
Correlation of Tumor and Whole-Body Dosimetry
with Tumor Response and Toxicity in Refractory
Neuroblastoma Treated with131I-MIBG
Katherine K. Matthay, Colleen Panina, John Huberty, David Price, David V. Glidden, H. Roger Tang,
Randall A. Hawkins, Janet Veatch, and Bruce Hasegawa

Departments of Pediatrics, Radiology, Epidemiology, and Biostatistics, University of California, San Francisco, San Francisco,
California

The purpose of our study was to determine the effect of tumor-
targeted radiation in neuroblastoma by correlating administered
131I-metaiodobenzylguanidine (MIBG) activity to tumor and
whole-body dosimetry, tumor volume change, overall response,
and hematologic toxicity. Methods: Eligible patients had MIBG-
positive lesions and tumor-free, cryopreserved hematopoietic
stem cells. Activity was administered according to body weight
and protocol as part of a phase I and phase II study. The
whole-body radiation dose was derived from daily 1-m expo-
sure measurements, the tumor self-absorbed radiation dose
(TSARD) was determined from scintillation-camera conjugate
views, and the tumor volume was measured using CT or MRI.
Results: Forty-two patients with refractory neuroblastoma (16
with prior hematopoietic stem cell transplant) received a median
activity of 555 MBq/kg (15 mCi/kg) (range, 93–770 MBq/kg) and
a median total activity of 11,470 MBq (310 mCi) (range, 3,330–
30,969 MBq). The median whole-body radiation dose was 228
cGy (range, 57–650 cGy) and the median TSARD was 3,300
cGy (range, 312–30,500 cGy). Responses among evaluable pa-
tients included 16 partial response, 3 mixed response, 14 stable
disease, and 9 progressive disease. Higher TSARD values pre-
dicted better overall disease response (P , 0.01). The median
decrease in tumor volume was 19%; 18 tumors decreased, 4
remained stable, and 5 increased in size. Correlation was seen
between administered activity per kilogram and whole-body
dose as well as hematologic toxicity (assessed by blood platelet
and neutrophil count nadir) (P , 0.05). The median whole-body
dose was higher in the 11 patients who required hematopoietic
stem cell infusion for prolonged neutropenia versus the 31
patients who did not (323 vs. 217 cGy; P 5 0.03). Conclusion:
Despite inaccuracies inherent in dosimetry methods, 131I-MIBG
activity per kilogram correlated with whole-body radiation dose
and hematologic toxicity. The TSARD by conjugate planar im-
aging predicted tumor volume decrease and also correlated
with overall tumor response.
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Neuroblastoma, a childhood tumor derived from the
sympathetic nervous system, is the most common extracra-
nial solid tumor of childhood. Although survival for chil-
dren with advanced disease has improved with the use of
intensive multimodality therapy, including autologous bone
marrow transplantation, more than half of these children
continue to relapse after therapy (1). 131I-Metaiodobenzyl-
guanidine (MIBG), a guanethidine analog that concentrates
in sympathetic nervous tissue (2), provides a means of
specific tumor localization for radionuclide delivery to neu-
roblastoma (3). This agent has a well-established role in
detection of primary and metastatic tumor (4) and in elic-
iting responses in both newly diagnosed (5) and refractory
disease (6–9). In phase I and other pilot studies, little
toxicity other than myelosuppression has been seen, which
can be obviated with autologous hematopoietic stem cell
support (8,10,11).

Although multiple attempts have been made to quantify
tumor and total-body uptake using the standard conjugate
planar imaging method (12), the range of radiation doses
delivered to the tumor has varied widely and often has been
disappointing when compared with the whole-body radia-
tion dose (13–16). Few reports of dosimetry include corre-
lation of tumor-delivered dose with tumor volume decrease
after therapy or correlation of whole-body radiation dose
with hematologic toxicity. We report the results of dosim-
etry calculations based on measurements of whole-body,
blood, and tumor activity with correlation with activity
administered per kilogram, hematologic toxicity, and tumor
volume decrease in patients treated with131I-MIBG in a
phase I and phase II study for refractory disease.

MATERIALS AND METHODS

Patients and Treatment
Patients eligible for this study included any individual.1 y old

with refractory or relapsed neuroblastoma whose tumors concen-
trated 123I-MIBG or 131I-MIBG by diagnostic imaging. Patients
were required to have a life expectancy of at least 6 wk and a
nonpregnant caretaker. At activities of$444 MBq/kg ($12 mCi/
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kg), patients were required to have autologous tumor-free, cryo-
preserved hematopoietic stem cells available before treatment.
Patient characteristics are shown in Table 1. Response and toxicity
data on 30 of the 42 patients have been reported with the phase I
study (8), but preliminary dosimetry data have been presented for
only 5 of the 42 patients included in this study (17). Informed
consent was obtained from all patients or the parent or guardian, as
appropriate. This study was approved by the University of Cali-
fornia Committee on Human Research.

The MIBG was synthesized and exchange-labeled at the Uni-
versity of California, San Francisco (UCSF), by methods described
previously (2,8). The specific activity was 1,147–1,369 MBq/mg
(10–12 Ci/mmol) with a free iodide content of,5% at the time of
administration. All patients were prepared for the131I-MIBG treat-
ment with hydration and placement of a urinary catheter for
bladder protection. Thyroid-blocking agents (KClO4 and KI) were
given to prevent uptake of radioactive iodine by the thyroid gland
as described (8).

The patient was placed on a cardiac and blood pressure monitor
for the actual administration. The131I-MIBG was infused over 2 h
through a dedicated syringe pump. The prescribed activity ranged
from 111 to 666 MBq (3–18 mCi) per kilogram for those patients
who were part of a phase I131I-MIBG activity escalation study or
part of an ongoing phase II study at 666 MBq/kg (8). In a few
cases, the actual received activity varied from the prescribed
activity because of variations in yield. Each patient was kept
behind a lead shield until the exposure measurement 1 m from the
patient’s surface was,2 mR/h (1 R 5 2.58 3 1024 C/kg).
Appropriate radiation safety measures were taken to comply with
state and federal guidelines regarding monitoring, waste handling,
and personnel exposure.

Evaluation of Response and Toxicity
Disease evaluation to assess response was done 4–6 wk after

treatment and every 3 mo thereafter. Disease evaluation included
physical examination,99mTc-methylene diphosphonate bone scan,
123I- or 131I-MIBG scan, CT or MRI of gross disease, bone marrow
aspirate and biopsy, and measurement of urinary catecholamine
metabolites. Precise volumetric measurements were made of an
index lesion to monitor quantitative response to131I-MIBG. Le-

sions that required palliative external beam radiation were not used
in the criteria for response. Complete response denotes no detect-
able disease by these modalities; partial response indicates a de-
crease by$50% in soft-tissue lesions measured by planimetry
from a CT or MR scan and a decrease in nonmeasurable lesions
evaluable only by bone scan or MIBG; stable disease indicates no
new lesions and no progression in size of a previous lesion by
$25% for at least 3 mo after therapy; and progressive disease
indicates the development of new lesions or increase by.25% in
the size of any lesion. Toxicity was monitored by physical exam-
ination, complete blood counts, and liver and renal function testing
weekly to 4 wk, and then monthly. Endocrine assessment of
thyroid and adrenal function was done before treatment, at day 28,
then every 3 mo to 1 y, and then yearly. Cardiac function was
assessed by echocardiography or multigated radionuclide angiog-
raphy before and 1 mo after treatment.

Dosimetry Calculations
The best evaluable tumor (target) lesion was selected on the

basis of having detectable131I-MIBG uptake and measurable tu-
mor mass. The131I-MIBG uptake of the target lesion was measured
using conjugate-view planar imaging. More specifically, the scin-
tillation camera was fitted with a high-energy collimator and was
peaked for planar imaging of131I. A point source consisting of a
syringe with a known activity of131I was prepared as a calibration
source. An anterior planar image of the target lesion and surround-
ing region was acquired without the point source. The point source
was then positioned adjacent to the target lesion, or on the con-
tralateral side, in a position determined visually by a nuclear
medicine physician to provide roughly equal attenuation as in the
location of the target lesion. The camera was positioned to acquire
a posterior planar image of the target lesion and calibration source.
The calibration source then was removed to acquire a posterior
planar image of the target lesion alone. This produced 4 images:
anterior image of the target lesion, anterior image of the target
lesion and calibration source, posterior image of the target lesion
and calibration source, and posterior image of the target lesion
alone.

The image data were processed by placing regions of interest
(ROIs) around the target lesion in the anterior and posterior images
of the target lesion alone. Background ROIs also are defined
adjacent to the target lesion (12) or in a region corresponding to the
location of the target lesion on the contralateral side. These values
then are used to calculate the geometric mean of background-
corrected counts,Ct, from the anterior (Ct,a) and posterior (Ct,p)
measurements of the target lesion:

Ct 5 ÎCt,a
. Ct,p. Eq. 1

Similarly, ROIs were placed around the calibration point source in
the anterior and posterior images of the tumor with the point
source. Background ROIs for the calibration source were placed in
the same location in the images of the tumor alone. These values
were used to calculate the geometric mean of background-cor-
rected counts,Cs, of the anterior (Cs,a) and posterior (Cs,p) of the
calibration point source:

Cs 5 ÎCs,a
. Cs,p. Eq. 2

The tumor activityAt then was calculated as:

At 5
Ct

Cs
As, Eq. 3

TABLE 1
Patient Characteristics

Characteristic Value*

Median age (y) 6.8 (2–29)
Median time from diagnosis (y) 1.7 (0.5–12)
Prior bone marrow transplantation† (n) 16
Prior chemotherapy (n) 42
Prior radiation (n) 32
Bone metastases (n) 22
Bone marrow metastases (n) 10
Soft-tissue lesions‡ (n) 36

*Range is in parentheses.
†Four of these patients received 10 Gy of total-body irradiation as

part of pretransplant conditioning regimen.
‡Twenty-seven of these patients were evaluable for tumor do-

simetry.
n 5 number of patients.
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whereAs is the known activity of the calibration point source. We
note that the calibration point source is imaged after being placed
on the patient and that the tumor activity is calculated with a
calibration factor equal to the ratio of image counts from the tumor
and calibration point source (Eq. 3). Therefore, the conjugate-view
method inherently corrects the data for camera sensitivity, atten-
uation by the body, and dead-time losses, and no additional cor-
rections for these perturbations were performed.

Tumor mass for the index lesion was measured using planim-
etry from CT or MR scans. The tumor activity measurement
described above was performed 2 or 3 times from day 3 to day 7
after treatment and expressed in units of megabecquerels. The
tumor activity values then were fit to a single exponential, with
tumor dose calculated using the Society of Nuclear Medicine’s
MIRD schema (18). S values for self-absorption (i.e., when the
target organ is the source organ) for the tumor were calculated
from a power–function relationship,

ln S ~Gy/MBq-h! 5 20.967 ln mass~g! 2 8.634~r 5 0.9965!,

Eq. 4

obtained using linear regression analysis (i.e., lnSvs. ln mass) fit
to publishedS values for organs with masses from 10 g to 70 kg
(19). The correlation coefficient (r 5 0.9965) indicates that the
values of lnSand ln mass are highly correlated. Furthermore, this
relationship can be used to estimate theSvalue because, in the case
of 131I, the dose is derived largely from electrons that are absorbed
locally, and not from photons. We note that Equation 4 can be used
to calculate the dose deposited in the tumor attributed to activity in
the tumor, but not from surrounding organs. For this reason, we
use the term “tumor self-absorbed radiation dose” (TSARD) to
describe the tumor dose calculated using Equation 4.

The whole-body radiation dose was calculated by 2 methods.
The first method assumed that the total activity in the whole body
is proportional to measurements of radiation exposure rate ob-
tained with an ionization chamber, held in fixed geometry at 1 m
from the patient’s body surface. In the second method, the whole-
body dose was calculated from urine extraction as described be-
low.

The whole-body exposure rate was measured at 1 h after infu-
sion and approximately daily thereafter for 7 d. Five or more data
points were obtained for most patients, allowing a double-expo-
nential curve to be fit to the whole-body time–exposure curve.
However, when,4 exposure data points were available, the data
were fit to a single-exponential curve. In the case of a double-
exponential, a time–activity curve having the form

A~t! 5 C1 exp~2l1t! 1 C2 exp~2l2t! Eq. 5

was obtained by nonlinear regression analysis with the software
package IGOR (Wavemetrics, Lake Oswego, OR) to determine the
exponential time constants (l1, l2) and the coefficients (C1, C2).
The coefficients and time constants then were used to obtain the
cumulated activityÃ:

Ãwb 5E
t50

`

A~t!dt 5
A0

C1 1 C2
FC1

l1
1

C2

l2
G , Eq. 6

where A0 is the known activity of131I-MIBG injected into the
patient at timet 5 0. The whole-body dose was calculated accord-
ing to the MIRD schema (19) by multiplying the cumulated

activity Ãwb by theS factor for 131I when the whole body (wb) is
both the source and the target organ:

Dwb 5 ÃwbSwb4wb~
131I!. Eq. 7

Similarly, the radiation dose to bone marrow was calculated by
multiplying the cumulated activity for the whole body by theS
factor for 131I, assuming thatwb is the source organ and that bone
marrow (bm) is the target organ:

Dbm 5 ÃwbSbm4wb~
131I!. Eq. 8

To calculate doses for children, data files for MIRDOSE (version
2) were used that provideSvalues for reference anatomies appro-
priate for newborns and ages of 1, 5, 10, and 15 y (20). The
reference anatomy for 15 y of age also was used for adult women.

The radiation doseDbl to blood was calculated (21) as the
radiation dose to blood attributed tob-particles emitted by radio-
activity in the blood (b-component,Dbl,b) added to the radiation
dose attributed tog-radiation arising from radioactivity in the
whole body (g-component,Dbl,g):

Dbl 5 Dbl,b 1 Dbl,g. Eq. 9

To calculate theb-component, blood samples were withdrawn at
multiple time points (typically 3, 6, 12, 24, 48, 72, 96, and 168 h
after infusion of131I-MIBG). The blood samples were allowed to
decay to avoid dead-time losses during counting. Known volumes
of the blood samples then were withdrawn by pipette and counted
in a well counter with a calibration standard to convert measured
counts to units of megabecquerels per milliliter. Five or more data
points were obtained for most patients, allowing a double-exponential
curve to be fit to the blood time–activity curve. However, when,4
exposure data points were available, the data were fit to a single-
exponential curve. The cumulated activityÃbl of the blood component
was calculated as the integral of the time–activity curve of the blood
activity. Theb-component then was calculated as:

Dbl,b 5 ÃblDb~
131I!, Eq. 10

whereDb(131I) 5 1.1043 1024 kg-Gy/MBq/h is the mean energy
emitted per unit transition contributed byb-particles from131I.

Similarly, theg-component was calculated as:

Dbl,g 5 a@Ãwb/mwb#Dg~
131I!, Eq. 11

whereÃwb is the cumulated activity of the whole body (in units of
MBq-h), mwb is the mass of the patient, andDg(131I) 5 2.1753
1024 kg-Gy/MBq/h is the mean energy emitted per unit transition
contributed byg-rays from131I. We note that the values for the
mean energy emitted per unit transition were obtained fromMIRD
Pamphlet 10(22) and are similar to values published more recently
by Weber et al. (23). In addition, the fraction of theg-radiation
from the whole body that was absorbed by the blood was assigned
a value ofa 5 0.4, following Benua et al. (21), with the same
value ofa used for patients of all ages and sizes.

The whole-body radiation dose measurements were verified by
actual comparison with the total activity remaining using the
cumulated activity excreted in the urine. For the first 14 treatments,
we measured the activity excreted in urine immediately after
injection, and at 12, 24, 48, 72, 96, 120, and 148 h after injection,
and corrected for physical decay. At each time point, the cumu-
lated (decay corrected) activity excreted in urine was subtracted
from the total injected activity to give the total activity remaining
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in the whole body without physical decay. These values were
multiplied by the appropriate factor to account for physical decay,
giving the total whole-body activity remaining in the body, includ-
ing physical decay. Linear regression analysis of the whole-body
dose measurements calculated from urine extraction and from
whole-body exposure measurements (Fig. 1) produced a correla-
tion coefficient ofr 5 0.726 (n 5 14), corresponding to a signif-
icance ofP , 0.005 (24), which indicated a close correlation
between the results from these 2 methods.

Statistical Analysis
Data were investigated for correlation between131I-MIBG ac-

tivity administered and tumor volume response, whole-body irra-
diation dose, and hematologic toxicity, assessed by platelet and
neutrophil nadir. Nonparametric or distribution-free statistical tests
were chosen to mitigate sensitivity to outlying or influential values
(or both). Correlation between continuous variables was summa-
rized with the Spearman rank correlation (rs). Comparisons be-
tween unordered data groupings (such as receipt of stem cell
infusion) were tested using the Mann–WhitneyU statistics. Com-
parisons between ordered data groupings (such as tumor response
category) used the rank-based trend test of Cuzick (25). Statistical
analyses were performed on data from only the first course of
treatment to meet the requirement for independent observations
and to avoid potential cumulated toxicity effects. All analyses were
conducted using STATA 6.0 (StataCorp, College Station, TX).

RESULTS

Patients, Response, and Toxicity
Forty-two patients were included in this dosimetry report,

including patients treated in the UCSF phase I study (8) and
the ongoing phase II study of131I-MIBG in refractory neu-
roblastoma. Of these patients, 32 had soft-tissue lesions, of
whom 27 were evaluable for the TSARD. All were evalu-
able for overall tumor response, for total-body radiation
measurements, and for toxicity. All patients were heavily
pretreated with prior chemotherapy, most with radiation and

many (n 5 16) with prior myeloablative therapy with bone
marrow support, including 4 who received total-body irra-
diation (Table 1). The overall response to 1 course of
therapy included 16 with partial response, 3 with mixed
response, 14 with stable disease for.3 mo, and 9 with
progressive disease. All patients treated with$555 MBq/kg
(15 mCi/kg) manifested grade 3–4 hematologic toxicity
compared with only approximately 50% of those treated at
lower doses, as reported in our phase I study (8). Eleven of
the patients met criteria for autologous hematopoietic stem
cell support after MIBG therapy, including 9 of 17 treated at
666 MBq/kg and 2 of 7 treated at 555 MBq/kg.

Whole-Body, Blood, and Red Marrow Dose
The median and range for the administered total activity

and the activity per kilogram, whole-body radiation dose,
blood dose, red marrow dose, tumor dose (TSARD), and
tumor volume change are summarized for all evaluable
patients in Table 2. The median whole-body dose for pa-
tients by level increased progressively with a median dose
of 124 cGy at 222 MBq/kg, 159 cGy at 333 MBq/kg, 212
cGy at 444 MBq/kg, and 323 cGy at 555 MBq/kg. The
median whole-body dose at 666 MBq/kg was 294 cGy, with
more overlap between 555 MBq/kg and 666 MBq/kg (Fig.
2), perhaps associated with the greater variability at this
level or the increased number of patients. The Spearman
correlation between administered activity per kilogram and
whole-body dose received was significant, as shown in
Figure 2 (rs 5 0.59; P , 0.0001). The total activity per
kilogram administered also correlated with the whole-body
radiation dose (rs 5 0.54; P , 0.0001). No significant
correlation was found between the activity administered per
kilogram and the blood dose (rs 5 0.18;P 5 0.4), probably
because of the very rapid clearance of MIBG from the blood
(26). The red marrow dose correlated closely with the

FIGURE 1. Comparison of whole-body
radiation dose (cGy) calculated from expo-
sure meter readings vs. whole-body dose
(cGy) calculated from urine activity. P ,
0.005.
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activity per kilogram (rs 5 0.82;P , 0.0001), as expected
because this is calculated using body weight.

The hematologic toxicities, assessed by the neutrophil
and platelet nadir, were significantly associated with in-
creasing activity per kilogram (rs 5 20.44 and20.37,
respectively) (Table 3) and with the whole-body dose re-
ceived (rs 5 20.56 and20.40, respectively) (Table 3). A
significant relationship was found between the activity ad-
ministered per kilogram and the necessity for stem cell
support, with 11 of 24 patients who received$555 MBq/kg
of 131I-MIBG activity requiring stem cell infusion compared
with 0 of 18 patients who received,555 MBq/kg (P ,
0.001). The median whole-body dose in the 11 patients who
required hematopoietic stem cell support for neutropenia
was 323 cGy (range, 181–650 cGy) compared with 217
cGy (range, 57–540 cGy) for the 31 patients who did not
require stem cell infusion (P 5 0.03).

TABLE 2
Summary of Dosimetry Results

Dosimetry parameter n Median* Range*

131I-MIBG per kg
(MBq) 42 555 (15) 93–770 (2.5–20.8)

Total 131I-MIBG (MBq) 42 11,470 (310) 3,330–30,969 (90–837)
Whole-body irradiation

(cGy) 42 228 57–650
Blood irradiation (cGy) 23 177 79–353
Red marrow irradiation

(cGy) 42 220 44–329
TSARD (cGy) 27 3,300 312–30,000
Volume change (%) 26 219 2100 to 1800

*Millicuries are in parentheses.
n 5 number of patients.

TABLE 3
Spearman Rank Correlations Among 131I-MIBG Activity,
TSARD, Target Lesion Volume Response, Whole-Body

Irradiation Dose, Red Marrow Radiation Dose, and
Hematologic Toxicity

Variable (X) Variable (Y) rs P

131I-MIBG activity
per kg Whole-body irradiation 0.59 ,0.001

Red marrow irradiation 0.82 ,0.0001
Blood irradiation 0.18 NS
Neutrophil nadir 20.44 ,0.01
Platelet nadir 20.37 0.02
TSARD 0.32 NS
Volume decrease (%) 0.4 0.04

Total activity of
131I-MIBG Whole-body irradiation 0.57 ,0.0001

Red marrow irradiation 0.49 ,0.0001
Blood irradiation 0.35 NS
Neutrophil nadir 20.27 NS
Platelet nadir 20.06 NS
TSARD 0.53 ,0.01
Volume decrease (%) 0.29 NS

Whole-body
irradiation dose Red marrow irradiation 0.61 ,0.0001

Blood irradiation 0.64 ,0.0001
Neutrophil nadir 20.56 ,0.001
Platelet nadir 20.4 ,0.01
TSARD 0.71 ,0.0001
Volume decrease (%) 0.25 NS

TSARD Red marrow irradiation 0.42 0.03
Blood irradiation 0.51 0.04
Neutrophil nadir 20.41 0.04
Platelet nadir 20.4 0.04
Volume decrease (%) 0.47 0.02

Red marrow
irradiation Blood irradiation 0.43 0.04

Neutrophil nadir 20.47 ,0.01
Platelet nadir 20.35 0.02
Volume decrease (%) 0.48 ,0.01

NS 5 not significant.

FIGURE 2. Correlation of administered
activity of 131I-MIBG per kilogram of body
weight with measured whole-body radia-
tion dose. Spearman rank correlation, P ,
0.0001.
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Tumor Dosimetry, Tumor Response, and Tumor
Volume Decrease

Twenty-seven patients were evaluable for the TSARD,
and 26 were evaluable for tumor volume decrease. The
activity administered per kilogram showed little relationship
to the TSARD (Table 3) as one would expect because the
TSARD depends on intensity of uptake and the tumor
volume distribution. However, a significant correlation was
found between the TSARD and the tumor volume decrease
(Fig. 3; Table 3). The TSARD also appeared to be a good
indicator of overall tumor response, with higher TSARD
values predicting better overall tumor response (P , 0.01).
This is shown in Table 4 by tabulating the tumor response
by the tertile of TSARD. The proportion of patients with
partial response is much higher in those whose TSARD is
.7,000 cGy. Furthermore, progressive disease was seen
only in those patients whose tumors received,1,700 cGy.
It must also be noted that there were no patients with
TSARD values between 7,000 and 10,000 cGy; thus, the
highest group actually received an estimated TSARD of
.10,000 cGy. The overall partial remission rate of 13 of 27

patients (48%) is slightly higher in the group with evaluable
soft-tissue lesions than in the overall group of 16 of 42
(38%).

DISCUSSION

Two important considerations in MIBG therapy are the
nonspecific toxicity and the antitumor efficacy. The ratio of
these 2 will determine the overall therapeutic efficacy. The
hematologic and possibly the nonhematologic toxicity
should be determined by the whole-body radiation dose
delivered as well as doses to specific normal organs. How-
ever, practically speaking, little nonspecific organ toxicity
other than hematologic toxicity has been reported in diverse
studies (6,8,27). The main concern, therefore, is prediction
and prevention of the hematologic side effects while max-
imizing tumor delivery of radiation, reflected by the
TSARD and the tumor shrinkage.

Ideally, the whole-body dose should correlate accurately
with the activity per kilogram. The accuracy of the method
of measurement used measuring whole-body retention, also
used widely in other studies (13,27), was verified in our
study with quantitative urinary excretion of radionuclide. A
significant correlation was found between of the whole-
body radiation dose and the activity administered per kilo-
gram of body weight. However, there was also interpatient
variability, probably attributed, in part, to differing rates of
renal excretion (28) and different amounts of body tumor
burden and tumor retention. Ways to possibly decrease
sources of error include the measurement with a fixed
counter rather than a handheld Geiger counter and increas-
ing the number of readings taken per day (29). Pretherapy
dosimetry might improve the prediction of total-body dose
compared with administering activity based on weight, as
has been suggested by others (30). However, it is more
tedious, requiring a 5-d pretreatment scan with at least 4

FIGURE 3. Correlation of TSARD with
subsequent tumor volume decrease. De-
crease in tumor volume is shown as posi-
tive percentage. Spearman rank correla-
tion, P 5 0.02.

TABLE 4
TSARD and Overall Tumor Response in 27 Patients

Evaluable for TSARD

TSARD (cGy) n

Overall disease response

PR MR SD PD

.7,000 9 7 2 0 0
1,700–7,000 9 3 1 5 0
,1,700 9 3 0 3 3

n 5 number of patients; PR 5 partial response; MR 5 mixed
response; SD 5 stable disease; PD 5 progressive disease.
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daily measurements, and still gives significant variability
from the posttherapeutic measurements of whole-body dose
(27,30). Fielding et al. (29,30) compared the possible error,
based on whole-body measurements after treatment, with
the activity that would have been prescribed on the basis of
either pretherapy dosimetry or body weight. They found
that prescribing activity on the basis of body weight would
have resulted in the desired whole-body radiation dose
(65%) in 6 patients, too little in 8 patients, and too much in
12 patients, including 5 who would have received an over-
dose of.40%. Using the pretherapy dosimetry, 8 would
have received within 5% of the predicted dose, whereas 17
would have been underdosed, and 1 would have been over-
dosed by 40% (30). In our study, assuming a direct linear
relation between activity per kilogram and the whole-body
dose received, using the activity prescribed on the basis of
body weight resulted in the predicted whole-body dose in 11
patients (610%), a lower whole-body dose in 18 patients,
and a higher-than-expected whole-body dose in 13 patients,
including 5 who received a whole-body dose.40% higher
than expected and 6 who received a whole-body dose
.40% lower than expected. Given that hematopoietic stem
cell infusion has been shown to be effective in the reversal
of hematologic toxicity, the increased whole-body radiation
dose given in these instances was not serious (no patient
received.650 cGy) and may have resulted in greater doses
delivered to the tumors because significant correlation was
shown between the whole-body dose and the TSARD and
between the activity per kilogram and the tumor volume
decrease.

We have presented detailed correlation for 42 patients,
examining the relationships of activity, activity per kilo-
gram, and whole-body dose to blood, red marrow doses, and
myelosuppression, reflected by neutrophil nadir, platelet
nadir, and the necessity for hematopoietic stem cell support,
using the criterion of an absolute neutrophil count of,200
for .2 wk. The data show that activity administered per
kilogram of body weight or the measured whole-body ra-
diation dose correlates significantly with neutrophil nadir
and platelet nadir, whereas the total administered activity
does not. The blood dose did correlate with the whole-body
dose but not with the activity per kilogram, probably be-
cause of the proven rapid clearance of activity from the
blood, as shown by our data and that of others (17,27,29).
Prior studies with smaller numbers of patients have also
found some correlation of whole-body dose or activity
administered with thrombocytopenia, but they have not
explored the relationships over such a broad activity level or
tested the correlation with required stem cell support (6,27).
We have shown that there is a significant relationship of the
activity per kilogram and the whole-body radiation dose to
the necessity for stem cell support, with 11 of 24 patients
who received$555 MBq/kg of 131I-MIBG activity requir-
ing stem cell infusion compared with 0 of 18 patients who
received,555 MBq/kg (P , 0.001). The median whole-
body radiation dose for the 11 patients who required hema-

topoietic stem cell support for neutropenia was also signif-
icantly higher (323 cGy compared with 217 cGy) than that
of the 31 patients who did not require hematopoietic stem
cell infusion (P 5 0.03). Thus, either activity administered
per kilogram or estimates of whole-body dose may be used
to predict myelosuppression and the likelihood of prolonged
neutropenia requiring stem cell support after131I-MIBG
therapy. Further investigations correlating the effect of tu-
mor burden and the glomerular filtration rate (28) on whole-
body dose may be useful.

We have shown with data from a large number of patients
that tumor dosimetry is valuable for predicting the volume
decrease of the index tumor lesion and the overall disease
response. Previous reports of small numbers of children
with neuroblastoma found a wide variability in tumor dose
delivered and did not express this in relation to activity
administered per body weight. This confounded the results
for small children compared with larger children or adults,
because treatment in most previous studies was at a standard
total activity level or whole-body radiation dose (14,29).
Previous reports also did not try to verify their calculations
by comparisons with disease response or target lesion
shrinkage. We found that the volume decrease correlated
with the TSARD, thus validating the use of dosimetry
despite the variability. Future protocols may further in-
crease the radiation delivered to the tumor by administering
2 successive infusions of131I-MIBG with stem cell support
to deliver a larger amount of activity in a short time period.
Another approach is to find means to enhance MIBG uptake
or retention. For example, cisplatin or doxorubicin has been
shown to enhance MIBG uptake by neuroblastoma in vitro
(31,32) as has increasing expression of the noradrenaline
transporter gene, known to be crucial to MIBG uptake (33).
Other approaches are to enhance the potency of the radio-
labeled MIBG itself, either using no-carrier-added product
(34) or using different isotopes with the MIBG, such as125I
(35,36) or thea-emitter211At (37).

The value of tumor dosimetry has been diminished in the
past because of the many sources of error inherent in the
conjugate planar method. These include the estimates in-
volved in inhomogeneous uptake within the tumor and
difficulties in accurately assessing the tumor volume on CT
or MR scans. Although the conjugate-view method uses a
calibrated point source to calibrate the data for collimator
and detector efficiency, photon attenuation, and scatter ra-
diation, the calibration is obtained at only 1 point and,
therefore, does not account for regional variations in the
patient. These effects can lead to false-negative interpreta-
tions for small lesions or in large patients. Newer techniques
of dosimetry that are now under investigation may eliminate
some of these problems by fusing the structural CT or MR
images with the functional nuclear images to obtain 3-di-
mensional dosimetry (38,39). Similarly, the development of
imaging techniques that combine SPECT with CT, or PET
with CT, may improve quantitation of targeted radiodiag-
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nostic and radiotherapeutic agents in comparison with meth-
ods performed with conventional imaging techniques (40).

CONCLUSION

Despite inaccuracies inherent in dosimetry methods,131I-
MIBG activity per kilogram correlated with the whole-body
radiation dose, hematologic toxicity, and tumor index lesion
volume decrease. The TSARD by conjugate planar imaging
predicted the tumor volume decrease and also correlated
with the overall disease response. These results suggest that
further augmentation of MIBG intensity with hematopoietic
stem cell support may improve the response rate by increas-
ing the MIBG activity in the tumor. Tumor and whole-body
dosimetry is a valuable means of estimating the therapeutic
ratio in radionuclide therapy of tumors.
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