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Myocardial perfusion imaging has long been used off label by prac-

titioners attending for children with cardiac aliments. To provide clini-

cians with evidence-based dosage recommendation, a phase I–II,
open-label, nonrandomized,multicenter trial was therefore designed using
99mTc-sestamibi in pediatric subjects (registered under www.clinicaltrials.

gov identifier no. NCT00162045). Methods: Safety and pharmacokinetic
data were collected from 78 subjects using either a 1-d imaging protocol

(3.7–7.4 MBq/kg, followed by 11.1 MBq/kg) or a 2-d protocol (7.4

MBq/kg for both rest and stress). Anterior and posterior planar images

were collected at 15 min, 1.5 h, 4 h, and 8 h. Blood and urine samples
were collected at predetermined times. Results: Subjects included 39

children (mean age ± SD, 8.5 ± 2.04 y) and 39 adolescents (mean age ±
SD, 13.6 ± 1.39 y). Mean estimated organ-absorbed doses to the upper

large intestine, small intestine, gallbladder wall, and lower large intestines
were 0.082, 0.043, 0.042, and 0.035 mSv/MBq, respectively. All patients

tolerated the radiotracer without serious adverse effects. Significant dif-

ferences were observed in the liver, upper large intestine contents, and

small intestine contents between rest and stress imaging. The effective
dose equivalent and effective dose averages were lower in adolescents

than younger children (0.011 and 0.019 mSv/MBq, respectively; P ,
0.0001). Percentage injected doses (%IDs) corrected for radioactive de-
cay in all dosimetry-evaluable subjects at 15min and 4 h were 1.9% and

1.2% in themyocardium. Similarly in the lungs, the%ID for all dosimetry-

evaluable subjects was 4.9% at 15 min after injection. At rest, the%ID

in the liver decreased from a maximum of about 26% at 15 min to less
than 9% at 90 min. With stress, values decreased from 15% to 7%,

respectively. Conclusion: The estimates of radiation dosimetry, phar-

macokinetic parameters, and safety profile in this study population are

similar to published studies based on body-mass extrapolations from
studies in adults. As such, applying current 99mTc-sestamibi dosing

regimens for 1- and 2-d protocols based on those extrapolations will

result in the expected radiation dose in children and adolescents.
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The role of myocardial perfusion imaging for the assessment
of risk and viability of ischemic myocardium is well established in
the adult population. Among the radiotracers used, 99mTc-sestamibi
(Cardiolite; Lantheus Medical Imaging) has shown superior char-
acteristics as a tracer for myocardial perfusion imaging with
SPECT. The role of this tracer is less established in the pediatric
population because of the relatively smaller sample sizes and lack
of data regarding dosing (1). Myocardial perfusion imaging is used
in children primarily to identify coronary perfusion abnormalities
such as occur in Kawasaki disease, anomalous left coronary artery
from pulmonary artery, and transposition of the great arteries among
other conditions (2,3).
All radiopharmaceuticals subject patients to modest doses of

radiation, which is of special significance in children, in whom
early exposure to radiation may disproportionately increase the
risk of neoplastic disease in later life. Several studies have as-
sessed the radiation exposure due to 99mTc-sestamibi in the adult
populations (4), and others have estimated the corresponding
figures for children using mathematic modeling (5,6). However,
to date no studies of estimates of radiation dose in children have
been published. Consequently, there is little systematic data on
general safety and pharmacokinetics of 99mTc-sestamibi in this
population.
In this study, we present the results of a phase I–II open-label,

multicenter trial conducted with the aim of determining dosimetry,
pharmacokinetics, and safety of 99mTc-sestamibi when used at rest
or stress in 2 age groups of children (ages, 4–11 and 12–16 y).

MATERIALS AND METHODS

The primary endpoint of the study was to determine the absorbed dose

of 99mTc-sestamibi, at rest or stress, in the 2 subject groups: children and
adolescents. The secondary aims were to determine the biodistribution

and safety in the same setup.

Patient Selection and Ethics

The study was performed at 12 sites in the United States, Canada, and
Taiwan. On the basis of previous dosimetry trial experience in adults,

a sample size of at least 24 subjects was considered adequate for the
assessment of dosimetry with 99mTc-sestamibi in pediatric subjects. A

sample size of at least 24 subjects was also considered adequate for
the assessment of the kinetics of 99mTc radioactivity (referred to

hereafter as pharmacokinetics) after administration of 99mTc-sestamibi
in pediatric subjects. The subjects chosen were between the ages of 4

and 16 y. Assent from the children in addition to written consent from
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the subject’s legal guardians was obtained. All subjects were able to

participate in the imaging procedure and had no physical barriers to
doing so. We excluded wards of the state or institutionalized children

and those with significant laboratory abnormalities including creatinine
greater than 2.5 mg/dL, liver enzyme greater than 2 times the upper

limit of normal, or platelet count less than 100,000/mm3. We also
excluded pregnant subjects and those with history of the following:

illicit drug or alcohol abuse within 6 mo of the enrollment, life
expectancy of less than 6 mo, having received investigation products

or devices within 30 d of enrollment, allergy to 99mTc-sestamibi, and
having received radiopharmaceuticals for which the time since in-

jection was equal to or less than 10 times the physical half-life of the
radiopharmaceutical.

Because of methodologic issues as described below in the “Phar-
macokinetics” section, more patients were enrolled than originally

planned.
Subjects were considered part of one or more populations for

analysis purposes: DE (dosimetry-evaluable: all subjects who com-
pleted the imaging protocol), PE (pharmacokinetics-evaluable: those

for whom the analysis of blood radioactivity was performed after the

correction and standardization of procedures described later), PN
(pharmacokinetics-nonevaluable: those in the DE population who did

not fulfill the PE criteria), and SA (safety-evaluable: subjects who
received at least 1 injection of 99mTc-sestamibi). Any enrolled subject

not part of at least one of the first two or the last of these was uneva-
luable.

The subjects chosen had been previously scheduled for clini-
cally indicated scans. There was a small increase (about 1% of

the effective dose [ED] assuming a total dose of 925 MBq) in
exposure due to the transmission portion of the acquisition for

those patients in the DE population. The guidelines used included
the Declaration of Helsinki, the International Conference on

Harmonization, Good Clinical Practices, and the Food and Drug
Administration regulations (21 Code of Federal Regulations Parts

50 and 56) for the protection of the rights and welfare of human
subjects participating in biomedical research. It was approved by

the institutional review boards of all enrolling sites. Finally, this
study was registered under www.clinicaltrials.gov, identifier number

NCT00162045.

Study Design

We used 99mTc-sestamibi (Kit for the Preparation of Technetium
Tc99m Sestamibi for Injection). 99mTc-sestamibi was reconstituted with

sterile, nonpyrogenic, oxidant-free sodium pertechnetate 99mTc injection.
The pH of the reconstituted product was 5.5 (5.0–6.0). No bacterio-

static preservative was present. The precise structure of the technetium
complex is 99mTc [MIBI]61, where MIBI was 2-methoxyisobutyl

isonitrile. 99mTc decays by isomeric transition with a physical half-
life of 6.02 h (7).

The study was designed as a phase I–II open-label, nonrandomized,
multicenter study in pediatric subjects undergoing SPECT scanning with
99mTc-sestamibi at rest or stress (Fig. 1). Dosimetry and pharmacokinetic
assessments were performed in parallel with the imaging procedures,

and patients were monitored for safety and adverse events for 246 12 h
and for 14 d for serious adverse events via the phone (Fig. 1). Twelve

centers were initiated, and 10 (5 in the United States, 2 in Canada, and 3
in Taiwan) of these enrolled subjects. The study was conducted between

January 28, 2005, and June 15, 2007 (29 mo). The study sponsor, Bristol-
Myers Squibb Medical Imaging, Inc. (BMSMI, now Lantheus Medical

Imaging) monitored the study. Clinical supplies were also the respon-

sibility of BMSMI or its designee. Analysis of the whole-body data
was performed on all subjects with whole-body images by CDE Do-

simetry Services, Inc. The clinical database was managed by ICON
Clinical Research, Ltd. Bristol-Myers Squibb Research and Develop-

ment conducted the blood pharmacokinetic parameter analysis. BMSMI
was responsible for the statistical analyses. The final, hard-locked data-

base was maintained by BMSMI.

Dose Selection and Imaging

The dose of 99mTc-sestamibi was chosen to be the lowest possible

dose that would permit accurate pharmacokinetic and dosimetric
determinations while providing adequate SPECT imaging. On the

basis of previously published data (5,8–10), this was determined to
be 3.7–11.1 MBq/kg (0.1–0.3 mCi/kg). The source of the sestamibi

was the commercially available 99mTc-sestamibi. Two protocols were
used: 1 institution used a 2-d SPECT imaging protocol for which 7.4

MBq/kg (0.2 mCi/kg) was used both at rest and stress. The other
institutions used 1-d SPECT imaging protocols, administering 3.7–

7.4 MBq/kg (0.1–0.2 mCi/kg) at rest or stress for the first imaging

procedure, followed by 11.1 MBq/kg (0.3 mCi/
kg) at rest or stress for the second SPECT im-

aging procedure. Results from all institutions
were used in the analysis.

All doses were assayed before administra-
tion. In addition, the syringe containing the dose

was assayed after administration and the net

injected dose calculated, corrected for radioac-

tive decay to the time of dosing.
The design of the imaging protocol was

consistent with the methods recommended in
MIRD pamphlet 16 (11). All images were part
of either a 1- or 2-d rest–stress study performed
for the patient’s medical care. Study-related
imaging for a given patient was performed dur-
ing either the rest or the stress portion of the
study (but not both) using whole-body scan-
ning, a high-resolution low-energy collimator,
and a matrix of 256 · 1,024 as appropriate with
a speed of between 8 and 15 cm/min. Accept-
able g camera quality control was required
before the acquisition of all image data. All
images were corrected for uniformity and lin-
earity. Transmission and reference whole-body
scans (with and without the patient in place,

FIGURE 1. Graphical representation of overall study design. Safety was assessed by monitor-

ing vital signs, physical examination, electrocardiograms, clinical laboratory tests, and adverse

events. In addition, subject’s parent or legal guardian was contacted by telephone or visited

within the hospital at 24 ± 12 h and again at 14 d after completion of rest or stress study for

safety evaluations. Dosimetry was assessed by acquiring series of whole-body images at time

points specified above. Pharmacokinetics were assessed by collection of blood and urine sam-

ples at time points specified above. PK 5 pharmacokinetics.
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respectively, and both before injection of the patient) were obtained

using 1 head of a dual-head g camera before dose administration with
an external 57Co flood source or a 99mTc-filled flood source.

After 99mTc-sestamibi administration, anterior and posterior whole-
body images were acquired simultaneously with the same 2-head g

camera (in the 180� opposed configuration) with the patient supine at
nominal times of 15 min, 1 h, 4 h, and 8 h after dose administration. A

small calibrated reference source (0.74–1.48 MBq [20–40 mCi] of
99mTc) was prepared with radioactivity assayed on the same dose cal-

ibrator at the site used for dose assay. This source was included within
the camera field of view but outside the patient’s body outline (typi-

cally next to the head) in each anterior–posterior whole-body scan.

Blood and Urine Sampling

Blood samples were collected in heparinized tubes (3 mL) before
injection and at 1, 5, 15, and 30 min as well as 1.5, 4, and 8 h after in-

jection. Duplicate aliquots were used for each sample. Baseline urine
samples were collected between 15 min and 2 h before the injection. All

urine up to 8 h after the injection was collected. Total volume for each
collection was measured and 2 aliquots obtained from each for 18F assay.

Dosimetry and Pharmacokinetic Analysis

Radiation dosimetry analysis was conducted by the dosimetry core

laboratory, CDE Dosimetry Services, Inc., from image data provided by
the participating sites. Absorbed radiation dose to the salivary glands,

total body, and standard organs (included in the age-appropriate MIRD

(11) pediatric phantoms (12)) were estimated. Organ retention was ob-
tained for all organs using regions of interest drawn around the whole

body as well as each of the visibly appreciable source organs. The whole
body was segmented into subregions of equal anterior–posterior thickness

to allow appropriate whole-body attenuation correction. Organ radioac-
tivity values were obtained by geometric mean of corresponding regions

corrected for attenuation and for activity contained within underlying and
overlying tissues. Values of the fractional injected radioactivity in each

organ were determined using the region-specific attenuation-corrected
whole-body counts value from the first image. Fractional injected doses

per organ were subjected to multiterm nonlinear regression using expo-
nential functions and the results integrated to obtain organ residence

times. Radiation doses were calculated from these data using OLINDA/
EXM, version 1.0.

Absorbed doses were reported in both mSv/MBq and rem/mCi for
each organ. Estimations of the effective dose equivalent (EDE) and

ED (both tissue-weighted measures of stochastic risk due to radiation
exposure) were determined in both mSv/MBq and rem/mCi using the

methodology described in International Commission on Radiological
Protection (ICRP) publication 26 (13) and ICRP publication 60 (14),

respectively. Descriptive statistics were calculated for organ retention
by nominal time, for residence times, and for dosimetry parameters

using the DE population. This was done as well for each analysis group
(rest children, rest adolescents, stress children, stress adolescents), for

combinations of these groups (children, adolescents, rest, and stress),
and for the overall DE population. The percentage injected dose (%ID)

per mL in blood samples was calculated by comparison with the 99mTc-
pertechnetate standards, and estimated whole-body volume was calcu-

lated assuming 70 mL of blood per kg of whole-body weight.
The primary pharmacokinetic endpoints were expressed in terms of

the %ID. Blood radioactivity was determined by radiometric g well
counter assay, and %ID per estimated whole-body blood volume

(WBBV) was calculated. After the initial enrollment (31 subjects

enrolled from January 2005 through September 2006), the pharmaco-
kinetic data were examined. After initial analysis, some inconsistency

in the pharmacokinetic standards was found due to the use of
99mTc-sestamibi to prepare the standards combined with human error

in performing assay dilutions and pipetting. The former was due to the

tendency of 99mTc-sestamibi to adhere to syringes and vessels during

dilution. We therefore substituted 99mTc-pertechnetate for 99mTc-sestamibi
for creation of the counting standards, validated the integrity of the

dilution procedure, and then revised the protocol and enrolled addi-
tional subjects. Before reinitiation of enrollment, well counters at each

of the sites were subjected to prespecified operational qualification.
Additionally, onsite guidance and staff training was provided during

initial and subsequent sample processing and g-counter analysis of
pharmacokinetic specimens as necessary. Subsequently, 48 additional

subjects were enrolled from March to May 2007, providing a total of
79 subjects. The 99mTc-pertechnetate standard was used in 47 of the

48 additional subjects. The remaining enrolled subject was deemed
not to be evaluable for pharmacokinetics and was excluded from the

analysis as were the earlier subjects for whom the standard was pre-
pared using 99mTc-sestamibi or for whom the blood sample assay was

performed incorrectly.
The radioactivity (in %ID) in blood over time (in h) was plotted

and the areas under the curve determined for each patient (using
trapezoidal and log-trapezoidal methods) between time zero and the

last radioactivity time point (AUC(0-T) [%ID h]). The curve was

extrapolated from zero to infinite time (AUC(INF) [%ID h]) and the
terminal elimination (T1/2 [h]) and mean residence time (MRT [h])

determined. Radioactivity (%ID) in urine after 99mTc-sestamibi ad-
ministration was also determined. The slope of the terminal phase

of the blood %ID–time profile was determined with the weighting
factor of 1 by the methods of least squares. T1/2 was estimated as

ln2/(slope of the terminal phase). MRT was calculated using the ratio
of area under the moment curve divided by the area under the curve.

Pharmacokinetic parameters were estimated with validated non-
compartmental analysis software (Kinetica, as part of Thermo Fisher

Scientific’s eToolbox, version 2.6.1; Thermo Fisher Scientific). The es-
timated pharmacokinetic parameters in blood were summarized in 2

groups: the PE population and separately in those who were in both
DE and PE populations. Pharmacokinetic parameters were not summa-

rized in subjects who were not evaluable for pharmacokinetics (PN).
Individual pharmacokinetic profiles of %ID in estimated WBBV were

provided using %ID versus time plots. The %ID in urine from 0 to 2 and
2 to 8 h after injection was summarized at each time point for all subjects

by PE and PN populations. Listings of %ID in urine for all subjects
were provided. However, urine pharmacokinetic parameter estima-

tion and pharmacokinetic profiling were not conducted.
ANOVA-based models were run to determine the significance of

rest–stress and child–adolescent effects in dosimetry and pharmaco-
kinetic endpoint results, and further tests of multiple comparison were

conducted using the Duncan multiple-range test at 5% comparison-
wise type I error between these analysis groups. These tests of com-

parison were post hoc. This study was not powered to test any a priori
hypothesis of clinically relevant differences, and the results of com-

parisons do not provide any statistical claims.
Safety assessments included adverse events (AEs, up to 24 6 12 h

after injection of 99mTc-sestamibi), serious adverse events (SAEs, up to
14 d after completion of the rest or stress whole-body imaging study),

vital signs (systolic and diastolic blood pressure and heart rate), electro-
cardiograms, laboratory values (hematology, chemistry, and urinalysis),

and limited physical examinations.

Statistical Methods

All statistical work was done using SAS software, version 8.02.

Within each analysis population (DE, PE, PN, and SA) results were

determined for each of the 4 analysis subgroups: children (age, 4–11 y),
rest study; children (age, 4–11 y), stress study; adolescents (age, 12–16 y),

rest study; adolescents (age, 12–16 y), stress study.
Descriptive statistics (n, mean, median, SD, minimum, and maxi-

mum) were calculated for all parameters derived from the whole-body
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images in the course of the dosimetry analysis as well as pharmacoki-

netic parameters. ANOVA-based models were run on organ radioactiv-
ity, residence time, and radiation dose estimates for organs of importance

in dosimetry and pharmacokinetic endpoints. The study was not powered
to conduct intergroup comparisons in dosimetry or pharmacokinetic

results, as these comparisons are considered exploratory and post hoc.
Descriptive statistics (n, mean, median, SD, minimum, and maximum)

were calculated for all quantitative safety parameters. Frequencies and
percentages were determined for all qualitative safety parameters. All

summaries were based on the SA population, and AEs were coded using
the MedDRA dictionary.

RESULTS

Demographics

Seventy-eight patients were used in the overall analysis, among
whom the median age was 11.5 y (range, 4–16 y). Of these, 39

subjects were aged 4–11 (children), and 39 fell within the 12–16
age range (adolescents). Two thirds of the patients were male,
which roughly corresponds to the sex distribution of the conditions
for which the SPECT imaging is indicated (15,16). Forty-five
percent of subjects in the study self-identified (or were identified
by legal guardians) as Asian and 40% as White, which is consis-
tent with the expectations based on the disease indication and sites
of recruitment (Table 1).
Among the 31 subjects enrolled before the problems with the

blood sampling and analysis were identified, none were PE and 28
were DE (one for failure to inject due to inability to gain intravenous
access; another due to dose infiltration at the injection site; and
a third, for failure to acquire the necessary images). Of the 48
additional subjects, 18 were both DE and PE, 1 was DE but not PE
due to other problems with the pharmacokinetic standard, 28 were
PE and not DE as dosimetry images were not required for this

TABLE 1
Demographics of Study Population

Characteristic Children Adolescents Total

Mean age ± SD (y)

All 8.5 ± 2.04 (39) 13.6 ± 1.39 (39) 11.1 ± 3.10 (78)

Rest subjects 8.6 ± 2.18 (21) 13.5 ± 1.37 (22) 11.1 ± 3.07 (43)

Stress subjects 8.5 ± 1.92 (18) 13.8 ± 1.42 (17) 11.1 ± 3.18 (35)

Mean height ± SD (cm)

All 135.4 ± 14.68 (39) 162.3 ± 11.12 (39) 148.8 ± 18.70 (78)

Rest subjects 136.3 ± 12.65 (21) 162.0 ± 11.61 (22) 149.5 ± 17.68 (43)

Stress subjects 134.4 ± 17.07 (18) 162.5 ± 10.79 (17) 148.1 ± 20.10 (35)

Mean weight ± SD (kg)

All 34.5 ± 11.80 (39) 60.8 ± 18.40 (39) 47.7 ± 20.26 (78)

Rest subjects 35.1 ± 11.78 (21) 61.4 ± 18.97 (22) 48.6 ± 20.57 (43)

Stress subjects 33.9 ± 12.13 (18) 60.0 ± 18.18 (17) 46.6 ± 20.11 (35)

Sex (male/female)

All 26/13 26/13 52/26

Rest subjects 14/7 13/9 27/16

Stress subjects 12/6 13/4 25/10

Race (all) 39 39 78

White 16 15 31

Black 1 5 6

Asian 20 15 35

Other 2 4 6

Rest studies 21 22 43

White 9 11 20

Black 0 1 1

Asian 10 8 18

Other 2 2 4

Stress studies 18 17 35

White 7 4 11

Black 1 4 5

Asian 10 7 17

Other 0 2 2

Data in parentheses are n.
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second cohort, and finally 1 was neither PE nor DE nor SA due to
withdrawal of the subject before dosing. The subject who was
neither PE nor DE nor SA is therefore not among the subjects
evaluated. Overall, 18 subjects were both DE and PE, 29 were DE
but not PE, 28 were PE but not DE, 3 were evaluable only for safety,
and 1 was nonevaluable.

Dosimetry

For the 47 DE subjects, the largest mean estimated organ-
absorbed dose was to the upper large intestine (ULI) wall at 0.082
mSv/MBq (0.30 rem/mCi). The next largest absorbed doses in
decreasing order were to the small intestine (SI) wall at 0.043 mSv/
MBq (0.16 rem/mCi), the gallbladder wall at 0.042 mSv/MBq (0.16
rem/mCi), and the lower large intestine wall at 0.035 mSv/MBq
(0.13 rem/mCi). Significant differences were observed in liver, ULI
contents, and SI contents between rest and stress subjects (liver, P5
0.026; ULI, P 5 0.015; SI, P 5 0.0002) and between children and
adolescents (liver, P , 0.0001; ULI, P 5 0.0016; SI, P , 0.0001)
(Fig. 2).
The average EDE for 99mTc-sestamibi was 0.019 mSv/MBq

(0.072 rem/mCi). The average ED for 99mTc-sestamibi was
0.015 mSv/MBq (0.055 rem/mCi). Mean ED was significantly
higher in children than in adolescents (P , 0.0001). Similarly,
mean EDE was significantly higher in children than in adolescents
(P , 0.0001) (Table 2).

The rest–stress effect was significant in the models of residence
time in the liver (P 5 0.0025), SI contents (P 5 0.0015), and ULI
(P 5 0.002). This effect was consistent with the visual observa-
tions of shifts of radioactivity between rest and stress studies in the
organs of the hepatobiliary pathway. For %ID corrected for radio-
active decay, myocardial %ID reached a value of approximately
1.5%–2% at 15 min after injection, decreasing to about 1.2% at
4 h. In the lungs, the %ID was low, with a maximum of approxi-
mately 4.9% at 15 min after injection. Similar %ID values in the
myocardium and lung were obtained between all analysis groups.
Liver %ID was similar in both children and adolescents, but sig-
nificant differences (P , 0.0001) were observed between rest and
stress. In rest subjects, the %ID in the liver decreased rapidly from
a maximum of approximately 26% at 15 min to less than 9% at
90 min. With stress, values decreased from 15% at 15 min to 7% at
90 min. Significant differences between rest and stress of a similar
magnitude were also observed (P 5 0.0002) in the SI contents
(Figs. 3 and 4).

FIGURE 2. Example of dosimetry image from first whole-body emis-

sion imaging of subject 002-005, a 6-y-old female, shown using loga-

rithmic intensity scale without regions (A) and with regions (B). Image

data on both left and right are derived by taking geometric mean, pixel

by pixel, of anterior image and mirrored posterior image, both from first

time point. It is shown only for purposes of visual representation of

subject and organs with significant activity using both anterior and pos-

terior data. It was not used in this form for any calculations. Small

amount of radioactivity seen adjacent to subject’s left arm may be spot

of contamination after injection of compound.

TABLE 2
Absorbed Dose Estimates for All DE Subjects in mSv/MBq

Organ Mean SD Minimum Maximum

Adrenals 0.0074 0.0021 0.0048 0.012

Brain 0.0024 0.0011 0.00080 0.0053

Breasts 0.0027 0.0010 0.0012 0.0054

Gallbladder wall 0.042 0.031 0.011 0.19

Lower large

intestine wall

0.035 0.020 0.013 0.14

SI wall 0.043 0.023 0.013 0.11

Stomach wall 0.0087 0.0028 0.0053 0.016

ULI wall 0.082 0.046 0.019 0.24

Heart wall 0.010 0.0034 0.0057 0.021

Kidneys 0.023 0.0067 0.012 0.037

Liver 0.014 0.0053 0.0073 0.030

Lungs 0.0085 0.0026 0.0051 0.016

Muscle 0.0048 0.0014 0.0032 0.0084

Ovaries 0.018 0.0061 0.0093 0.037

Pancreas 0.0090 0.0029 0.0054 0.016

Red marrow 0.0076 0.0038 0.0039 0.022

Bone surfaces 0.011 0.0033 0.0068 0.020

Salivary glands 0.0057 0.0031 0.0014 0.014

Skin 0.0024 0.00088 0.0013 0.0049

Spleen 0.012 0.0043 0.0049 0.024

Testes 0.0040 0.0015 0.0018 0.0075

Thymus 0.0035 0.0013 0.0016 0.0068

Thyroid 0.0070 0.0038 0.0025 0.024

Urinary bladder

wall

0.027 0.012 0.010 0.060

Uterus 0.015 0.0055 0.0079 0.030

Total body 0.0061 0.0018 0.0041 0.011

ED 0.015 0.0060 0.0076 0.042

EDE 0.019 0.0078 0.0088 0.050
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The effects of all of these factors may be observed in Supplemental
Appendices 1 and 2 (supplemental materials are available at http://
jnm.snmjournals.org), in which the individual organ dosimetry as
well as both the ED and the EDE have been broken out by stress
versus rest and children versus adolescents.

Pharmacokinetics

For the 46 PE subjects in this study, the radioactivity after 99mTc-
sestamibi administration had similar blood pharmacokinetic profiles
in children and adolescents, whereas the profiles were significantly
different between rest and stress subjects (P 5 0.0013). The mean
%ID in WBBV was 53.5% at 1 min in stress subjects, followed by
a rapid decline to 5.1% at 5 min, compared with that of 28.4% at
1 min and 5.4% at 5 min in rest subjects. A similar trend was
observed in 18 subjects in the DE 1 PE population.
The mean 6 SD of the blood pharmacokinetic parameters for

the PE population, AUC(0-T), AUC(INF), terminal elimination
T1/2, and MRT, are summarized in Table 3 for the 4 analysis
groups.

The overall pharmacokinetic parameters (Table 4) for radioac-
tivity in blood after 99mTc-sestamibi administration were an AUC
(0-T) of 5.09 6 1.76 %ID�h, AUC(INF) of 6.59 6 2.59 %ID�h,
terminal elimination T1/2 of 3.45 6 1.13 h, and MRT of 3.62 6
1.27 h. Higher AUC values were observed in stress subjects (AUC
(0-T), P5 0.019; AUC(INF), P5 0.04) and in children (AUC(0-T),
P 5 0.0497; AUC(INF): P 5 0.026), with differences that were
statistically significant. No significant differences were observed
in terminal elimination T1/2 and MRT values. The overall mean
urinary excretion of radioactivity by 6 h was 13.8% 6 8.59%,
with the majority recovered during the first 2 h after 99mTc-
sestamibi administration. Urine excretion rates are included in
Table 4.

Safety Results

The overall incidence of AEs was 19%, and the incidence was
higher in children (28%) than in adolescents (10%). One child
experienced an SAE (asthma), and 1 child discontinued due to an

FIGURE 3. Whole-organ radioactivity as function of time in whole

body (A), heart wall (B), and lungs (C).

FIGURE 4. Whole-organ radioactivity as function of time in small

bowel (A), ULI (B), and liver (C).
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AE (infusion site reaction). Both events were considered unlikely
related to the study drug by the investigators (Table 5).
One adolescent had laboratory values that were considered

clinically significant (hematology values 8 6 2 h after injection),
and none of the subjects had positive urine values that were
considered clinically significant. Mean changes from baseline
in vital signs and electrocardiograms were not clinically
significant. Few physical examination result changes were
observed.

DISCUSSION

The study was developed in collaboration with the Food and
Drug Administration, with a planned enrollment of 24 subjects.
However, technical issues with the preparation of the pharmaco-
kinetic standard and with on-site g-counter analysis led to an in-
crease in enrollment to 79 subjects (with 78 subjects dosed). Of
these, image acquisition and quantification for dosimetry estimates
were conducted in 47 subjects.

99mTc-sestamibi is a Food and Drug Administration–approved
myocardial perfusion imaging agent that is indicated for detect-
ing coronary artery disease in adults by localizing myocardial
ischemia (reversible defects) and infarction (nonreversible

defects), for evaluating myocardial function, and for developing
information for use in patient management decisions. 99mTc-
sestamibi is widely used in children for a variety of indications,
ranging from the assessment of cardiac complications in Kawasaki
disease to the management of transplant patients and patients with
congenital defects of the heart, coronary circulation, and great
vessels.
In common with all nuclear medicine procedures, studies using

99mTc-sestamibi result in a modest radiation dose to the patient.
Although several studies have been conducted to assess the radia-
tion dose due to 99mTc-sestamibi in adults (4), and these results have
been mathematically extrapolated to children (5,17), no studies have
been conducted in children to determine the best estimate of radi-
ation dose. Mathematic extrapolation can account for differences in
organ size and position between adults and children, but it assumes
that the biologic distribution of the radiopharmaceutical is the same
in both. This is a significant potential source of differences in the
organ-by-organ radiation dose estimates. Accurate, age-dependent
radiation dose data are an important component in deciding the
frequency of use and administered dose of 99mTc-sestamibi in chil-
dren and adolescents. In addition, no data currently exist document-
ing the safety and pharmacokinetic properties of 99mTc-sestamibi in
this population.

TABLE 3
Pharmacokinetic Measures (%ID in Estimated WBBV) in Blood by Time Point (PE Population)

Analysis group 1 min 5 min 15 min 30 min 1.5 h 4 h 8 h

Rest subjects

Children 38.6 ± 20.57 4.5 ± 1.46 1.7 ± 0.79 1.2 ± 0.45 0.7 ± 0.26 0.4 ± 0.18 0.3 ± 0.15

Adolescents 19.0 ± 21.78 6.2 ± 3.11 1.5 ± 0.55 1.0 ± 0.45 0.6 ± 0.22 0.3 ± 0.09 0.2 ± 0.07

All 28.4 ± 23.05 5.4 ± 2.62 1.6 ± 0.67 1.1 ± 046 0.6 ± 0.25 0.4 ± 0.14 0.3 ± 0.12

Stress

Children 52.8 ± 17.31 4.9 ± 1.46 2.1 ± 0.81 1.4 ± 0.54 0.8 ± 0.26 0.4 ± 0.16 0.3 ± 0.16

Adolescents 54.3 ± 22.08 5.4 ± 1.81 2.0 ± 0.34 1.3 ± 0.21 0.7 ± 0.14 0.3 ± 0.12 0.3 ± 0.10

All 53.5 ± 22.11 5.1 ± 1.60 2.0 ± 0.62 1.4 ± 0.42 0.7 ± 0.21 0.4 ± 0.15 0.3 ± 0.14

Total 38.8 ± 24.68 5.3 ± 2.20 1.8 ± 0.67 1.2 ± 0.45 0.7 ± 0.23 0.4 ± 0.14 0.3 ± 0.13

Data units are mean ± SD.

TABLE 4
Overall Pharmacokinetic Values and Mean Urinary Excretion Fraction for PE Group

Pharmacokinetic values Urinary excretion fraction

Analysis group AUC(0-T) (%ID⋅h) AUC(INF) (%ID⋅h) Terminal T1/2 MRT 0–2 h 2–8 h Total excretion

Rest

Children (n 5 13) 5.21 ± 1.81 6.86 ± 2.85 3.50 ± 1.20 3.73 ± 1.35 13.1 ± 5.0 4.8 ± 3.04 13.9 ± 6.63

Adolescents (n 5 14) 4.04 ± 1.37 5.13 ± 1.65 3.13 ± 0.84 3.51 ± 1.12 15.0 ± 8.35 6.8 ± 5.14 17.2 ± 11.73

Stress

Children (n 5 10) 6.11 ± 1.97 8.20 ± 3.07 4.13 ± 1.19 4.22 ± 1.32 12.6 ± 5.15 6.5 ± 2.96 13.4 ± 6.54

Adolescents (n 5 9) 5.43 ± 1.32 6.66 ± 1.82 3.10 ± 1.17 2.96 ± 1.19 10.1 ± 3.72 3.3 ± 1.62 8.4 ± 5.30

Overall (n 5 46) 5.09 ± 1.76 6.59 ± 2.59 3.45 ± 1.13 3.62 ± 1.27 13.2 ± 6.09 5.4 ± 3.77 13.8 ± 8.59

AUC data units are mean ± SD time (h); urinary excretion units are expressed in %ID.
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In adults (4), the ULI wall was the critical organ, receiving 4.66
and 4.77 rad for stress and rest studies, respectively, after a 1,110-
MBq (30-mCi) dose and assuming a 2-h voiding interval, equivalent
to 0.155 and 0.159 rem/mCi (0.042 and 0.043 mSv/MBq), respec-
tively. Subsequent recalculation, as documented in ICRP 80, reduced
the values in the ULI to 0.027 mSv/MBq at rest and 0.022 mSv/MBq
with stress (17). This recalculation also resulted in the identification
of the gallbladder wall as the critical organ (0.036 mSv/MBq rest,
0.033 mSv/MBq stress). Blood pharmacokinetic information on
99mTc-sestamibi was reported in adult subjects during rest and post-
exercise (4). This study also demonstrated that the decay-corrected
blood clearance approximated a dual exponential curve with an initial
fast component, with highly variable 36 6 18 %ID peak activity at
1 min, 9 6 0.6 %ID at 5 min, and a later slow component, falling to
less than 1% within 1–2 h after injection. Data from the 99mTc-
sestamibi package insert indicate that the hepatobiliary system pro-
vides the major pathway for clearance of 99mTc-sestamibi in adults,
with 27 %ID excreted in urine.
In this study, the largest mean estimated organ-absorbed dose

among all 47 DE subjects was to the ULI wall at 0.082 mSv/MBq
(0.03 rem/mCi). The next largest absorbed organ doses in decreasing
order were to the SI wall at 0.043 mSv/MBq (0.16 rem/mCi), to the
gallbladder wall at 0.042 mSv/MBq (0.16 rem/mCi), and to the lower
large intestine wall at 0.035 mSv/MBq (0.13 rem/mCi). The average

EDE for 99mTc-sestamibi was 0.019 mSv/MBq (0.072 rem/mCi).
The average ED for 99mTc-sestamibi was 0.015 mSv/MBq (0.055
rem/mCi).
It was possible to compare the injected dose per kg of body mass

yielding 50 mSv to the critical organ derived from this study with
clinical practice. For rest adolescents, using the body mass for the
15-y-old phantom, the result was 12 MBq/kg (0.31 mCi/kg).
For rest children, using the average of the body mass from the 5-y-

and 10-y-old phantoms, the value was 16.9 MBq/kg (0.46 mCi/kg).
The equivalent value for adults using the data from ICRP publication
80 (17) was 18.2 MBq/kg (0.50 mCi/kg). From the 99mTc-sestamibi
package insert, this value was 14.7 MBq/kg (0.40 mCi/kg). The
practice guideline for myocardial perfusion imaging in adults from
the Society of Nuclear Medicine and Molecular Imaging suggests
a dose of 1,110 MBq (30 mCi) per injection. Assuming a 70-kg
patient, this yields 16 MBq/kg (0.43 mCi/kg). The values seen in
both adolescents and children were similar in this study to both the
guideline limiting dose and the current clinical practice for adults.
The observation that the calculated limiting injected dose for ado-
lescents was smaller than that for both children and adults raised the
likelihood that the difference was more the result of variations in
population and methodology than an observable change in the data.
This suggests that the calculation of administered dose in pediatric
subjects using body mass normalization based on the adult value

TABLE 5
Tabulation of Adverse Events

Primary system/organ Children (n 5 39) Adolescents (n 5 39) Total (n 5 78)

Any AE 11 4 15

General disorders and administration site reactions 4 1 5

Infusion site reaction 2 0 2

Chest pain 0 1 1

Fatigue 0 1 1

Infusion site pain 1 0 1

Pyrexia 1 0 1

Gastrointestinal disorders 3 0 3

Diarrhea 2 0 2

Flatulence 1 0 1

Nausea 1 0 1

Skin and subcutaneous disorders 3 0 3

Hyperhidrosis 1 0 1

Pruritis 1 0 1

Skin irritation 1 0 1

Nervous system disorders 0 2 2

Dizziness 0 1 1

Headache 0 1 1

Cardiac disorders 0 1 1

Atrioventricular block first degree 0 1 1

Eye disorders 1 0 1

Scleral hyperemia 1 0 1

Musculoskeletal and connective tissue disorders 1 0 1

Pain in the extremities 1 0 1

Respiratory, thoracic, and mediastinal disorders 0 1 1

Asthma exercise induced 0 1 1
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appears to be an appropriate practice, but pediatric doses should
remain in the low end of recommended ranges.
In addition, the results of this study are comparable to the

extrapolated values calculated using adult biodistribution data and
phantoms representing children and adolescents. The value for
adolescents in this study at rest (0.013 mSv/MBq) and stress
(0.0099 mSv/MBq) is similar to the extrapolated value for the 15 y
old (0.012 and 0.01 mSv/MBq for rest and stress, respectively).
Similarly, the estimates for children at rest (0.02 mSv/MBq) and
stress (0.017 mSv/MBq) fall between the extrapolated values for
the 5 and 10 y olds (0.028 and 0.018 mSv/MBq) at rest and stress
(0.016 and 0.023 mSv/MBq), suggesting that the primary
contributor to the increased radiation dose to adolescents and
children for 99mTc-sestamibi is the physical difference among the
dosimetry models.
The blood %ID in WBBV was characterized by a rapid decline to

5 min after 99mTc-sestamibi administration, followed by a slower
decline in the subsequent time points up to 6 h in the PE population.
A similar trend was observed in the subset of 18 subjects in the DE1
PE population. A significant difference was observed in %ID in
WBBV over time between rest and stress subjects (P 5 0.0013).
The urinary excretion data were obtained from a nominal 8-h period,
instead of a 24-h collection, because of difficulty in keeping the
subjects and their families at the study site.

99mTc-sestamibi was well tolerated in this pediatric study popula-
tion. The overall incidence of AEs was 19%, and the incidence was
higher in children (28%) than in adolescents (10%). The only AEs
experienced by at least 2 subjects in any group were diarrhea and
infusion site reaction (2 subjects [3%] each). No deaths were
reported. One child experienced an SAE (asthma) and 1 child dis-
continued due to an AE (infusion site reaction). Both events were
considered unlikely related to the study drug by the investigators.

CONCLUSION

In this correspondence we presented the result of a phase I–II study
for 99mTc-sestamibi in a pediatric population. Estimates of radiation
dosimetry for 99mTc-sestamibi were similar to published extrapola-
tions for children derived from studies in adults; therefore, current
dosing regimens are appropriate. The pharmacokinetic parameters,
AUC, T1/2, and MRT, were estimated in this pediatric population.
The pharmacokinetic profile of %ID in blood in the study was also
similar to the relevant published adult information.
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