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ABSTRACT

This paper describes the development of a protocol for SPECT-based tumor dosimetry for 131I-mIBG ther-
apy patients with high-risk neuroblastoma. The treatment aims to deliver a whole-body dose of 4 Gy in
two fractions. Whole-body retention measurements taken during the first fraction are used to guide the
second therapy administration. The tumor dose from 3 patients was assessed by acquiring a minimum of
three SPECT scans. Dead-time and triple-energy window scatter corrections were applied. The images
were reconstructed using filtered backprojection with a Chang attenuation correction, and a phantom-
based calibration factor was used to convert to activity. A monoexponential fit was made to the data, and
instantaneous uptake was assumed. Tumor absorbed-dose ratios were used to analyze intrapatient vari-
ations, and absolute tumor dosimetry was used to assess interpatient variation. The whole-body dose ad-
ministered ranged from (3.7 � 0.1) Gy to (3.9 � 0.3) Gy. This method is more accurate than a weight-
based administration method. Despite this, a variation in absorbed tumor dose of 10–103 Gy was observed.
All repeat doses were in the same order of magnitude, although 2 patients received a lower tumor dose
per MBq from the second therapy owing to a shorter biological half-life. The tumor dosimetry protocol
was simple to apply and reproducible, but the errors in image quantitation need to be evaluated.
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INTRODUCTION

Neuroblastoma is a tumor of the autonomic ner-
vous system, which, most commonly, arises in
the adrenal gland. It typically presents in young
children, with 96% occurring in patients less than

10 years old.1 The prognosis of neuroblastoma is
highly variable depending on age at diagnosis,
stage of the disease, and tumor biology. The long-
term survival for high-risk disease is less than
40%.2 High risk is defined as neuroblastoma oc-
curring in children over 1 year at diagnosis that
have an amplification of the MYCN oncogene or
distant metastases.3 Traditional treatment for
these patients includes dose-intense induction
chemotherapy, surgery, and high-dose chemo-
therapy. New and improved therapeutic strategies
are needed to improve response rates in those
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who do not respond adequately to induction che-
motherapy to proceed to potentially curative ther-
apy, and also for those who relapse after com-
pletion of treatment for whom, at the moment,
there is no realistic prospect of a cure.

Metaiodobenzylguanidine (mIBG) is taken up
by cells of the sympathetic nervous system (in-
cluding tumors, such as neuroblastoma, which
have been derived from them) by an active trans-
port process involving the noradrenaline trans-
porter molecule. When labeled with 131I it has
commonly been used for palliative therapy in
heavily pretreated patients.2,4,5 However, an op-
timized treatment regimen, which might poten-
tially contribute to a cure, has yet to be assessed
in large-scale clinical trials.

Topotecan is a topoisomerase I inhibitor, which
has been shown to act as a radiosensitizer and po-
tentiate the effect of 131I-mIBG when the two
drugs are administered simultaneously, in both in
vitro and in vivo experimental models.6 Theoret-
ically, the benefit of 131I-mIBG treatment could
be enhanced by dose escalation and combination
with topotecan.

One of the recently proposed treatment strate-
gies uses a combination of high-dose 131I-mIBG
and topotecan.7 This schedule is myleoablative
(as both 131I-mIBG and topotecan contribute to
hematological toxicity) and requires hemopoietic
stem cell support to overcome myleosuppression,
which is the dose-limiting toxicity. This protocol
aims to give a total whole-body radiation-ab-
sorbed dose of 4 Gy. It does this through dosime-
try-guided administrations given 2 weeks apart.
The hope was to increase the administered activ-
ity of 131I-mIBG beyond conventional levels
while controlling toxicity by achieving, but not
significantly exceeding, a desired whole-body ab-
sorbed radiation dose of 4 Gy.

It is supposed that the administration of a
higher activity of 131I-mIBG will result in a
higher tumor radiation-absorbed dose, and a
greater likelihood of response. However, partly

owing to difficulties associated with image quan-
titation in targeted radionuclide therapy (TRT),
the relationship between administered activity,
tumor-absorbed dose, and response remains un-
known. If evidence of a tumor dose response re-
lationship can be found, dose escalation studies
to establish second-line toxicities will be possi-
ble to further optimize patient treatment.

Previous research introduced the concept of ab-
sorbed-dose ratios to compare the tumor dose re-
ceived in the same patient during repeated thera-
pies to reduce the errors that are traditionally
associated with image quantitation.8 This study
aimed to extend this work to compare the tumor
doses received by the 3 patients in whom detailed
dosimetry data were available. We also assessed
the accuracy of administering the treatment based
on whole-body dosimetry and suggest a simple pro-
tocol that could be used to assess the radiation-ab-
sorbed tumor dose reproducibly at different cen-
ters, enabling tumor dosimetry to be performed in
a multicenter trial for this treatment regimen.

MATERIALS AND METHODS

Patients

Three (3) patients, 2 girls and 1 boy, whose ages
ranged from 3 to 5 years, were treated with this
schedule. Patient 1 had multiple relapsed stage 4
disease, patient 2 had relapsed stage 3 disease,
and patient 3 had stage 4 disease, which had not
responded to induction chemotherapy. All 3 pa-
tients had primary tumors located in the ab-
domen, and patients 1 and 3 also had skeletal
metastases in the long bones. They were all
treated compassionately with palliative intent.
The patient data are summarized in Table 1.

Whole-Body Dosimetry

The therapy for this study was administered ac-
cording to the schedule shown in Table 2 and has
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Table 1. Patient Data

Age at time of Administered Administered
treatment Patient activity—therapy activity—therapy

(years) weight (kg) 1 (MBq) 2 (MBq)

Patient 1 4.8 15.4 6574 12,458
Patient 2 3.8 12.5 6869 4892
Patient 3 4.5 17.5 6893 9363



already been described in detail by Gaze et al.7

The activity of the first administration of 131I-
mIBG on day 0 was based on the patient’s weight
(approximately 444 MBq/kg). The activity ad-
ministered was precisely measured by taking into
account any residue in the tubing and vials. This
allowed the administered activity to be equated
to the first whole-body retention measurement,
which was taken immediately after the end of the
administration and before the child had voided,
using a ceiling-mounted compensated Geiger
counter, which was positioned 2 m above the pa-
tient’s bed. The patient was supine for these mea-
surements, with the bed in its lowest position, so
that the geometry was reproducible. Two 1-
minute readings were taken at each time point.

Whole-body retention measurements were sub-
sequently taken every 2–4 hours, postvoid, by the
nursing staff or comforters and carers. The mea-
surements were continued for the duration of the
patient’s hospital stay, which ranged from 4 to 8
days, to yield a time-activity curve of between 40
and 70 points (see Fig. 1). From these data, the
whole-body radiation dose was calculated using
the Medical Internal Radiation Dose (MIRD)
schema.9 Effective decay phases were user-de-
fined, and the resulting time-activity curve was
integrated to determine the cumulated activity, Ã.

The mean absorbed dose, D̄, is given by the
product of the cumulated activity and the MIRD
S-value. An empirical equation for patient-spe-
cific MIRD S-values, based on patient weight,
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Table 2. Treatment Schedule for 131I-mIBG in 2 Fractions, Given 2 Weeks Apart with Topotecan Followed by
Hemopoietic Stem Cell Support

Day Treatment

0 131I-mIBG course 1: 444 MBq/kg with in vivo whole-body dosimetry.
0–4 topotecan: 0.7 mg/m2 daily.
14 131I-mIBG course 2: to give a combined whole-body absorbed dose of 4 Gy.
14–18 topotecan: 0.7 mg/m2 daily.
24–28 PBSC return.

Figure 1. The time-activity curves plotted from patient 1’s whole-body retention measurements. Data from both therapy 1 and
therapy 2 are shown.



was generated by interpolating data from the
newborn, 1 year old, 5 year old, and adult phan-
toms10:

S(wb�wb) � 1.34 � 10�4mp
�0.921

Gy MBq�1 h�1

where mp is the patient’s mass in kilograms.
For the error analysis, the rationale of Flux et

al.12 was assumed, in that within each decay
phase, the fractional uncertainties on each data
point are identical and that the errors in the time
measurements are negligible.

Tumor Dosimetry

The tumor dose was calculated using sequential
SPECT scans, acquired either on a Philips Forte
(Philips Medical Systems, Milpitas, CA) (pa-
tients 1 and 3) or GE Millennium VG gamma
camera (GE Healthcare, Waukesha, WI) (patient
2). All of the scans for 1 patient were acquired
on the same camera. On both cameras, high-en-
ergy general-purpose collimators and a 128 �
128 matrix were used for the acquisitions. The
pixel sizes for the Forte and VG were 0.467 �
0.467 cm2 and 0.442 � 0.442 cm2, respectively.
The number of projections used were 64 on the
Forte camera and 72 on the VG. The length of
each projection was determined by the activity
remaining in the patient. Acquisitions were made
with a 20% photopeak energy window centered
on 364 keV, with two 6% windows on either side,
to allow a triple-energy window scatter correc-
tion to be performed during processing.

Prior to patient scanning, dead-time measure-
ments were made on both cameras using a
method similar to that described by Bolster.11 Ac-
curately measured activities were added to a
phantom situated on the camera face in approxi-
mately 100-MBq aliquots to cover a range of
100–2000 MBq. This is equivalent to an uncor-
rected count rate range of 4500–45,000 cps. At
higher count rates, the paralyzable nature of the
gamma-camera system makes accurate quantita-
tion impossible. The first scan was, therefore, ac-
quired when the activity remaining in the patient
was less than 2000 MBq, as calculated from the
whole-body retention measurements. This was
between 48 and 70 hours postinjection. To apply
the dead-time correction, the mean count rate was
calculated from the scatter-corrected single-pho-
ton emission computed tomography (SPECT)
projections and the associated dead-time factor

applied to the tumor volume of interest (VOI)
data. At least three SPECT acquisitions were
made for each patient, at 24-hour intervals, fol-
lowing the first scan (excluding weekends).

Each SPECT scan was corrected for scatter
using the triple-energy window correction. The
scattered counts (Cscat) were calculated on a
pixel-by-pixel basis, using the following equa-
tion:

Cscat � 0.5Wphoto � (Clow/Wlow � Chigh/Whigh)

where Clow and Chigh are the counts acquired in
the two windows positioned above and below the
photopeak, and Wphoto, Wlow, and Whigh are widths
of these windows. Once calculated, Cscat is sub-
tracted from the total counts in each pixel to pro-
duce the triple-energy window corrected image.

The images were then reconstructed using fil-
tered backprojection with a Butterworth filter of
order 5 and a cutoff of 40. A measured uniform
attenuation correction, based on the patient out-
line, was used, with � � 0.11 cm�1. Following
the reconstruction, the SPECT scans for each pa-
tient were sequentially coregistered.

Two VOIs were chosen to assess the activity
in the tumor on each SPECT scan. This was done
so that an estimate of the effect of VOI place-
ment on tumor-dose quantitation could be made.
VOI 1 was a 3 � 3 � 3 pixel cube centered on
the maximum pixel. VOI 2 was a manual outline
of the tumor on the coronal slice, containing the
maximum pixel on the first scan. This VOI was
saved and transferred to data from subsequent
days. The number of counts in each VOI was cor-
rected for dead time, length of acquisition, and
volume so that the logarithm of VOI counts/cc
could be plotted against time postinjection (see
Fig. 2). A model of instantaneous uptake, fol-
lowed by monoexponential decay, was assumed
for tumor uptake to allow the effective half-life
and the cumulated counts to be calculated.

The cumulative counts were converted to ac-
tivity using a calibration factor obtained from a
calibration phantom acquisition (see Fig. 3). A
cylindrical phantom of similar dimensions and
functional volume to the tumor was filled with a
known concentration of activity and imaged in-
side a larger (20 cm diameter, 12 cm high) wa-
ter-filled cylinder, using an identical acquisition
and processing protocol to the patient scans. A
separate calibration factor was obtained for VOI
1 and VOI 2. A uniform distribution of activity
was assumed in both VOIs and a weight-based
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MIRD S-factor was applied. This was derived us-
ing the equilibrium dose constant data from
MIRD Pamphlet No. 1013 for all 131I emissions
and Stabin and Konijnenberg’s absorbed-dose
fractions for unit density spheres containing a ho-
mogeneous activity distribution.14 S-factors for
11 tumor masses between 1 and 100 g (1, 2, 4,
6, 8, 10, 20, 40, 60, 80, and 100 g) were calcu-
lated and an exponential fit made to the data.

Stum�tum � 3.5 � 10�14mt
�0.977 Gy Bq�1 s�1

where mt is the tumor mass in kilograms.
Tumor-dose ratios (therapy 2 to therapy 1)

were calculated to compare the contribution from

each treatment fraction. The error on these ratios
was assumed to be the errors in fitting the mono-
exponential to the plot of VOI counts against time
for each therapy added in quadrature, and did not
take into account any uncertainties in activity
quantification, which were assumed to be the
same for each treatment.

RESULTS

The total whole-body doses received by each
patient are shown in Figure 4. The total whole-
body dose administered was within 9% of the
prescribed dose of 4 Gy in all patients. In these
3 patients, prescribing the dose in this manner
led to a slight underdosing, as has been previ-
ously seen when therapy doses are prescribed
from tracer studies.11,15 However, there were
not enough patients in this preliminary study
to assess whether this was a coincidence or a
characteristic of this method. The results do
show that a dosimetry-guided administration
was more accurate than a weight-guided one.
For the first therapy, the 3 patients had the
same activity administered within �10%, but
their whole-body doses ranged from 1.29 �
0.06 to 2.14 � 0.08 Gy. Assuming linear ex-
trapolation, if the patients had gone on to re-
ceive the same administration for their second
therapy, the range of whole-body doses ad-
ministered would have been 2.58–4.28 Gy in-
stead of the much smaller range of 3.7 � 0.1
to 3.9 � 0.3 Gy, which was seen using the
dosimetry-guided method.
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Figure 2. These time-activity curves were generated from patient 2’s single-photon emission computed tomography data for
therapy 1 using both volume of interest. The monoexponential fits to the data are also shown. The fit for VOI 1 is CVOI1 � 8.55 �
105e�0.02t. The fit for VOI 2 is CVOI2 � 1.26 � 106e�0.02t.

Figure 3. The calibration phantom. A different cylindri-
cal insert was used, depending on the physical dimensions
of the patient tumor.
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The tumor doses, calculated using our defined
protocol, are displayed in Figure 5. Although the
data from only 3 patients has been analyzed so
far, the huge interpatient variability in absorbed
tumor dose received, even when the treatment has
been tailored to individual patients according to
whole-body dose, is clearly visible. This is ow-
ing both to a large variation in initial uptake, and
of the effective half-life of 131I-mIBG in the tu-
mor. The initial uptake ranges from 13,300 to
855,000 cts/cc, and the effective half-life from
28.6 to 169 hours. It is also clear that the ad-
ministration of two courses of treatment allows

for a much higher dose to be given to the tumor
than from a single therapy alone.

The error from assuming that 131I-mIBG is
taken up instantaneously in the tumor was 
estimated using both a linear and an exponen-
tial model.16 For the linear model, the effect on
cumulative activity was calculated for maxi-
mum uptake times of 6, 12, 18, and 24 hours.
The exponential model assumes that in the 
uptake phase, both uptake and clearance are 
occurring:

At � A0 [e(��1t) � e(��2t)]
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Figure 4. Patient whole-body doses. The planned total dose is 4 Gy. Error bars indicate the uncertainty in the total whole-body
dose.

Figure 5. Patient-absorbed tumor doses.



where �1 is the decay constant for the effective
clearance, �2 is the decay constant for the effec-
tive uptake, At is the activity at time t, and A0 is
the activity at t � 0. Time-activity curves were
plotted for effective uptake half-lives of 2, 4, 6,
8, and 10 hours. This gave similar curves to those
seen with the linear model. Using the longest ef-
fective half-life from each model, it was shown
that assuming instantaneous uptake can lead to
an overestimation in cumulative activity and,
therefore, tumor dose of approximately 20%.

The intrapatient variation between the two
courses of treatment is compared using absorbed-
dose ratios in Table 3. The ratio of administered
activities and whole-body doses is approximately
the same for all patients, thus showing that pre-
scribing the second course of treatment based on
the whole-body dose administered by the first
should give consistent results. This is also shown
in Figure 4. For patient 2, the tumor-absorbed
dose ratios are also the same showing that for this
patient, the tumor uptake per unit activity is iden-
tical for both courses of therapy. For patients 1
and 3, the effective half-life of 131I-mIBG in the
tumor is shorter for the second course of therapy.
This led to a lower tumor dose per unit activity
in the second therapy, which was exacerbated in
patient 1 by a lower initial uptake. Although only
three sets of patient data have been analyzed,
these results show a variation in intrapatient re-
sponse, which needs to be assessed in a larger pa-
tient cohort.

DISCUSSION

The whole-body dosimetry data show that using
the whole-body retention measurements obtained
during treatment 1 to guide the second course of
therapy led to a prescribed whole-body dose be-

ing delivered with a greater accuracy than if a
weight-based administered activity was used for
both treatments. TRT is traditionally adminis-
tered on an empirical basis, leading to a highly
variable whole-body and absorbed-tumor dose.
Our initial patient data suggest that administer-
ing TRT to a prescribed whole-body dose ensures
that a precise whole-body dose would be admin-
istered but still would lead to a highly variable
dose being absorbed by the tumor.

Ideally, TRT should be prescribed as a dose to
the target or as a maximum tolerable dose to nor-
mal tissue. Currently, the large number of uncer-
tainties in image quantification means this is not
practicable. Absorbed tumor dose ratios provide
a simple means of comparing intrapatient treat-
ments, which are relatively independent of the
dosimetry protocol used.8 This can provide use-
ful information on the consistency of patient re-
sponse to the two treatment fractions, as it allows
changes in initial tumor uptake and effective half-
live to be monitored without introducing the er-
rors associated with absolute quantification.

Absolute absorbed-dose measurements are
necessary to compare interpatient variability for
TRT. The accuracy of the tumor dosimetry pro-
tocol described in this paper has not yet been as-
sessed but was primarily designed to allow the
consistent assessment of tumor doses in a multi-
center trial. The errors associated with this tumor
dosimetry protocol are currently being evaluated
to enable error estimates to be added to Figure 5.
The components of the protocol that contributed
to the largest source of error will also be identi-
fied, so that the procedure can be improved. This
will include the assessment of the use of CT-
based attenuation correction and anatomical ver-
sus functional tumor-volume delineation. Repro-
ducible tumor dosimetry across multiple centers
is particularly important in the treatment of neu-
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Table 3. Absorbed Tumor-Dose Ratios (T2/T1) for the Two Therapies

Patient 1 Patient 2 Patient 3

Ratio of administered activity 1.89 0.71 1.36
Ratio of whole-body dose 2.1 � 0.3 0.71 � 0.05 1.4 � 0.1
Absorbed tumor dose ratio VOI 1 1.3 � 0.4 0.7 � 0.3 1.0 � 0.2
Ratio of effective half-life from VOI 1 0.75 1.09 0.75
Absorbed tumor dose ratio VOI 2 1.1 � 0.3 0.8 � 0.3 1.2 � 0.1
Ratio of effective half-life from VOI 2 0.79 1.09 0.73

VOI, volume of interest.



roblastoma with 131I-mIBG, as the small patient
numbers make it necessary to use European wide
data to build up a significant cohort of patients
within a reasonable time frame.

CONCLUSIONS

Initial results indicate that whole-body guided
dosimetry allows a whole-body absorbed dose of
4 Gy to be administered by 131I-mIBG to a pa-
tient in two consecutive treatments more accu-
rately than empirical dosing. This procedure will
now be tested in a larger cohort of patients. The
use of absorbed-dose ratios has been shown to
provide an accurate method of intrapatient treat-
ment comparison, which can now be applied to
a larger number of patients to compare levels of
tumor uptake and length of effective half-life in
repeat treatments. The administration of TRT
based on whole-body dosimetry still leads to a
wide range of absorbed tumor doses. Therefore,
studying the relationship of patient outcome and
absorbed tumor dose on a large patient cohort us-
ing a consistent protocol is likely to provide in-
valuable information for improving patient treat-
ment, despite inherent inaccuracies in internal
tumor dosimetry. This will hopefully drive the
development of an accurate tumor dosimetry pro-
tocol to allow the calculation of consistent ab-
sorbed tumor doses with a known accuracy and
on a routine basis, which should be considered a
priority in improving TRT delivery. 
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