and bone or
bone-marrow metastases was 72%, 33%, and 38%, respectively,
for 123-MIBG WBS versus 83%, 75% and 54%, respectively, for
18F-DOPA PET/CT. On lesion-based analysis, the sensitivity of 18F-
DOPA PET/CT in detecting soft-tissue and bone or bone-marrow
metastases was 77% and 86%, respectively—significantly higher
than that of 123|-MIBG WBS, at 28% and 69%, respectively. During
follow-up, 8 cases of disease progression and 5 deaths occurred.
On multivariate analysis, only posttherapeutic '8F-DOPA WBMB
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(>7.5) was associated with progression-free survival. Conclusion:
18F-DOPA PET/CT is more sensitive than 123]-MIBG WBS in stag-
ing neuroblastoma patients and evaluating disease persistence af-
ter chemotherapy. In a time-to-event analysis, posttherapeutic
18F-DOPA WBMB remained the only risk factor associated with
disease progression.
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High—risk neuroblastoma, commonly defined by metastatic
disease in patients older than 12-18 mo (/,2), by protooncogene
MYCN amplification in patients at any age, and by unfavorable
histopathologic features (3,4), displays long-term survival rates of
approximately 40% (5-7). Internationally agreed-upon treatment
options for high-risk neuroblastoma (NB-AR-01 protocol) include
multiagent induction chemotherapy, surgery, high-dose chemo-
therapy followed by autologous stem cell transplantation, external-
beam radiotherapy, radionuclide therapy, differentiation therapies,
and immunotherapy (8). A complete response to induction chemo-
therapy, as evaluated by various diagnostic procedures (e.g., imaging
or bone-marrow biopsy), is one of the main early prognostic factors
in high-risk neuroblastoma.

123]-metaiodobenzylguanidine (MIBG) scintigraphy has long
been recognized as the main imaging procedure for staging of
neuroblastoma. More recently, the International Society of Paedi-
atric Oncology European Neuroblastoma (SIOPEN) identified the
SIOPEN semiquantitative '>3I-MIBG skeletal scoring system
(SIOPEN Method 3) as an excellent inter- and intraobserver method
that can estimate the extension of bone or bone-marrow metastases
in a reproducible way, thereby providing a reliable prognostic in-
dicator in neuroblastoma (9). In addition, SIOPEN Method 3 was
validated as a prognostic response predictor in 2 independent tri-
al populations (8). More specifically, a postinduction skeletal
score greater than 3 identifies patients with a very poor prognosis
who require different treatment strategies (9). On the other hand,
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I23.MIBG scintigraphy is cumbersome (/0), requiring proper pa-
tient preparation and correct recognition of the distribution pattern,
and is frequently limited by the difficult anatomy in children and
low-quality images (/7). Various PET tracers have been tested as
effective substitutes for '23[-MIBG in assessing neuroblastoma (12),
and '8F-3,4-dihydroxyphenylalanine (DOPA) (13), radiolabeled so-
matostatin analogs (14,15), and '>**[-MIBG have proved the most
promising (16). '8F-DOPA PET/CT has already proved to be more
sensitive than '23I-MIBG scanning in patients with neuroblastoma
relapse (/7). Specifically, '®F-DOPA PET/CT has been demon-
strated to be a reliable diagnostic procedure in detecting small
soft-tissue and bone or bone-marrow metastases that are not accu-
rately detected by 23I-MIBG scintigraphy (/7,18). In addition, this
imaging procedure has shown better diagnostic results than conven-
tional procedures (i.e., CT and MRI), disclosing more neuroblastoma
localizations in bone marrow and lymph nodes and more soft-tissue
recurrences (19). Direct comparison with '8F-FDG PET/CT has also
shown that '8F-DOPA PET/CT is the most sensitive and accurate
method of identifying neuroblastoma localizations, whether
metastases or primary tumors (20). Moreover, its prognostic role
at the time of recurrence has already been validated by means of
an adequate whole-body scoring system, defined as whole-body
metabolic burden (WBMB), which is able to evaluate disease ex-
tension (I8). In this context, the possibility of disease progression
and death has been seen to increase in proportion to the WBMB
value (with a cutoff value of >7.5) (/8). However, 8F-DOPA PET/
CT has never been tested as a pivotal diagnostic tool for staging of
patients affected by neuroblastoma and evaluation of treatment re-
sponse to induction chemotherapy. Indeed, this diagnostic PET-
based approach could help in stratifying patients after induction
chemotherapy and identify subjects at different risks of disease
persistence or recurrence. The proven ability of '8F-DOPA PET/
CT to detect small metastases could be even more important when
evaluating disease persistence.

The primary aim of this study was to evaluate the diagnostic
role of '8F-DOPA PET/CT at the time of first diagnosis in children
with neuroblastoma. We also investigated the ability of this pro-
cedure to assess response to chemotherapy. Lastly, we evaluated
the prognostic role of '8F-DOPA PET/CT in high-risk neuroblas-
toma patients on diagnosis and after induction chemotherapy by
testing the relationship between WBMB, progression-free survival
(PFS), and overall survival (OS).

MATERIALS AND METHODS

The local ethics committee and the Agenzia Italiana del Farmaco, a
public agency of the Italian Ministry of Health, approved the study.
Written informed consent was obtained from all subjects. The trial
was registered in the European Clinical Trial Database (EudraCT
number 2012-005398-30).

Patient Population

From December 2013 to January 2017, we prospectively enrolled
neuroblastoma patients who were candidates for SIOPEN therapeutic
protocols and referred for imaging procedures to the Nuclear Medicine
Department of Galliera Hospital. Before and within 7 d after chemo-
therapy, all patients underwent both '8F-DOPA PET/CT and '>’I-MIBG
whole-body scanning (WBS) with additional SPECT. The imaging pro-
cedures were performed within 10 d of each other (range, 1-10 d; mean,
4.1d; SD, £3.3 d).

The inclusion criteria were histologically proven neuroblastoma at
the time of first diagnosis (age > 12 mo and < 18 y), no previous
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chemotherapy, and written informed consent. The exclusion criteria
were comorbidity due to other neoplasms, known hypersensitivity to
the active ingredient or excipients contained in the radiopharmaceu-
ticals, and any other medical condition contraindicating the study in
the investigator’s judgment.

Imaging Modalities

123[-MIBG scintigraphy and '8F-DOPA PET/CT were performed on
fasting patients within 10 d of each other; no treatment was adminis-
tered between the 2 scans. Images were acquired according to standard
procedures (/0).

Whole-body '8F-DOPA PET/CT was performed 60 min after tracer
injection according to our previous experience (/0,17-19). The activ-
ity administered was calculated according to the patient’s body weight
(4 MBg/kg), with a minimum activity of 80 MBq (range, 80-185
MBq; mean, 110 MBq; SD, =35 MBq).

1231.MIBG scans were acquired 24 h after injection of the tracer by
means of a dual-head y-camera (Millennium; GE Healthcare). The
activity administered was calculated according to the patient’s body
weight, with a minimum activity of 80 MBq, as suggested by Lass-
mann et al. (range, 80-185 MBq; mean, 110 MBq; SD, =35 MBq)
(21). Spot views of the various body segments were acquired. Each
spot view was acquired for a maximum of 10 min (~500 kilocounts;
100 kilocounts for spot views of the lower limbs). Thoracoabdominal
SPECT was performed on all patients at intervals of 24 h, as suggested
by Matthay et al. (22) and Olivier et al. (23). Fused SPECT/CT images
were analyzed on a dedicated workstation (Xeleris; GE Healthcare)
that allowed coregistration of '23I-MIBG and CT images previously
acquired during the PET/CT examination.

Image Interpretation

Two expert nuclear medicine physicians interpreted separately 'SF-
DOPA PET/CT and 'Z’I-MIBG SPECT/CT. They were aware of the pa-
tient’s clinical history and anatomical imaging modalities (i.e., MRI/CT)
but blinded to any '®F-DOPA PET/CT or '2I-MIBG SPECT/CT results,
respectively. Finally, a consensus review of discordant findings was done.

On '8F-DOPA PET/CT or '2)I-MIBG SPECT/CT, any focal, nonphy-
siologic uptake higher than that of the surrounding background was
considered pathologic (/7,18). The 2 readers analyzed the whole-body
images by focusing on primary tumors (abdominal or thoracic), lymph
nodes, lungs, liver, bone, and brain. Both studies were interpreted on a
patient-by-patient basis (patient-based analysis) and a lesion-by-lesion
basis (lesion-based analysis) before and after chemotherapy. In patient-
based analysis, the detection rate (DR) was defined as the ability to
detect at least 1 pathologic finding in each subject. In lesion-based
analysis, the DR was defined as the ability to detect suspected lesions
in relation to the total number of lesions detected by both tracers and
by anatomic imaging modalities.

Scoring Systems

The effectiveness of '2)I-MIBG and '3F-DOPA PET/CT in detect-
ing neuroblastoma was assessed by reviewing the uptake patterns for
each radiopharmaceutical in the following locations: primary tumor,
local and regional soft-tissue metastases, and bone and bone-marrow
metastases. SIOPEN Method 3 was applied to the '23[-MIBG scans to
evaluate disease extent in the bone and bone marrow (8). To semi-
quantify soft-tissue neuroblastoma localizations, the modified Curie
scoring system was applied, based on the methodology of Matthay et
al. (soft-tissue!23-MIBG score) (18,24).

Another scoring system, the WBMB, was applied to '3F-DOPA
PET/CT images to evaluate the extent of bone or bone-marrow in-
volvement and that of primary tumor and of soft-tissue metastases
(18). Specifically, for '8F-DOPA PET/CT, SIOPEN Method 3 was
applied to evaluate the extent of bone and bone-marrow disease. To
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better characterize the intrinsic metabolic burden of each bone seg-
ment, we multiplied the SUV ., by the score of each bone segment.
The whole-body bone metabolic burden was calculated as the sum of
the bone-segment metabolic burden of each bone segment in the PET
image. To determine the extent and load of soft-tissue recurrence or
metastases, a whole-body soft-tissue metabolic burden was applied
per patient (/8,25). For each tumor lesion, the soft-tissue metabolic
burden was calculated as SUV .., multiplied by tumor volume. Tu-
mor volume was obtained from the CT images of the PET/CT acqui-
sitions (26). The whole-body soft-tissue metabolic burden was
calculated as the sum of the metabolic burden of each tumor lesion
in the PET image. Finally, the overall WBMB was calculated as the
sum of whole-body bone metabolic burden plus whole-body soft-tis-
sue metabolic burden.

Risk Stratification

Each patient was risk-stratified according to age at the time of
diagnosis (=18 mo or >18 mo), histopathologic results, stage (3 or 4),
MYCN amplification, lactate dehydrogenase level, homovanillic and
vanilmandelic acid levels, !23I-MIBG score before and after induction
chemotherapy, and WBMB before and after induction chemotherapy.

At final follow-up, patients were deemed to be disease-free if
they had less than 10 mm of residual soft tissue at the primary site
and in nonprimary lesions and complete resolution of '23I-MIBG
uptake (27).

Patients were considered to have disease persistence or partial
response if there was a decrease by more than 30% at the primary and
nonprimary sites and if '2>I-MIBG uptake at the primary site was stable,
improved, or resolved and there was more than a 50% reduction in
1231_.MIBG absolute bone score (27).

Disease was considered to have progressed if there was a 20% increase
in longest lesion diameter or any new soft-tissue or bone lesions detected
by CT/MRI that were also '23[-MIBG-avid or were biopsied and
confirmed to be neuroblastoma (27).

Standard of Reference

Although only DRs were calculated for each diagnostic modality,
we applied a standard of reference, which was able to provide some
confirmation of the site of disease. The standard of reference for the
primary tumor was based on histopathology results (available for all
patients). The standard of reference for soft-tissue metastases was
based on histopathology results or on diagnostic contrast-enhanced
CT or MRI findings (available for all patients). The gold standards for
bone and bone-marrow metastases were bone-marrow biopsy (avail-
able for all patients), CT, or MRI (available for all patients). A median
clinical and imaging follow-up of 29.3 mo (range, 19-53 mo) was
available for each patient.

Clinical decisions after induction chemotherapy were based on the
results of '22I-MIBG WBS and conventional radiologic imaging (i.e.,
CT and MRI), not the results of '*F-DOPA PET/CT.

Statistical Analysis

Descriptive statistics included mean, SD, and range for data
involving continuous factors and scores; in the case of categoric factors,
we used absolute and relative frequencies, along with percentage. The
Spearman rank correlation coefficient was adopted to test the correlation
between 'ZI-MIBG SPECT/CT and '8F-DOPA PET/CT scores. For
diagnostic analyses, DRs, defined as the percentage of positive subjects
(in patient-based analysis) or lesions (in lesion-based analysis), were
calculated for each diagnostic modality at each site of disease. We
adopted the exact McNemar test to compare DRs between diagnostic
modalities. For prognostic analyses, we used Kaplan—-Meier estimates of
the cumulative probability of PFS and OS, defined as the interval be-
tween initial diagnosis and the onset of disease persistence/progression
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or death, and we tested the difference between time-to-event curves by
means of the log-rank test. Cox proportional-hazards modeling was used
to estimate the risk of disease persistence/progression and death from
any cause, adjusting for age and other factors that proved to be associ-
ated with PFS and OS on univariate analyses. Since '2*I-MIBG SPECT/
CT and '8F-DOPA PET/CT scores were highly correlated, we used
different models for each score to avoid collinearity and to test their
independent association with PFS and OS. All analyses were conducted
using Stata software (version 14.2; StataCorp.). Two-tailed probabilities
are reported, and a P value of 0.05 was used to define nominal statistical
significance.

RESULTS

We enrolled 16 high-risk and 2 intermediate-risk patients; their
main characteristics are summarized in Table 1. For clinical rea-
sons, the 2 intermediate-risk patients and 1 of the high-risk pa-
tients underwent not NB-AR-01 but different therapeutic protocols
with different schemes of induction therapy; they were therefore
included only in the diagnostic analysis and were excluded from
the prognostic analysis (Table 1).

At the time of first staging, '23I-MIBG SPECT/CT proved pos-
itive in 17 of 18 patients, whereas '®F-DOPA PET/CT was positive
in all 18 patients. On patient-based analysis, the DR in detecting
primary tumors, soft-tissue metastases, and bone or bone-marrow
metastases was 83%, 50%, and 92%, respectively, for '2I-MIBG
SPECT/CT versus 94%, 92%, and 100%, respectively, for '3F-
DOPA PET/CT (Fig. 1; Table 2). On lesion-based analysis, the
DR of '3F-DOPA PET/CT in detecting soft-tissue and bone or
bone-marrow metastases was 86% and 99%, respectively—signif-
icantly higher (P < 0.001) than that of '?*I-MIBG SPECT/CT, at
41% and 93%, respectively (Fig. 2; Table 3).

After induction chemotherapy, '2’I-MIBG SPECT/CT proved
positive in 14 of 18 neuroblastoma patients, whereas 'SF-DOPA
PET/CT was still positive in 17 patients. However, when the anal-
ysis did not consider primary tumors but only metastatic sites of
disease, 12°I-MIBG SPECT/CT proved positive in only 8 patients;
by contrast, '8F-DOPA PET/CT was still positive in 15.

On patient-based analysis, the DR in detecting primary tumors,
soft-tissue metastases, and bone or bone-marrow metastases was
72%, 33%, and 38%, respectively, for 123I-MIBG SPECT/CT ver-
sus 83%, 75%, and 54%, respectively, for '8F-DOPA PET/CT
(Table 2). On lesion-based analysis, the DR of '8F-DOPA PET/CT
in detecting soft-tissue and bone or bone-marrow metastases was
77% and 86%, respectively—significantly higher than that of 23I-
MIBG SPECT/CT, at 28% and 69%, respectively (P < 0.001 and
P = 0.001, respectively) (Table 3; Fig. 3).

Over a median follow-up of 29.3 mo (interquartile range, 19.0-
53.1 mo), among the 15 patients considered in the prognostic
analysis, 8 cases of disease progression and 5 deaths occurred.
Kaplan—Meier PFS curves showed that only initial stage (stage 3
vs. 4) and the '8F-DOPA WBMB measured after induction che-
motherapy (WBMB > 7.5; Fig. 4) were associated with progno-
sis. However, an important trend toward significance was also
observed between outcome and pretherapy '2’I-MIBG WBS
(=46), pretherapy '8F-DOPA WBMB (=45; Fig. 4), and homo-
vanillic acid levels (=32 wmol/mmol creatinine) measured before
therapy. Finally, risk estimates (unadjusted and adjusted) for dis-
ease progression were also calculated from the Cox model. After
adjustment for all risk factors showing at least a trend toward
significance at the univariate level, 13F-DOPA WBMB evaluated
after induction chemotherapy was the only factor independently
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TABLE 1

Main Clinical, Histopathologic, and Biochemical Features of Patients (n = 18)

Feature

Data

Age (mo)
Sex, male
Histopathology
Undifferentiated
Poorly differentiated
Unknown
Stage
3
4
Treatment
NB AR 01
LINES/personalized
MYC amplification
Lactate dehydrogenase (Ul/L), median (IQR)
Homovanillic acid levels (umol/mmol creatinine), median (IQR)
Vanilmandelic acid levels (umol/mmol creatinine), median (IQR)
18F-DOPA WBMB score
Before induction chemotherapy
After induction chemotherapy
1231-MIBG WBS score
Before induction chemotherapy
After induction chemotherapy

34 + 19 (12-72)
12 (67)

median, 2,890
median, 66.7
median 26.1

IQR, 1,506-5,275)
IQR, 32.0-76.6)
IQR, 5.3-123.9)

191.9 £ 349.1 (0-1,120)
18.2 £ 43.1 (0-169)

24.7 + 20.9 (0-58)
3.6 £ 9.9 (0-42)

Continuous data are mean + SD followed by range in parentheses; count data are number followed by percentage in parentheses

(unless otherwise noted).

LINES = Low and Intermediate Risk Neuroblastoma European Study; IQR = interquartile range.

and directly associated with PFS. More specifically, patients with 7.5 of less (hazard ratio, 10.7; 95% confidence interval, 1.09—104.8;
a 'SF-DOPA WBMB score higher than 7.5 displayed a signifi- P = 0.041). No significant association was found between the risk
cantly higher risk of disease progression than those with a score of  factors considered and OS.

FIGURE 1. A 3-y-old child with stage 4 neuroblastoma (MYCN-amplified) of thoracic primary. (A
and B) '8F-DOPA PET/CT (maximum-intensity projection [A] and axial image [B]) showed intense
uptake in primary tumor and identified some bone and bone-marrow metastases (arrows). (C and
D) 123|-MIBG WBS with additional SPECT/CT (axial image [C] and anterior and posterior views [D])
did not identify any site of pathologic uptake.

Of the 9 patients with completely neg-
ative findings on 2’ I-MIBG WBS and per-
sistently positive '8F-DOPA WBMB after
induction chemotherapy, 3 showed persis-
tence or progression of disease at the end
of treatment. However, the 6 patients who
did not develop disease progression had an
ISF_.DOPA WBMB value no higher than 1.
All 5 patients with a WBMB higher than
7.5 after induction chemotherapy devel-
oped persistence or progression of disease,
whereas only 2 of the 10 patients with a
WBMB lower than 7.5 developed persis-
tence or progression of disease (Supple-
mental Fig. 1; supplemental materials are
available at http://jnm.snmjournals.org). By
contrast, although a '23I-MIBG WBS score
higher than 3 identified 3 patients who
showed disease persistence or progression,
4 (33%) of the 12 patients with a '2[-MIBG
WBS score of 3 or less developed disease
persistence or progression (Fig. 5). Thus,
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TABLE 2
DRs for Patient-Based Analysis

Timing 123]-MIBG SPECT/CT 18F-DOPA PET/CT P

Before induction chemotherapy

Primary tumors 15 (83%) 17 (94%) 0.5

Soft-tissue metastases 6 (50%) 11 (92%) 0.06

Bone or bone-marrow metastases 12 (92%) 13 (100%) 1.0
After induction chemotherapy

Primary tumor 13 (72%) 15 (83%) 0.6

Soft-tissue metastases 4 (33%) 9 (75%) 0.06

Bone or bone-marrow metastases 5 (38%) 7 (54%) 1.0

*Exact McNemar significance probability.

DRs (%) were calculated for each single diagnostic modality at each site of disease. Denominator for DRs on primary tumors is total
number of patients (n = 18), considering that all are subjects with established cancer. For evaluations on soft-tissue and bone or bone-
marrow lesions, denominator is maximum number of patients found to be positive by 2 diagnostic modalities (n = 12 for soft tissue; n = 13

for bone or bone-marrow lesions).

123].MIBG WBS and '*F-DOPA WBMB scores were positively
correlated only before induction chemotherapy (before: Spearman
p = 0.61, P = 0.007; after: p = 0.38, P = 0.11). Specifically,
I8SF-DOPA WBMB showed greater dispersion than '23[-MIBG
WBS, displaying an interquartile range of 20—128 before chemo-
therapy and 1-9 after chemotherapy, versus respective ranges of
2-42 and 0-2 for '?’I-MIBG (Supplemental Fig. 2).

DISCUSSION

First, we found that !8F-DOPA PET/CT was more sensitive than
123]-MIBG scanning in detecting neuroblastoma localizations in
a well-selected population of neuroblastoma children analyzed at
the time of first diagnosis, as proved by comparing PET/CT and
123-MIBG SPECT/CT images of all patients. This finding is of
particular interest, as in the 2 previous studies comparing '8F-
DOPA and '2I-MIBG (/7,20), SPECT/CT images were unavail-
able. In our study, '®F-DOPA PET/CT was even more sensitive in
detecting soft-tissue metastases and small bone or bone-marrow
localizations.

Second, we found that '8F-DOPA PET/CT was a reliable di-
agnostic tool for evaluating treatment response after induction
chemotherapy and provided important information on disease per-
sistence. Specifically, '8F-DOPA PET/CT proved to be more sen-
sitive than '2’I-MIBG SPECT/CT in disclosing small and faint

persistent bone and bone-marrow foci of pathologic uptake after
chemotherapy. However, it would have been difficult to ascertain
the real clinical impact of this finding if we had not tested the
prognostic role of '8F-DOPA PET/CT. In other words, the real
issue is whether the higher number of lesions disclosed by !8F-
DOPA PET/CT after induction chemotherapy was associated with
a higher probability of disease persistence or progression at the
end of follow-up or whether the higher number of lesions was a
simple and futile expression of diagnostic sensitivity. Accordingly,
we evaluated the prognostic value of '8F-DOPA PET/CT both at
the time of disease onset and after induction chemotherapy. To
better understand each patient’s risk, we semiquantified the dis-
ease burden by using the previously validated '3F-DOPA WBMB
(18) and compared this with the '2I-MIBG WBS and the other
recognized prognostic factors. Both scores measure the burden of
the disease, excluding the primary tumor. So far, no reliable and
validated methods have been used to quantify the extension and
activity of the primary tumor on '2’I-MIBG SPECT/CT (8,10)
and '8F-DOPA PET/CT images. In this regard, we found that, at
the univariate level, only disease stage on initial diagnosis (stage 3
vs. stage 4) and WBMB measured after induction chemotherapy
(WBMB > 7.5) were associated with prognosis. Notably, neither
MYCN amplification nor a '>[-MIBG score higher than 3 after
chemotherapy was significantly associated with PFS. By contrast,
a marked disease burden documented at the time of first diagnosis
by means of '2)I-MIBG scanning (123I-
MIBG WBS > 46) and '8F-DOPA PET/

CT (WBMB = 45) showed an important
trend toward significance (P = 0.06 and
P = 0.08, respectively). This finding seems
to be in line with what was reported in a
recent paper by Lewington et al. (9), who
showed that patients with a SIOPEN score
higher than 48 at the time of first diagnosis
had a significantly lower response rate to

FIGURE 2. A 3-y-old child with stage Ill neuroblastoma (MYCN-amplified) of abdominal pri-
mary. On axial images, suggestive left paravertebral nodules detected on contrast-enhanced
CT were negative on '23]-MIBG SPECT/CT (A and B) but positive on '8F-DOPA PET/CT (B

and C).
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induction chemotherapy than patients with
a SIOPEN score of 48 or less.

However, the Cox models showed that
only an '8F-DOPA PET/CT WBMB score
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TABLE 3
DRs for Lesion-Based Analysis

Timing 123]-MIBG SPECT/CT 18F-DOPA PET/CT P~
Before induction chemotherapy
Soft-tissue metastases 20 (41%) 42 (86%) <0.001
Bone or bone-marrow metastases 494 (93%) 522 (99%) <0.001
After induction chemotherapy
Soft-tissue metastases 11 (28%) 30 (77%) <0.001
Bone or bone-marrow metastases 54 (69%) 67 (86%) 0.001

*Exact McNemar significance probability.

DRs (%) were calculated for each single diagnostic modality at each site of disease. Denominator for DRs is maximum number of
lesions found to be positive by 2 diagnostic modalities: n = 49 and n = 39 before and after induction chemotherapy, respectively, for soft
tissue; n = 529 and n = 78 before and after induction chemotherapy, respectively, for bone or bone-marrow lesions.

higher than 7.5 measured after induction chemotherapy was asso-
ciated with PFS. This cutoff had already been validated by our
previous study (/8), in which patients with a WBMB score higher
than 7.5 at the time of neuroblastoma relapse had a higher prob-
ability of disease progression and death. In the present study, we
found that, of the 9 patients with negative '23I-MIBG WBS results
and persistent positive '8F-DOPA WBMB results after induction
chemotherapy, 3 had disease persistence or progression at the end
of follow-up. All 3 of these patients showed at least 4 persistent
disease localizations on '8F-DOPA PET/CT, and in 2 patients the
disease burden measured by means of WBMB was scored at
higher than 7.5.

In addition, all 5 patients with '8F-DOPA WBMB scores higher
than 7.5 after induction therapy showed disease persistence or
progression regardless of their '2’I-MIBG WBS score. From this
point of view, '8F-DOPA WBMB was the most accurate parameter
in stratifying the risk of high-risk neuroblastoma patients after
induction chemotherapy. We could speculate that a greater use of
sensitive PET tracers, such as '8F-DOPA, could identify patients at
very high risk for whom a more intense therapeutic regimen is
warranted.

This study has some limitations: its low statistical power (low
number of patients and events) and the fact that the effects of different
therapies performed after induction therapy were not considered
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FIGURE 3. A 4-y-old child with stage 4 neuroblastoma (not MYCN-amplified) of abdominal primary. (A and C) At time of first staging, both
123|-MIBG WBS (A) and 8F-DOPA PET/CT with additional SPECT/CT (C) clearly showed primary tumor and diffuse bone or bone-marrow metastases.
(B and D) After induction chemotherapy, both techniques identified some residual bone-marrow metastases (black arrows) but '8F-DOPA
PET/CT (maximume-intensity projection) revealed 3 small, persistent bone-marrow metastases (red arrows) not seen on '23|-MIBG WBS.
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FIGURE 4. Kaplan-Meier PFS curves according to '8F-DOPA WBMB =
7.5 and > 7.5 after induction chemotherapy (A), '8F-DOPA WBMB (me-
dian) = 45 and > 45 before therapy (B), and '23-MIBG WBS score (third
quartile) = 46 and > 46 before therapy (C).

in the prognostic analysis. In this context, we did not find any
associations between the different risk factors and OS. Indeed,

we used PFS alone as a surrogate of prognosis.
In addition, a single stage 4 '2’I-MIBG-negative patient was
included in the study. SPECT/CT images were coregistered and

ISE_DOPA PET/CT aAND NEUROBLASTOMA *

FIGURE 5. A 2-y-old child with stage lll neuroblastoma (MYCN-ampli-
fied) of abdominal primary. Primary tumor was large and calcified at time
of first staging, with major lymph node involvement. On axial images
after induction chemotherapy (A-C; B is the CT component of SPECT/
CT and PET/CT), large residual mass did not show any '23-MIBG or 8F-
DOPA uptake. However, some calcific lymph nodes negative on 123|-
MIBG SPECT/CT were still evident on '8F-DOPA PET/CT (arrows). After
induction chemotherapy, '23-MIBG WBS was <3 (i.., 0) but WMBM was
>7.5 (i.e., 16). By end of follow-up (19 mo), patient had died of disease
progression.

fused by means of appropriate software but were not acquired by
means of a dedicated hybrid SPECT/CT system. This procedure is
not optimal, as it does not provide the improved image quality
yielded by CT attenuation correction. These issues may have
caused the well-known diagnostic and prognostic power of the
1231-MIBG scanning to be underestimated in this group of patients.
In addition, the '8F-DOPA WBMB score is characterized by high
variability, as a result of the high intrinsic sensitivity of PET/CT
procedures and the possibility of expressing the extent of soft-tissue
metastases and uptake intensity; '8F-DOPA WBMB therefore pro-
vides adequate information about patient risk, which may not be
fully estimated by the '23I-MIBG score.

However, to our knowledge, this is the first paper to prospectively
analyze the diagnostic and prognostic role of '83F-DOPA PET/CT
in a well-selected population of children (median age, 28 mo) with
high- and intermediate-risk neuroblastoma. Indeed, our preliminary
data suggest that this tracer is more effective than 23[-MIBG for the
staging, treatment response evaluation, and prognostication of
neuroblastoma patients.

In any case, to better evaluate the role of these 2 tracers in neuro-
blastoma, a direct comparison between '8F-DOPA and '**I-MIBG
should be conducted. Such an analysis would eliminate any bias re-
lated to the different imaging procedures presented in this study.

Finally, although '?3[-MIBG scanning seems to be less sensitive
than '8F-DOPA PET/CT, the principal advantage of '23-MIBG
remains its intrinsic theragnostic property. Although considering
that the pathologic distribution of the tracers seems to be similar
(17,18,28), there are not sufficient data to support the possibility of
selecting patients for 123I-MIBG therapy by using '8F-DOPA PET/
CT. From this point of view, '8F-DOPA cannot replace >3 [-MIBG.

CONCLUSION

Our results confirmed good agreement between 'SF-DOPA
PET/CT semiquantification and '2*I-MIBG scanning in neuroblas-
toma patients at the time of first staging, in that a positive corre-
lation between the 2 techniques was observed. However, to stage
neuroblastoma patients and, particularly, to evaluate disease per-
sistence after induction chemotherapy, '3F-DOPA PET/CT appears
to be more sensitive than '23I-MIBG WBS with additional SPECT/
CT. In time-to-event analyses, '8F-DOPA WBMB, evaluated after
induction chemotherapy, remained the only risk factor independently
and directly associated with disease progression. Further confirmation
on a larger group of patient is required.
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KEY POINTS

QUESTION: Is '8F DOPA PET/CT able to identify, after induction
chemotherapy, neuroblastoma patients with persistence of dis-
ease at higher risk of disease progression?

PERTINENT FINDINGS: In a clinical study including 18 neuro-
blastoma patients at high and intermediate risk, 18F-DOPA PET/
CT was a reliable diagnostic tool for evaluating treatment re-
sponse after induction chemotherapy and provided important in-
formation on the presence of disease persistence. Specifically,
18F-DOPA PET/CT proved to be significantly more sensitive than
123]-MIBG SPECT/CT in disclosing small and faint persistent bone
and bone-marrow foci of pathologic uptake after chemotherapy.

IMPLICATIONS FOR PATIENT CARE: When compared with
other prognostic factors and molecular imaging procedures, 18F-
DOPA PET/CT, performed after induction chemotherapy, was able
to better identify patients at very high risk amenable to further
effective treatments.
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