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The metaiodobenzylguanidine (MIBG) scan is one of the most sensitive
noninvasive lesion detection modalities for neuroblastoma. Unlike
123|-MIBG, '?4-MIBG allows high-resolution PET. We evaluated
124I-MIBG PET/CT for its diagnostic performance as directly com-
pared with paired 123|-MIBG scans. Methods: Before 131|-MIBG
therapy, standard '23|-MIBG imaging (5.2 MBg/kg) was performed
on 7 patients, including whole-body (anterior-posterior) planar imag-
ing, focused-field-of-view SPECT/CT, and whole-body 24-MIBG PET/
CT (1.05 MBg/kg). After therapy, 2 of 7 patients also completed 24-MIBG
PET/CT as well as paired 23I-MIBG planar imaging and SPECT/
CT. One patient underwent 24I-MIBG PET/CT only after therapy.
We evaluated all 8 patients who showed at least 1 123|-MIBG-positive
lesion with a total of 10 scans. In 8 pairs, 123|-MIBG and '24I-MIBG
were performed within 1 mo of each other. The locations of identified
lesions, the number of total lesions, and the curie scores were recorded
for the 123-MIBG and '24-MIBG scans. Finally, for 5 patients who com-
pleted at least 3 PET/CT scans after administration of 124I-MIBG, we
estimated the effective dose of '24I-MIBG. Results: 23-MIBG
whole-body planar scans, focused-field-of-view SPECT/CT scans,
and whole-body '24I-MIBG PET scans found 25, 32, and 87 total
lesions, respectively. There was a statistically significant difference
in lesion detection for 124|I-MIBG PET/CT versus 23I-MIBG planar
imaging (P < 0.0001) and 23-MIBG SPECT/CT (P < 0.0001). The
curie scores were also higher for 24-MIBG PET/CT than for '23-MIBG
planar imaging and SPECT/CT in 6 of 10 patients. '>4-MIBG PET/CT
demonstrated better detection of lesions throughout the body, includ-
ing the chest, spine, head and neck, and extremities. The effective
dose estimated for patient-specific 124I-MIBG was approximately
10 times that of 123I-MIBG; however, given that we administered a
very low activity of 124I-MIBG (1.05 MBqg/kg), the effective dose was
only approximately twice that of '23|-MIBG despite the large differ-
ence in half-lives (100 vs. 13.2 h). Conclusion: The first-in-humans
use of low-dose 24|-MIBG PET for monitoring disease burden dem-
onstrated tumor detection capability superior to that of 123|-MIBG
planar imaging and SPECT/CT.
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N euroblastoma is the most common cancer in children less
than 1 y old and accounts for approximately 6%—8% of all cancers
in children (/). Approximately 90% of neuroblastoma cases are di-
agnosed before the age of 5 y. Neuroblastoma develops along the
sympathetic nervous system, with approximately 80% of the tumors
occurring in the abdomen (2). Metastatic disease is found in about
half the cases at the time of diagnosis, with the most frequent sites of
metastatic disease being bone and bone marrow (involving osseous
structures from the skull and spine to the appendicular skeleton),
followed by liver and skin (3). Several factors are involved in staging
and risk classification for neuroblastoma, as recently defined by the
system of the International Neuroblastoma Risk Group (4). Initial
assessment of tumor extent uses this system’s stage of L1 (localized
tumor without image-defined risk factors for surgery), L2 (locore-
gional tumor with image-defined risk factors), and M (metastatic)
or MS (metastatic in infant < 18 mo old with metastases limited to
liver, skin, and bone marrow) (5). Other clinical and biologic risk
factors include age, MYCN gene status, tumor cell histology, and ploidy.
On the basis of this staging system, '23I-metaiodobenzylguani-
dine (MIBG) planar scintigraphy is recommended before tumor
excision during diagnosis of neuroblastoma and during follow-up
after treatment for monitoring the extent of the tumor and its
response to therapy (3,6). Previous studies showed that assessment
of metastatic disease is better with 23] SPECT/CT than with planar
123-MIBG imaging because of improved anatomic localization and
improved lesion contrast in the SPECT/CT (7,8).

1241 is a positron-emitting radionuclide that has a 4.2-d half-life,
making it attractive for delayed clinical imaging and dosimetry.
1241.MIBG PET has been used for imaging of malignant pheo-
chromocytoma, demonstrating improved tumor delineation due to
higher-resolution images than are obtainable with '2I-MIBG SPECT
(9). We have previously shown that >I-MIBG PET/CT can be used
in children with neuroblastoma for accurate tumor dosimetry before
BI-MIBG therapy (10,11).

In our study, we performed PET/CT imaging studies using no-
carrier-added '>*I-MIBG, which is particularly important since it
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is a direct match to a recently approved no-carrier-added '3'I-MIBG
(Azedra; Progenics Pharmaceuticals). Here, we report the results of
first-in-humans imaging studies in patients with neuroblastoma.

MATERIALS AND METHODS

Subjects

Patients were eligible if they had relapsed or refractory high-risk
neuroblastoma, with confirmation of the diagnosis by histologic verifi-
cation of the tumor, or if they had typical infiltration of tumor cells in
bone marrow with elevated urinary catecholamine levels. They also were
required to be at least 3 y old, and they or their parents or guardians had
to have provided written informed consent for the '3'[-MIBG treatment.
Patients who required general anesthesia for MIBG imaging studies were
excluded. The study was approved by our institutional review board.

Imaging

No-carrier-added '>*I-MIBG was either synthesized at our institution,
using resins provided by our industry collaborator (Progenics Pharma-
ceuticals), or purchased from a commercial radiopharmacy (3D Imaging)
under investigational-new-drug application 113907. No difficulties were
encountered in the supply of '>*I-MIBG or in the quality assurance steps
during our study. '?*I-MIBG PET/CT scans were obtained on a Discovery
VCT PET/CT camera (GE Healthcare) for 6 patients and a Gemini TF
PET/CT camera (Philips Healthcare) for 2 patients. There were no
significant differences that could impact clinical interpretation between
the PET scans obtained on the Discovery VCT and those obtained on
the Gemini TF. This imaging study was performed in parallel with a
pretherapy dosimetry study for 5 patients; therefore, these 5 patients,
who were imaged before MIBG therapy, had multiple imaging time
points, with the 24-h scan being used for image interpretation, whereas
the posttherapy scan was a single scan at 24 h after '**I-MIBG admin-
istration. For those who did not complete imaging at multiple time
points for the pretherapy dosimetry study, only the 24-h imaging time
point was captured after '>*I-MIBG administration. Because of the low
activity of the administered '>*I-MIBG, PET data were acquired for at
least 4 min per bed position. '23I-MIBG imaging using whole-body planar
imaging as well as focused-field-of-view SPECT/CT was performed
on all patients 24 h after administration of a 5.2 MBg/kg dose of the
radiotracer. The studies were performed between 2013 and 2017. Lesion
locations, total numbers of lesions, and curie scores (3) were recorded
using 2 independent interpretations by 2 nuclear medicine physicians.
The curie score was calculated per the standard method described
below for 'Z[-MIBG and '3'I-MIBG planar scans. For '>I-MIBG PET,
the curie score was calculated using the maximum-intensity-projection
images. The planar, SPECT, and PET/CT scans that were compared in
terms of lesion number and curie score were performed within 1 mo of
each other. All positive lesions were confirmed on cross-sectional imaging.
The scoring was based on division of the body into 9 anatomic sectors for
osseous lesions (skull, upper arms, lower arms, chest, upper spine, lower
spine, pelvis, upper legs, and lower legs) and a separate section for any
extraosseous metastases, as described by Matthay et al. (/2). In each of the
regions, the lesions were scored as 0 for no lesion within the segment, 1
for 1 lesion within the segment, 2 for more than 1 lesion in the segment,
and 3 for greater than 50% involvement of the segment. The absolute
score was obtained by adding the scores of all the segments. There was
a high concordance rate between the 2 reads, with the Fleiss k measur-
ing 0.783 (confidence interval, 0.6417-0.9702). If there was any dis-
crepancy between the readers, the higher value was used for the study.

Radiation Dosimetry of 124|-MIBG

For the 5 patients who completed the '>*I-MIBG dosimetry scans,
we performed a full dose estimation, particularly for effective dose.
For the dosimetry of '>*I-MIBG, PET imaging was performed within

the first 4 h after injection and at 24, 48, and 120 h. The general method
for our dose calculation was described previously (/0). For the current
study, one improved technique using patient-specific CT as a voxelized
phantom for Monte Carlo simulation was used over what was reported
before. From organ doses calculated from the Monte Carlo simulation—
combined with time-integrated activity coefficients, also known as resi-
dence times, derived from 3 or 4 PET/CT images—International Com-
mission on Radiological Protection publication 103 weighting factors
were applied, and effective doses for each patient were calculated.

Statistical Analysis

Continuous-variable data were analyzed across pretreatment and
posttreatment scans using 2-sample ¢ tests. Categoric variable data
were analyzed with the x? test. Statistical analysis was performed on
STATA (StataCorp).

RESULTS

In our study, 5 of the enrolled patients also underwent '3'I-MIBG
therapy for widely metastatic neuroblastoma, and 8 patients under-
went the paired imaging with standard whole-body planar and
focused-field-of-view '23I-MIBG SPECT/CT. In the 5 patients
who received therapy, pretherapy whole-body ?*I-MIBG PET/CT
was performed, and in 2 patients, both pretherapy and follow-up
posttherapy '?*I-MIBG PET/CT was performed. The mean age of
the patients was 11.6 y, with a range of 6-23 y.

Detection of Lesions Using 24I-MIBG PET/CT Versus
123]-MIBG Scans

1231-MIBG whole-body planar scans, focused-field-of-view SPECT/
CT scans, and whole-body >*I-MIBG PET scans found 25, 32,
and 87 lesions, respectively, in 10 sets of matched scan data (Fig.
1). All but 1 (i.e., 24) of the lesions detected on '23I-MIBG planar
imaging were clearly detected on '?*I-MIBG PET/CT. The single
lesion that was not detected by >*I-MIBG PET/CT was in the
thoracic spine. Evaluation of >#I-MIBG uptake within the thoracic
spine for this patient was limited by significant motion of the patient
during that section of the scan and by background uptake, which
affected detection of this lesion. However, 62 lesions that were
detected on '>*I-MIBG PET/CT were not detected on '2’I-MIBG
planar imaging, and 55 lesions that were detected on '**I-MIBG
PET/CT were not detected on '23I-MIBG SPECT/CT (Fig. 1A).
Detection of individual lesions on 124I-MIBG PET/CT differed to
a statistically significant extent from that on '23I-MIBG planar
imaging (P < 0.0001) and '23I-MIBG SPECT/CT (P < 0.0001).

Lesion Detection and Curie Scores for 124-MIBG PET

Ten '*I-MIBG PET scans were obtained within 2 wk of '2[-MIBG
planar imaging scans. Curie scores were obtained by a masked
review by 2 nuclear medicine physicians with expertise in pediatric
imaging. Of the 10 scans, 6 had higher curie scores than on the '231-
MIBG planar imaging scans and 4 had higher curie scores than on
the 'Z-MIBG planar and SPECT/CT combined interpretation (Fig. 1B).

Localization of Lesions Based on the Part of the Body
Cross-sectional imaging provides an advantage in localizing
lesions with complex 3-dimensional structures. In our patient
cohort, '?4I-MIBG PET/CT was more sensitive in detecting lesions
within the chest, with the chest component of the curie score being
higher than on planar imaging for 4 patients and higher than on
SPECT/CT for 3 patients. Regarding the head and neck, 2 patients
had higher head components of the curie scores than on planar
imaging and 1 patient had higher scores than on SPECT/CT (Fig. 2
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FIGURE 1. (A) Number of lesions on '23]-MIBG planar and SPECT/CT scans was compared with number of lesions on 124-MIBG PET scans,
among all 8 patients, and the difference was found to be statistically significant. (B) Curie score comparison between 23|-MIBG planar, SPECT/CT,
and 24|-MIBG PET scans demonstrated higher overall curie scores on PET imaging for 6 scans.

and Supplemental Tables 1-8; supplemental materials are available at
http://jnm.snmjournals.org). Another region of high discrepancy
between the planar imaging read and the PET/CT read was the
thoracic and lumbar spine. Regarding the thoracic spine, 4 patients had
a higher component score on PET/CT than on 23] planar imaging, and
2 patients had a higher component score on PET/CT than on SPECT/
CT. These results suggest that '*[-MIBG PET/CT is better at detecting
lesions within the chest, spine, and head and neck than SPECT/CT—
regions that are traditionally evaluated with SPECT/CT for more
accurate lesion detection than can be obtained with planar imaging.

Radiation Exposure from Low-Dose 24-MIBG PET/CT
Compared with 123]-MIBG Planar Imaging and SPECT/CT

There is a significant difference in half-lives between 241 and
1231, with the former being 100 h and the latter being 13.2 h. This
difference can potentially result in a higher effective dose for
patients undergoing '2*I-MIBG. In our study, the estimated ef-
fective doses were 0.161 mSv/MBq for a 122-kg female, 0.235
mSv/MBq for a 63-kg male, 0.339 mSv/MBq for a 40-kg male,
0.706 mSv/MBq for a 29-kg female, and 0.795 mSv/MBq for a 23-
kg female. These effective doses agreed well with our estimated
effective doses for human subjects extrapolated from the data
obtained in murine models (/3), The previously estimated effective
doses, using International Commission on Radiological Protection
publication 103 weighting factors, were 0.252 mSv/MBq for a 73.7-kg
male, 0.342 mSv/MBq for a 57-kg female, 0.388 mSv/MBq for a
56.8-kg 15-y-old, 0.578 mSv/MBq for a 33.2-kg 10-y-old, and
1.027 mSv/MBq for a 19.8-kg 5-y-old. These values are approxi-
mately 10 times higher than those of 23I-MIBG (0.019 mSv/MBq
for a 73.7-kg male). However, the effective dose for '2*I-MIBG
imaging (1.05 MBg/kg administered) was only approximately twice
the dose for '2’I-MIBG imaging (5.2 MBg/kg administered) be-
cause of the low-administered-dose protocol.

DISCUSSION

Accurate detection of metastatic disease is critical in high-risk
neuroblastoma because semiquantitative MIBG scoring has been
shown to correlate with patient outcomes at diagnosis (/2) and

during treatment (/4,15). The curie score has been developed for
planar '?3I-MIBG scans for detection and quantitation of metastatic
disease (/6) but may be prone to an interpretation bias when there is
faint uptake or difficulty in identifying disease within anatomically
complex regions of the head and neck, spine, chest, and pelvis. To
circumvent this limitation, many institutions perform limited SPECT/
CT of the abdomen and pelvis to improve detection of disease, with
modification of the curie score to reflect findings on planar and
SPECT/CT images. Whole-body SPECT/CT is not routinely per-
formed in clinical practice because of the length of examination,
which can take more than an hour. On the other hand, whole-body
PET/CT can be performed within 40 min even with a low-dose
protocol similar to that used in our study and can provide a single,
unified, semiquantitative score for patient metastatic status.

To the best of our knowledge, our study was the first-in-humans
imaging study of metastatic neuroblastoma with '>*I-MIBG PET/
CT. We demonstrated that >*I-MIBG PET/CT is better able to
detect tumors than '2’I-MIBG planar imaging and SPECT/CT. The
increased detection of tumors also translated to higher curie scores in
patients, as interpreted by 2 board-certified nuclear medicine physi-
cians. The lesions that were better detected on '>4I-MIBG PET were
predominantly within the chest, spine, head and neck, and upper and
lower extremities. The long half-life of '**I-MIBG allowed subse-
quent imaging of patients over the course of 3 d, thus enabling
quantitative assessment of '?*I-MIBG dynamic binding and better
prediction of dosimetry, in addition to diagnostic-quality imaging.
The effective dose to the patients in our study was only twice that
of the '2I-MIBG scan; therefore, this tracer could be considered a
safe alternative for patients with metastatic neuroblastoma.

One limitation of our study was the small number of patients, as
may have been due to the fact that most children with neuroblastoma
are young and would require anesthesia for these additional studies.
We had 10 '>*I-MIBG PET scans performed on 8 patients during
different time points of their '3'[-MIBG therapy, with most being
imaged before treatment. Because few patients consented to the
follow-up '?*I-MIBG PET/CT scan, information is lacking on eval-
uation of response and correlation with progression-free survi-
val. Now that we have established the much greater sensitivity for
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FIGURE 2. Planar anterior (left) and posterior (right) 23-MIBG planar images are compared with '24-MIBG PET/CT 3-dimensional volume-
rendered and cross-sectional superimposed images of same patient. Lesions within chest, extremities, spine, and head and neck were better
detected on planar images. Lesions within chest, upper arms, and head were better detected on PET/CT images.

detection of metastatic disease than is obtainable with standard !?3I-
MIBG, further research on this radiotracer in a larger number of
patients is indicated, without the need for concomitant 2’ I-MIBG
scans. Also, for patients who underwent both serial '2*I-MIBG
imaging and 3'I-MIBG therapies, we did not have serial '3!1-
MIBG scan data from which to calculate the absorbed dose from
IBII_MIBG therapy and to compare '3!I-MIBG doses with pre-
dicted doses from 24I-MIBG scans. Although we had limited data
to compare predicted lesion doses with therapy response for these
patients, the number of patients was too small to claim any sta-
tistical significance at this point. Further research into detection of
neuroblastoma with low uptake of MIBG-based tracers (i.e., 1231-
MIBG and '>*I-MIBG) and comparison to '8F-FDG PET will also
be needed to establish the role that '>*I-MIBG PET will play in
clinical management of patients. Such research will establish the
role of improved detection of metastatic disease in diagnosis and
monitoring of metastatic neuroblastoma. The effective dose calcu-
lated for '?#I-MIBG in our cohort was in the range of 0.161-0.795

mSv/MBq, which is approximately 10-20 times the effective dose
of '8F-FDG in the pediatric population (I7). For this reason, we
chose to inject a very low activity (1.05 MBq/kg) with the trade-
off of imaging for a longer time and having noisy images overall.
Hence, we propose that 1*I-MIBG PET/CT may play an important
role in follow-up imaging of patients, and further investigation
into the negative predictive value of this test for patient outcomes
is under way.

CONCLUSION

The first-in-humans use of low-dose >*I-MIBG PET for mon-
itoring disease burden demonstrated tumor detection capability
superior to that of '2’I-MIBG planar imaging and SPECT/CT.
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