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abstract

PURPOSE 131I-metaiodobenzylguanidine (MIBG) is an active radiotherapeutic for neuroblastoma. The primary
aim of this trial was to identify which of three MIBG regimens was likely associated with the highest true response
rate.

PATIENTS AND METHODS Patients 1-30 years were eligible if they had relapsed or refractory neuroblastoma, at
least one MIBG-avid site, and adequate autologous stem cells. Patients received MIBG 18 mCi/kg on day 1 and
autologous stem cell on day 15. Patients randomly assigned to arm A received only MIBG; patients randomly
assigned to arm B received intravenous vincristine on day 0 and irinotecan daily on days 0-4; patients randomly
assigned to arm C received vorinostat (180 mg/m2/dose) orally once daily on days 1 to 12. The primary end point
was response after one course by New Approaches to Neuroblastoma Therapy criteria. The trial was designed
with 105 patients to ensure an 80% chance that the arm with highest response rate was selected.

RESULTS One hundred fourteen patients were enrolled, with three ineligible and six unevaluable, leaving 105
eligible and evaluable patients (36 in arm A, 35 in arm B, and 34 in arm C; 55 boys; and median age 6.5 years).
After one course, the response rates (partial response or better) on arms A, B, and C were 14% (95%CI, 5 to 30),
14% (5 to 31), and 32% (18 to 51). An additional five, five, and four patients met New Approaches to
Neuroblastoma TherapyMinor Response criteria on arms A, B, and C, respectively. On arms A, B, and C, rates of
any grade 31 nonhematologic toxicity after first course were 19%, 49%, and 35%.

CONCLUSION Vorinostat and MIBG is likely the arm with the highest true response rate, with manageable toxicity.
Vincristine and irinotecan do not appear to improve the response rate to MIBG and are associated with increased
toxicity.

J Clin Oncol 39:3506-3514. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Neuroblastoma is a childhood cancer that typically
expresses the norepinephrine transporter (NET).1
131I-metaiodobenzylguanidine (MIBG) is a radiophar-
maceutical selectively taken up via NET.2 MIBG has
played a role in the treatment of advanced neuro-
blastoma since the 1980s, with response rates of
approximately 30% following 1-2 treatments.3 More
recent studies have evaluated the role of MIBG in
newly diagnosed high-risk neuroblastoma.4

Several combination strategies have been evaluated to
improve upon MIBG’s single-agent activity. Preclinical

studies showed additive activity when MIBG is com-
bined with topotecan.5,6 As topotecan is used in
frontline high-risk therapy in North America,7 this
preclinical finding was translated into two clinical trials
that showed the feasibility and activity of combining
vincristine and irinotecan with MIBG at its usual
maximum dose of 18 mCi/kg.8,9 Additional work
identified the histone deacetylase (HDAC) inhibitor
vorinostat as a promising combination partner on the
basis of preclinical evidence of radiosensitizing
properties and increased NET expression in neuro-
blastoma cells treated with vorinostat.10,11 These
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findings led to a phase I trial demonstrating the tolerability
of vorinostat with 18 mCi/kg MIBG.12

In these early phase trials, it has been difficult to determine
whether adding these putative radiosensitizers improved
the activity of MIBG. We therefore conducted a randomized
phase II clinical trial in which all patients received the same
dose of MIBG (18 mCi/kg) either as monotherapy or with
vincristine and irinotecan or vorinostat. The primary ob-
jective was to identify the regimen most likely to have the
highest true response rate.

PATIENTS AND METHODS

Eligibility

Patients age 1-30 years with MIBG-avid high-risk neuro-
blastoma were eligible if they met one of the following
responses to frontline therapy: relapsed disease, refractory
disease (persistent disease after best overall response of
stable disease (SD) after a minimum of four induction
cycles), or persistent disease (persistent disease after best
overall response of partial response (PR) after a minimum
of four induction cycles). Patients had a minimum of
1.5 3 106 CD341 autologous peripheral blood stem cells
(ASCs); a Lansky or Karnofsky score $ 50; and adequate
hematologic, hepatic, renal, pulmonary, cardiac, and co-
agulation function. Patients had fully recovered from pre-
vious therapy according to protocol requirements (Protocol,
online only). PreviousMIBGmonotherapy# 18mCi/kg was
allowed if . 6 months before and no progression during
MIBG therapy. There were no other limits on the number of
lines of previous therapy.

Patients with previous total body irradiation, allogeneic
transplant, pregnancy, breastfeeding, active or uncon-
trolled infection, previous noncatheter-associated deep
venous thrombosis, or active diarrhea were excluded.

Each local institutional review board approved the Protocol.
Patients or legal guardians provided informed consent.

Study Design and Treatment

Patients in this prospective, multicenter, randomized phase
II trial (NCT02035137) were assigned to arm A, B, or C
using a randomized minimization scheme, which was
designed to increase the likelihood of 1:1:1 balance overall,
and across the margins of four stratification variables: age
(, v$ 18 years), response to previous frontline therapy (as
above), bone marrow involvement at enrollment, and
previous receipt of MIBG.13 Stratification did not useMYCN
status given the lack of association with response to
MIBG.14

All patients received MIBG 18 mCi/kg on day 1 and ASC
(minimum dose 1.5 3 106 CD341 cells/kg) on day 15.
Patients on arm A received only MIBG. Patients on arm B
additionally received vincristine (2 mg/m2) intravenous on
day 0, irinotecan (50 mg/m2) intravenous daily on days 0-4,
and cephalosporin diarrhea prophylaxis on days 1 to 6.
Patients on arm C additionally received vorinostat (180 mg/
m2/dose; maximum 400 mg) orally once daily on days 1 to
12 (14 doses). Patients received standard supportive care
including hydration, thyroid blockade, and radiation iso-
lation as previously described.9 Myeloid growth factor was
given according to institutional standards. Disease re-
sponse was evaluated on days 43-50.

Patients without disease progression were initially allowed
to receive a second course. Because of financial con-
straints, the Protocol was amended in June 2017 to allow
only one course of therapy.

End Points

The primary end point was objective response after one
course by New Approaches to Neuroblastoma Therapy
(NANT) Response Criteria v1.2.15 Each of three disease
domains (MIBG scan by Curie score, bone marrow by
histopathology with immunohistochemistry, soft tissue
disease by anatomic imaging, and MIBG uptake) was
evaluated, and an overall response of complete response

CONTEXT

Key Objective
Previous trials have shown the feasibility of combining 131I-metaiodobenzylguanidine (MIBG) with putative radiation

sensitizer. We sought to select a winning arm associated with highest response rate among three arms: MIBG alone,
MIBG plus vincristine and irinotecan, and MIBG plus vorinostat.

Knowledge Generated
Patients randomly assigned to the MIBG plus vorinostat arm had the highest observed response rate (32%) after the first

course compared with 14% on either of the other two arms, which met the prespecified threshold for selecting a winning
arm. Patients randomly assigned to the MIBG plus vincristine and irinotecan arm had higher rates of toxicity.

Relevance
The combination of MIBG plus vorinostat provides a new option for patients with relapsed or refractory neuroblastoma.

Future studies may build upon these findings to investigate the role of epigenetic modifiers as potential radiation
sensitizers in this disease and in other cancers.
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(CR), CR-minimal residual disease (CR-MRD; baseline
# 5% marrow involvement that becomes negative), PR,
SD, progressive disease, or minor response (patients with
CR, CR-MRD, or PR in at least one domain, SD in at least
one domain, and no progressive disease in any domain)
was assigned. Patients with an overall response of CR, CR-
MRD, or PR were considered responders, and all others
were considered nonresponders. Central review of com-
puted tomography and/or magnetic resonance imaging
scans, MIBG scans, bone marrow slides, and overall re-
sponse was performed for all eligible and evaluable patients
who had an overall response $ SD by institutional report.
For all patients, central review of imaging and pathology
reports was performed.

The secondary end point was toxicity by the National
Cancer Institute Common Terminology Criteria for Adverse
Events version 4. Neutrophil engraftment was defined as
the first date of three consecutive dates with absolute
neutrophil counts $ 500/mL. Platelet engraftment was
defined as the first date of three consecutive dates of
platelet count $ 20,000/mL following the last platelet
transfusion.

Exploratory end points included objective response for each
disease domain (soft tissue, bone marrow, and MIBG by
relative Curie score [Curie score after first course divided by
baseline Curie score]), overall response after two courses,
whole-body radiation dose calculated as previously de-
scribed,16 progression-free survival (PFS), and overall
survival (OS). PFS was calculated from date of random
assignment to first progression or death from any cause,
with patients without progression or death censored at last
follow-up. OS was calculated from date of random as-
signment to death from any cause, with alive patients
censored at last follow-up.

Statistical Considerations

The primary analysis followed a modified intent-to-treat
(ITT) approach in which all eligible, randomly assigned
patients who received any amount of MIBG were consid-
ered evaluable and included. Preplanned secondary
sensitivity analyses included ITT (all eligible, randomly
assigned patients) and per-protocol (received at least 85%
of calculated MIBG dose and at least 80% of irinotecan for
arm B or vorinostat for arm C) analyses. The study was
designed as a pick-the-winner study to select the MIBG
regimen most likely associated with the highest true re-
sponse rate. With this design, formal testing was not
planned and P values would not be reported. With 105
eligible and evaluable patients (35 patients/arm), the study
was designed to have an 80% chance of selecting the
regimen with the highest response rate, assuming that the
true response rate of the selected arm was at least 15%
higher than the other two arms.17,18

Two interim analyses were performed after 60 and 81
patients completed one course. At each interim analysis, if

the posterior probability of one arm having a response rate
inferior to the other arms was. .85, then that arm could be
dropped. The first interim analysis suggested the potential
for subsequently declaring an early winner at the next in-
terim analysis. The Data Safety Monitoring Committee
approved modifying the design to add stochastic curtail-
ment principles to permit early selection of a winner at the
second interim analysis: if the conditional probability of an
arm having a higher response rate than the remaining arms
was . .90 across a range of pre-established scenarios,
then accrual would be terminated with the conclusion that
the true response rate for that arm was likely to be higher
than that for the other two arms. None of the stopping rules
were met, and the trial fully accrued.

Toxicities were summarized according to randomized arm,
for all patients who received any MIBG. PFS and OS
were summarized using Kaplan-Meier product-limit
calculations.

RESULTS

Patients

From July 2014 to November 2019, 114 patients were
enrolled and randomly assigned (Fig 1). Three patients
were ineligible (no MIBG disease, n 5 1; inadequate
washout of previous medications, n5 2). Six patients never
received MIBG and were therefore unevaluable for primary
analysis (postrandomization and pre-MIBG progression on
arm A, n5 2; MIBG manufacturing issue on arm B, n5 1;
withdrawal of consent pre-MIBG on arm C, n 5 2; and
urethral trauma during bladder catheter placement on arm
C, n 5 1). The analytic cohort therefore included 105 el-
igible and evaluable patients. The characteristics of these
105 patients (Table 1) were generally well-balanced be-
tween arms, although there were fewer patients with
MYCN-amplified tumors on arm A and fewer patients with
previous irinotecan treatment on armC.Median Curie score
and percent of patients with marrow involvement were
similar between arms, although slightly fewer patients on
arm C had soft tissue target lesions.

Response

Response rates after one course on arms A, B, and C were
14% (95% CI, 5 to 30), 14% (5 to 31), and 32% (18 to 51),
respectively (Table 2). An additional five, five, and four
patients met minor response criteria on arms A, B, and C,
respectively. All patients in the primary modified ITT
analysis received MIBG doses within protocol require-
ments to be included in the per-protocol secondary analysis
(median MIBG doses in arms A, B, and C: 18.2, 18.2, and
17.8 mCi/kg, respectively). One patient on arm C received
inadequate vorinostat to be included in the per-protocol
secondary analysis. Response rates according to ITT and
per-protocol preplanned secondary analyses (Appendix
Table A1, online only) were consistent with the primary
analysis.
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We evaluated response after one course according to the
three disease domains (Appendix Table A2, online only).
Response by relative Curie score is shown in Figure 2, with
rates of 25%, 31%, and 41% for arms A, B, and C, re-
spectively. The median relative Curie score after the first
course was 0.95 (range 0-1.47), 0.94 (0-1.50), and 0.83
(0-2.83) for arms A, B, and C, respectively. Response rates
at soft tissue sites were 7%, 15%, and 16% for arms A, B,
and C, respectively. Response rates in the bone marrow
were 5%, 18%, and 14% for arms A, B, and C, respectively.

We evaluated best overall response to either a first or second
course, accounting for 27 patients who received a second
course of therapy (6, 11, and 10 patients in arms A, B, and C,
respectively). The best overall response rate was 5 of 36
(14%) on armA, 6 of 35 (17%) on armB, and 12 of 34 (35%)
on arm C. Among the 27 patients who received a second
course, overall response rates after the second course were 1
of 6 (17%), 4 of 11 (36%), and 6 of 10 (60%) for arms A, B,
and C, respectively (Appendix Table A3, online only).

Toxicity

First-course nonhematologic adverse events (AEs) (ex-
cluding those attributed as unrelated) are shown by
randomized arm in Table 3. On arms A, B, and C, rates of
any grade 31 nonhematologic toxicity were 19%, 49%
and 35%. On arm B, 66% of patients developed diarrhea
of any grade, with 11% grade 31. No patients on arm A or
C developed grade 31 diarrhea. Other gastrointestinal
toxicities, anorexia, and dehydration were generally more
common on arm B. One patient on arm C developed grade
3 QTc prolongation. The only first-course grade 4 non-
hematologic AEs were febrile neutropenia (n5 1; arm B),
hypocalcemia (n 5 1; arm A), hypokalemia (n 5 2; arm
C), and optic nerve disorder in a patient on arm C with
progressive orbital tumor. Three patients (one on arm B
and two on arm C) developed myelodysplastic syndrome
or acute myeloid leukemia at 12, 12, and 43 months after
receiving 1, 2, and 1 courses of protocol therapy and died
7, 5, and 7 months from second malignancy diagnosis,

Enrolled and
randomly assigned

(N = 114)

Arm A
Randomly assigned

(n = 38)

Arm B
Randomly assigned

(n = 37)

Arm C
Randomly assigned

(n = 39)

Ineligible (n = 0)
No MIBG (n = 2)

Ineligible  (n = 1)
No MIBG  (n = 1)

Ineligible  (n = 2)
No MIBG  (n = 3)

Included in
primary

analysis (n = 36)

Included in
primary

analysis (n = 35)

Included in
primary

analysis (n = 34)

FIG 1. CONSORT diagram showing random assignment of 114
patients to yield 105 eligible and evaluable patients. MIBG,
131I-metaiodobenzylguanidine.

TABLE 1. Baseline Characteristics of 105 Eligible and Evaluable Patients in Total and According to Randomized Arm
Characteristic All Arms (N 5 105) Arm A (n 5 36) Arm B (n 5 35) Arm C (n 5 34)

Median age at study entry (range), years 6.5 (1.8-28.1) 6.3 (1.8-26.2) 6.7 (1.8-28.1) 5.9 (1.8-21.8)

Sex, female, No. (%) 50 (48) 18 (50) 17 (49) 15 (44)

MYCN status, No. (%)

Amplified 16 (15) 3 (8) 6 (17) 7 (21)

Nonamplified 73 (70) 29 (81) 23 (66) 21 (62)

Unknown or not done 16 (15) 4 (11) 6 (17) 6 (18)

Disease status, No. (%)

Relapse 68 (65) 21 (58) 23 (66) 24 (71)

Refractory 29 (28) 11 (31) 10 (29) 8 (24)

Persistent 8 (8) 4 (11) 2 (6) 2 (6)

Median Curie score at baseline (range) 8 (1-26) 7 (1-25) 8 (1-22) 7 (1-26)

Baseline soft tissue target lesion(s) present, No. (%) 61 (58) 22 (61) 22 (63) 17 (50)

Marrow involved at baseline, No. (%) 47 (45) 16 (44) 17 (49) 14 (41)

High-dose chemotherapy with stem-cell rescue in the past 6 months, No. (%) 15 (14) 4 (11) 5 (14) 6 (18)

Previous anti-GD2 therapy, No. (%) 63 (60) 22 (61) 23 (66) 18 (53)

Previous MIBG, No. (%) 9 (9) 3 (8) 3 (9) 3 (9)

Previous irinotecan, No. (%) 65 (62) 27 (75) 22 (63) 16 (47)

Previous vorinostat, No. (%) 7 (7) 1 (3) 3 (9) 3 (9)

Abbreviations: GD2, disialoganglioside GD2; MIBG, 131I-metaiodobenzylguanidine.
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respectively. There were no grade 5 AEs because of
protocol therapy.

All patients except for one arm C patient with early pro-
gression received ASC support. Sixty-one patients received
myeloid growth factor support (53% in arm A, 69% in arm
B, and 58% in arm C). Eighteen (50%), 8 (23%), and 9
(26%) patients never developed grade 4 neutropenia in
course one on arms A, B, and C, respectively. Among
patients with grade 4 neutropenia, the median time to
neutrophil recovery after first ASC was 22, 14, and 20 days
on arms A, B, and C, respectively. Six percent, 9%, and 0%
of patients developed febrile neutropenia after first course
on arms A, B, and C, respectively. Twenty-two (61%), 15
(43%), and 14 (41%) patients never developed first course
platelets , 20,000/mL on arms A, B, and C, respectively.
Among patients with platelets , 20,000/mL, the median
time to platelet recovery after first ASC was 15, 15, and
14 days on arms A, B, and C, respectively.

PFS and OS

Estimated rates of PFS and OS according to randomized
arm are shown in Appendix Figures A1 and A2 (online

only), respectively. Patients on arm C had nominally lower
PFS and OS compared with patients on arm A or B.

Whole-Body Radiation Dose

First-course dosimetry data were available for 95 patients.
The median (range) whole-body radiation dose was 238.0
cGy (104.0-471.2). The median whole-body radiation dose
was similar according to randomized arm (258.7, 232.0,
and 230.1 for arms A, B, and C, respectively).

DISCUSSION

In this first randomized trial of MIBG in patients with re-
lapsed or refractory neuroblastoma, we demonstrate that
MIBG/vorinostat is likely the arm with the highest true re-
sponse rate after one course of therapy. Additionally, this
finding met the prespecified 15% improvement in overall
response rate compared with the other arms of the trial.
Additional data support the role of vorinostat in this context,
including higher response rate by Curie score and higher
response rate after up to two courses. MIBG/vorinostat was
well-tolerated compared with MIBGmonotherapy, although
some grade 31 nonhematologic toxicities were only seen in
patients on arm C. By contrast, the addition of vincristine/
irinotecan to MIBG increased toxicity without improving
response rates.

A large body of preclinical data demonstrate a role for
HDAC inhibitors as radiation sensitizers. One mechanism
that has been posited is reduction in expression of DNA
damage repair proteins, leading to increased double-
stranded DNA breaks following radiation exposure.19-21

This pattern was seen in neuroblastoma cells in vitro,10

which motivated initial clinical evaluation of vorinostat/
MIBG, along with the finding that vorinostat increased
NET protein expression and therefore MIBG uptake in
neuroblastoma cells.11 Vorinostat has been combined with
external beam radiation in other clinical contexts, including
in gastrointestinal carcinoma, brain metastasis, pancreatic

TABLE 2. Overall Response to One Course of Therapy According to
Randomized Arm

Arm CR
CR-
MRD PR MR SD PD

Response Rate,a No.
(%)

Arm A
(n 5 36)

1 1 3 5 17 9 5 (14)

Arm B
(n 5 35)

0 0 5 5 17 8 5 (14)

Arm C
(n 5 34)

2 0 9 4 10 9 11 (32)

Abbreviations: CR, complete response; CR-MRD, complete
response-minimal residual disease; MR, minor response; PD,
progressive disease; PR, partial response; SD, stable disease.

aOverall response rate includes CR, CR-MRD, and PR.

2

1.5

1

0.5

0

–0.5

–1

2

1.5

1

0.5

0

–0.5

–1

2

1.5

1

0.5

0

–0.5

–1

A B C

FIG 2. Waterfall plot according to randomized arm showing the sum of relative Curie score (Curie score after first course divided by baseline Curie score)
minus 1 such that a value of 0 represents no change from baseline, a value of –1 represents a complete response by Curie score, and positive values represent
increases in Curie score. A, B, and C correspond to arms A, B, and C. The heavy red line represents threshold for being considered to have had a partial
response or better by Curie score.
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TABLE 3. Nonhematologic AEs According to Common Terminology Criteria for AEs Version 4 in First Course Occurring in 10% or More Patients or Any Grade
31 AEs According to Randomized Arm

Category Toxicity

Percent of Patients With Any Grade
Toxicity Experienced

Percent of Patients With Grade 3 or 4
Toxicitya Experienced

Arm A
(n 5 36)

Arm B
(n 5 35)

Arm Cb

(n 5 34)
Arm A

(n 5 36)
Arm B

(n 5 35)
Arm Cb

(n 5 34)

Blood and lymphatic system disorders Febrile neutropenia 6 9 6 9

Cardiac disorders Sinus bradycardia 3 3

Eye disorders Optic nerve disorder 3 3

Gastrointestinal disorders Abdominal pain 14 23 6 3

Constipation 11 23 9 3

Diarrhea 8 66 18 11

Ileus 3 3

Mucositis oral 3 11 6 3

Nausea 36 60 35 6 3

Vomiting 28 51 56 17 6

General disorders and administration site conditions Fatigue 31 37 24 3

Fever 22 20 21

Infections and infestations Catheter-related infection 3 6 3 6

Bacteremia 3 3

Multiple bacterial infections 3 3

Injury, poisoning, and procedural complications Fracture 3 3

Investigations—cardiac Electrocardiogram QT
corrected interval
prolonged

6 3

Investigations—coagulation Activated partial
thromboplastin time
prolonged

6 3 21

Investigations—constitutional symptoms Weight loss 3 14 15 3

Investigations—hepatic Alkaline phosphatase
increased

17 6 12

ALT increased 50 57 47 6

AST increased 56 54 53 3

Metabolism and nutrition disorders Anorexia 25 37 32 14 3

Dehydration 17 3 11 3

Hyperglycemia 14 11 24

Hyperkalemia 6 3 3 3

Hypermagnesemia 14 3 21

Hypoalbuminemia 19 29 32 3

Hypocalcemia 17 20 12 3

Hypokalemia 19 26 26 3 9

Hypomagnesemia 17 31 6

Hyponatremia 31 26 32 3

Hypophosphatemia 19 11 18

Musculoskeletal and connective tissue disorders Buttock pain 3 3

Nervous system disorders Headache 8 14 15

Respiratory, thoracic, and mediastinal disorders Cough 14 6 15

Epistaxis 3 3 3 3

NOTE. AEs attributed as unrelated to protocol therapy are excluded.
Abbreviations: AEs, adverse events, ITT, intent-to-treat.
aThere were no grade 5 AEs because of protocol therapy.
bExcludes two patients randomly assigned to arm C who received one dose (n 5 1) or two doses (n 5 2) of vorinostat, but did not receive

131I-metaiodobenzylguanidine therapy and therefore not included in primary modified ITT analysis.
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cancer, glioblastoma, and head and neck carcinoma.22-26

These nonrandomized trials have generally concluded that
this approach is tolerable, with mixed conclusions about
whether vorinostat improves antitumor activity. To our
knowledge, our results provide the first proof-of-concept
randomized results showing beneficial radiation sensitizing
properties of vorinostat. Vorinostat has shown limited
clinical activity in patients with neuroblastoma,27,28 rein-
forcing its role as a radiation sensitizer rather than as an
agent with intrinsic antineuroblastoma activity.

The overall response rate with MIBG monotherapy in this
trial (14%) was lower than anticipated. The largest phase II
trial in patients with relapsed neuroblastoma reported a
36% response rate,14 and a systematic review reported a
pooled response rate of 32%.3 This finding may reflect a
combination of factors, including additional treatment
options now available to patients before they pursue MIBG
therapy,29,30 and differences in response criteria. We note
that the MIBG response rate by a Curie score of 25% for
MIBG monotherapy in our trial is more consistent with
previously reported response rates. Our current response
rates were lower with vincristine and irinotecan and higher
with vorinostat compared with the results from our previous
single-arm trials, emphasizing the role for comparative
trials.8,9,12

Although our preclinical data suggest one or more
mechanisms by which vorinostat might have improved the
activity of MIBG, we are not yet able to confirm the
mechanism of the observed clinical benefit. Additional
work to understand our finding through companion biology
studies, including radiation-related biomarkers,31 will be
the focus of future manuscripts. The impact of adding
vorinostat was greatest in Curie score response, whereas
response in bone marrow and soft tissue was not clearly
superior. This translated to a higher overall response rate in
the vorinostat arm since all patients had MIBG-positive
disease, whereas only subsets had bone marrow or soft
tissue disease. Vorinostat did not improve PFS or OS, and
patients randomly assigned to arm C had the lowest PFS

and OS estimates. This finding is perhaps not surprising
given that MIBG is administered for up to two courses,
rather than being administered until progression. Slightly
higher rates of MYCN amplification in patients on arm C
might have contributed to this finding, since MYCN am-
plification is an independent risk factor for poor PFS
postrelapse.15,32 The NANT consortium has previously
shown that PFS and OS are similar for patients with re-
sponses of $ SD by NANT response criteria, such that
higher response rates on arm C may not necessarily
translate to superior PFS or OS.15 In the context of an ul-
trarare disease, we designed the trial using a pick-the-
winner strategy rather than with a design to obtain definitive
statistical evidence of improved outcome. Nevertheless, the
improvement in response rate with vorinostat met the
prespecified benchmark to declare a winner. As in previous
NANT trials,8,12,27 we used NANT response criteria15 as our
primary end point as they provided more quantitative
domain–specific criteria compared with the International
Neuroblastoma Response Criteria version in use at the start
of the study.33 A final limitation is that we did not collect data
on molecular features in the three patients with myelo-
dysplastic syndrome and/or acute myeloid leukemia.

Potential future steps might include evaluation of next-
generation HDAC inhibitors in this context or evaluation
of this regimen in patients with newly diagnosed high-risk
neuroblastoma who appear to be particularly responsive to
MIBG therapy.4 There are ongoing studies of MIBG with
anti-GD2monoclonal antibodies, and previous reports have
shown that HDAC inhibition increases GD2 expression in
neuroblastoma,34 suggesting a potential role for the use of
an HDAC inhibitor in that context. Our results in the
vincristine and irinotecan arm may call into question the
role of camptothecins as radiosensitizers in this disease,35

although our results cannot address the role of other
chemotherapy agents in this context. Beyond neuroblas-
toma, one might consider further evaluation of HDAC in-
hibition as a strategy for other radiosensitive tumors,
including those treated with other radiopharmaceuticals.
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APPENDIX
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Arm A (n = 36): median (95% CI), months: 9.2 (5.9 to 24.5)
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FIG A1. PFS from time of random assignment for 105 patients according to randomized arm. PFS, progression-
free survival.
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FIG A2. OS from time of random assignment for 105 patients according to randomized arm. NA, not available; OS,
overall survival.
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TABLE A2. Response After One Course According to Site of Disease Involvement
and Randomized Arm

Arm
MIBG Response,

No. (%)
Soft Tissue Response,a

No. (%)
Bone Marrow Response,b

No. (%)

Arm A 9 of 36 (25) 2 of 27 (7) 1 of 22 (5)

Arm B 11 of 35 (31) 4 of 26 (15) 4 of 22 (18)

Arm C 14 of 34 (41) 4 of 25 (16) 3 of 21 (14)

Abbreviation: MIBG, 131I-metaiodobenzylguanidine.
aExcludes nine patients from each armwith no soft tissue disease at baseline who

continued to have no soft tissue disease after first course.
bExcludes 14, 13, and 13 patients from arms A, B, and C, respectively, with no

marrow disease at baseline who continued to have no marrow disease after first
course.

TABLE A3. Response Rate in 27 Patients Who Received Two Courses of Therapy

Arm

Response Rate After
Second Course,

No. (%)

New or Improved
Response After Second

Course,a No. (%)

Best Overall Response
Rate After First or Second

Course, No. (%)

Arm A 1 of 6 (17) 0 of 5 (0) 1 of 6 (17)

Arm B 4 of 11 (36) 3 of 11 (27) 4 of 11 (36)

Arm C 6 of 10 (60) 2 of 10 (20) 6 of 10 (60)

aDenominator excludes patients with complete response or complete response-
minimal residual disease to first course.

TABLE A1. Response Rates After First Course in Preplanned Secondary ITT and
Per-Protocol Analyses

Arm

ITT (all randomly
assigned patients) Response Rate

(n 5 111), No. (%)
Per-Protocol Response Rate

(n 5 104), No. (%)

Arm A 5 of 38 (13) 5 of 36 (14)

Arm B 5 of 36 (14) 5 of 35 (14)

Arm C 11 of 37 (30) 11 of 33 (33)

Abbreviation: ITT, intent-to-treat.
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