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Abstract

The practice of nuclear medicine in children is well established for imaging practically all
physiologic systems but particularly in the fields of oncology, neurology, urology, and orthopedics.
Pediatric nuclear medicine yields images of physiologic and molecular processes that can provide
essential diagnostic information to the clinician. However, nuclear medicine involves the
administration of radiopharmaceuticals that expose the patient to ionizing radiation and children
are thought to be at a higher risk for adverse effects from radiation exposure than adults. Therefore
it may be considered prudent to take extra care to optimize the radiation dose associated with
pediatric nuclear medicine. This requires a solid understanding of the dosimetry associated with
the administration of radiopharmaceuticals in children. Models for estimating the internal
radiation dose from radiopharmaceuticals have been developed by the Medical Internal Radiation
Dosimetry Committee of the Society of Nuclear Medicine and Molecular Imaging and other
groups. But to use these models accurately in children, better pharmacokinetic data for the
radiopharmaceuticals and anatomical models specifically for children need to be developed. The
use of CT in the context of hybrid imaging has also increased significantly in the past 15 years,
and thus CT dosimetry as it applies to children needs to be better understood. The concept of
effective dose has been used to compare different practices involving radiation on a dosimetric
level, but this approach may not be appropriate when applied to a population of children of
different ages as the radiosensitivity weights utilized in the calculation of effective dose are not
specific to children and may vary as a function of age on an organ-by-organ bias. As these gaps in
knowledge of dosimetry and radiation risk as they apply to children are filled, more accurate
models can be developed that allow for better approaches to dose optimization. In turn, this will
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lead to an overall improvement in the practice of pediatric nuclear medicine by providing excellent
diagnostic image quality at the lowest radiation dose possible.

Introduction

Pediatric nuclear medicine has many applications within the fields of oncology, cardiology,
neurology, endocrinology, urology, gastroenterology, and orthopedics.! According to the
National Council on Radiation Protection and Measurements (NCRP) 160 report, nuclear
medicine procedures have increased from 6.3 million in 1984 to 18 million in 2006 with
approximately 1% of these procedures performed on children.? This has led to an increase in
per capita annual radiation dose to the US population from nuclear medicine procedures
from 0.14 mSv in 1982 to 0.8 mSV in 2006. However, it is important to note that the largest
fraction of this dose is attributed to nuclear cardiology, a procedure not commonly
performed in children. Table 1 lists the number and relative frequency of pediatric nuclear
medicine procedures performed at 10 hospitals in 2005.3 Approximately 25,500 studies were
performed in the 10 hospitals surveyed that year. The most common procedures were for the
evaluation of the kidneys and bone disorders, with smaller but significant numbers of
procedures for oncology and neurology applications.

Nuclear medicine imaging provides potentially life-saving information regarding
physiological and molecular processes. Such imaging can be particularly valuable in
children and infants wherein the rapid and unequivocal diagnosis of developmental or
pathological concerns is essential for the health of these patients. Because of the increased
utilization of radiologic procedures, the resultant ionizing radiation exposure has become a
topic of considerable discussion. While engaging in this discourse, it is important to consider
the benefits of nuclear medicine, as well as the potential risk associated with radiation
exposure when deciding what is best for the patient. In weighing these risks it is important to
accurately estimate the radiation dose from the medical use of radiopharmaceuticals and the
impact of reduced dose on image quality.

Providing the appropriate administered activity to pediatric patients is particularly important
because of their increased risk from radiation exposure as compared with adults.*®
Children’s vulnerability to ionizing radiation is due in part to the enhanced radiosensitivity
of their tissues. Additionally, there is a longer time period over which stochastic radiation
effects may manifest. According to the Biological Effects of lonizing Radiation (BEIR) VII
Phase 2 Report of the U.S. National Academy of Sciences, the carcinogenic risk of radiation
may be two to three times higher in children than in adults, although this risk varies
according to organ and tissue type.% When estimating pediatric radiation dose it is also
important to consider gender since there is a higher risk associated with dose to breast tissue
in females than in males. Current effective dose-based metrics are not age or sex specific,
tantamount to applying the radiosensitivity averaged over age and gender to that of a child.
The authors of this article are currently addressing these limitations, as will be discussed.
Finally, we have demonstrated that accounting for body habitus (height and weight) and
organ-size differences yields greater accuracy than a weight only based model.”
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In current clinical practice, dosing for pediatric molecular imaging is based on consensus
guidelines that provide consistency while preserving adequate diagnostic image quality.®
These guidelines do not rigorously consider the tradeoff between image quality, as measured
by performance on the relevant diagnostic task, and potential risk to the patient. We are
currently using state-of-the-art simulation, image quality evaluation and radiation dosimetry
tools to examine dose optimization methods in a much more rigorous and scientifically
validated manner. This approach can lead to clinically implementable administered activity
and dose optimization techniques for pediatric, and potentially adult, nuclear medicine and
molecular imaging on par with national efforts to reduce doses in pediatric and adult CT and
fluoroscopically guided interventions.

In this article, the most recent data describing the growing use of nuclear medicine in
children will be described in addition to the basic concepts regarding the estimation of
radiation dose in these patients. The biokinetic models developed by the authors to more
accurately reflect pediatric dose risk will also be elucidated. Finally, the case of dose
optimization will be presented as an example of how better dosimetric models can lead to
improvements in pediatric nuclear medicine.

Dosimetry of Pediatric Nuclear Medicine

The models used for estimating the radiation dose to patients after the administration of
radiopharmaceuticals will be discussed in this section. As will be discussed, these estimates
do not apply to an individual patient but to models of patients assumed to be of a certain size
and physiology. Representative anatomical models and derived pharmacokinetic data will be
used that will not apply directly to any specific patient. Much of this discussion will center
around the need for better agent-specific pharmacokinetic models that are derived from
longitudinal measurements of agent distribution in children.

All dosimetric estimations for radiologic imaging, including pediatric nuclear medicine,
begin with organ dose estimates. In nuclear medicine, this involves the radiation dose to a
particular target organ (r7) from a particular source organ (rs). The radiation dose to the
target organ, referred to as D (ry7), can be summarized by the formalism developed by the
Medical Internal Radiation Dosimetry Committee of the Society of Nuclear Medicine and
Molecular Imaging:

D(TT):ZSA(TS) ) 1)

where A(rg) is the time-integrated activity in a selected source organ (rs) and S(ry<—ry) is
the radionuclide-specific quantity (ie, the Svalue) representing the mean dose to the target
organ per unit activity present in the source organ.® The radiopharmaceutical of interest may
distribute to a number of source organs. For example, 18F FDG may distribute to the brain,
heart, liver, kidneys, bladder, and the remaining soft tissue. Z s indicates summing over all
source organs in which the radiopharmaceutical distributes to determine the total dose to the
target organ.
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S(r<rs) is given by

S(rp TS):ZZ,AZ' wi/M, @)

where A;is the mean energy per nuclear transformation for the ih radiation emitted by the
radiopharmaceutical, ¢is the fraction of energy emitted by the /th radiation from the source
organ that is absorbed by the target organ, and Myis the mass of the target organ. A
particular radionuclide associated with a radiopharmaceutical typically emits several
radiations. For example, 18F emits positrons and 511-keV annihilation photons along with
other less abundant radiations. X, indicates summing over all radiations, 7, emitted by the
radionuclide. The Svalue is a physical parameter relying on the radionuclide’s decay
scheme as well as the size, orientation, and spacing of organs within the patient. There are
different models for the various types of patients, such as men, women and children, to yield
appropriate values for ¢ and M7 For tissue self-dose, the absorbed fraction, ¢,is often
considered to be 1.0 for nonpenetrating radiation (eg, beta particles including positrons) and
less than 1 for gamma and x-rays. Also, ¢/ Mris referred to as the specific absorbed
fraction.

In simple cases, the time-integrated activity, A (rs), may be given by the following equation:

A(rs)=144 A, FToip  (3)

and represents the total number of decays. It depends on the amount of administered activity
(A, in BQ), the fraction of activity that goes to the source organ (F) and the clearance of the
radiopharmaceutical ( 7.z). Fdepends on the particular radiopharmaceutical administered
and the specific uptake of the patient. 7zis given by the following equation:

Tep=Ty + T} [Ty+T), 4)

where Tgrepresents the effective clearance half-life, which accounts for both biological
clearance, 7, and the physical radioactive half-life, 75 Tgis often exponential although
there are exceptions such as the bladder. It is important to note that these estimates do not
apply to a specific patient. In fact, the uncertainty of these estimates when applied to
individual patients could be 100%.10 This uncertainly could be even higher when applied to
children.

There are several factors that affect the radiopharmaceutical dose to children including the
radiopharmaceutical administered, the organ distribution of the administered
radiopharmaceutical and the clearance of the radiopharmaceutical.
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Pharmacokinetic Modeling

The estimation of A requires knowledge of the pharmacokinetics (PK) of the
radiopharmaceutical in terms of both uptake and clearance represented by Fand 7.z
respectively, in the previous equation. Typically, PK is initially based on animal experiments
and later replaced by more accurate estimates from human data. To correctly assess absorbed
dose for pediatric patients, age-specific PK are required. The International Commission on
Radiological Protection (ICRP) has published an extensive set of absorbed dose estimates
and corresponding PK data.1! Though the available calculations include absorbed and
effective doses to children, the biokinetic models used in these calculations are typically
derived from adult data, and the applicability of these models to children has yet to be
ascertained.

There are a number of studies that have reported PK data for FDG in pediatric patients2-17;
however, these studies provide PK data only for the brain and, in one case, the bladder.13 We
have developed a pharmacokinetic model of FDG applicable to premature infants and small
children (<5-year old), which may be used to generate model-derived time-integrated
activity coefficients and absorbed dose calculations for these patients.18

To develop this PK FDG model applicable to pediatric patients, the FDG compartmental
model developed by Hays and Segall for adults was adjusted according to a combination of
published data from infants, as well as retrospective data collected at Boston Children’s
Hospital (BCH). We found that the developed PK models differed substantially from adult
PK models, which can have considerable impact on the dosimetric models for pediatric
patients. This approach may be used as a model for estimating dosimetry from other
radiopharmaceuticals in children.

As part of an ongoing dose-optimization effort, we have measured the renal uptake of
99mTc. dimercaptosuccinic acid (DMSA), a renal cortical imaging agent, in a wide age-
range of pediatric patients from BCH; the collection of these data are essential for the PK
model development of this radiopharmaceutical. To establish a PK model for °MTc-DMSA
applicable to pediatric patients of different ages, we retrospectively evaluated the renal
uptake of this agent in 36 children from BCH, ranging in age from 1-16 years old. The
percent injected activity present in the kidneys was estimated and compared with model
prediction. The measured percent injected activity in the kidneys was independent of age
and weight at 3.0 + 0.6 hours postinjection. Our preliminary PK model for 9°MTc-DMSA
successfully fits the renal imaging data from BCH and the pediatric clinical data on liver,
spleen and whole-body found in literature reports. Measurements of renal uptake of %MTc-
DMSA in pediatric patients from BCH provide a valuable data set for further PK model
development. Further validation of the PK model depends on the availability of longitudinal
imaging data in pediatric patients for this agent. Ultimately, these approaches will be applied
to other radiopharmaceuticals commonly used in children.
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Computational Phantoms

Estimation of the Svalue requires knowledge of both the radionuclide used and a model of
the patient that includes estimates of the size and orientation of the various organs as well as
their distance to other organs or tissues of interest. Anthropomorphic phantoms are used to
model patients of different sizes (Fig. 1).1° Several groups, including the University of
Florida and the RADAR Task Group of the Society of Nuclear Medicine and Molecular
Imaging, have provided more realistic depictions of reference adult, pediatric and pregnant
female bodies and organs by using non-uniform rational B-splines (NURBS), a surface
representation technique.20

A series of computational phantoms have been developed that realistically portray the
anatomy of the pediatric patient population, which can be used to develop and validate
techniques to optimize pediatric nuclear medicine with respect to radiation dose and image
quality. A population of 48 hybrid phantoms consisting of NURBS and polygon meshes was
generated. The representative ages included the newborn, 1-, 5-, 10-, and 15-year-old males
and females. For each age, the phantoms were modeled at their 10th, 50th, and 90th height
percentile, each at a constant 50th weight percentile, to investigate the effect of body
morphology at different ages. To test the impact of kidney size, the newborn phantoms were
modeled with the following three kidney volumes: —15%, average, and +15%. To illustrate
the impact of different organ morphologies on dose optimization, we calculated the effective
dose for each phantom using weight-based °™Tc-DMSA activity administration.

For a given patient weight, body habitus had a considerable effect on effective dose.
Substantial variations were observed in the risk index between the 10th and 90th percentile
height phantoms from the 50th percentile phantoms for a given age, with the greatest
difference being 18%. There was a dependence found between kidney size and the risk with
the highest risk indices observed in patients with smaller kidneys. Overall, the phantoms and
techniques in this study can be used to refine dosing guidelines for pediatric nuclear imaging
studies while taking into account the effects on both radiation dose and image quality.

Effective Dose

Effective dose (ED) was developed by the ICRP to provide a single number parameter for
radiation-risk to allow different enterprises involving radiation exposure to be compared.?!
ED is equivalent to the absorbed dose given to the whole body of the patient that would
result in the same stochastic biological effect as the actual collection of organ absorbed
doses. It is calculated by taking a weighted sum of the absorbed doses delivered to
individual organs, where each organ is weighted by its radiation sensitivity to stochastic
effects. The formula is as follows:

ED=> H, x W, ©)

where H7ris the equivalent dose to organ 7and Wfris the radiosensitivity weight assigned to
that organ. The radiosensitivity weights were recently updated.?? Effective dose is based on
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a population-based estimate of radiation risk and does not apply to a specific patient (Table
2). Equivalent dose is the absorbed dose adjusted by the appropriate radiation weighting
factors to account for the differential biological effects of different radiation types. For
photons and electrons this factor is 1 so that for all diagnostic imaging agents equivalent
dose, H, is equal to absorbed dose, D. The ICRP has published standardized dose estimates
for many radiopharmaceuticals.!! Table 3 presents data for five procedures commonly
performed in children.

Dosimetry of CT

Over the past 15 years, hybrid imaging has gone from a technological advance to an
essential component of the diagnostic armamentarium. The combination of the ability to
image physiologic and molecular processes along with the outstanding anatomical detail
provided by CT provides invaluable clinical information, particularly in oncology. In fact,
PET/CT has been so successful that whole-body PET-only devices have not been marketed
by any major manufacturer for over a decade. The application of SPECT/CT has also been
very successful, particularly for certain clinical applications. In many cases, a second,
diagnostic CT scan is obtained in addition to that acquired during the hybrid imaging
session. The application of CT in the context of hybrid imaging is quite variable. In some
cases, the hybrid-based CT is acquired as a low-dose study only for attenuation correction
and anatomical correlation; in other instances, it is acquired as a fully diagnostic study
extended over the entire PET or SPECT field of view.

There are many factors that affect CT dose such as tube voltage (in kVp), tube current time
product (in mAs), collimation and regional extent.23 By reducing the current, fewer x-rays
are emitted. This is useful when imaging thinner or less attenuating parts of the body (ie, the
lungs). Table speed or “pitch” also affects CT dose. Pitch is defined as the distance traversed
by the bed during 1 rotation of the x-ray tube divided by the collimated beam width. Thus, a
higher pitch is equivalent to a faster bed speed and a lower dose. The use of automated
exposure control can also affect CT dose. Dose can also be reduced by constraining
exposure to a limited field of view, which is especially appropriate for high-dose
applications. One example would be a parathyroid scan when the clinician is solely
interested in the neck and the thorax. In comparison, an oncologic PET/CT scan may extend
from the base of the patient’s skull to mid-thighs.

The CT dose index (CTDI) is defined as the dose delivered at certain locations within
standard acrylic, cylindrical phantoms (16- and 32-cm diameter for the head and whole-body
phantoms, respectively). If CTDI is averaged over several locations within the phantom
(central and peripheral) and normalized by the pitch, it is referred to as CTDl,,;. The dose-
length product (DLP in units of mGy c¢cm) is the product of the CTDI,, and the axial length
of the CT acquisition. Values of CTDI,, and DLP are typically displayed on the CT
operator’s console during an acquisition.23

These values do not represent the radiation dose to a particular patient, but to the standard
phantoms. However, if the size of the patient is known, the CTDI can be modified and
reported as the size-specific dose estimate.2* A series of anthropomorphic phantoms
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composed of tissue-equivalent material has been used to estimate the radiation dose to
patients of varying sizes from CT in both PET/CT and SPECT/ CT (Table 4).25 For the same
CT acquisition parameters, the dose to a newborn is approximately twice that of a medium-
sized adult. Several groups have developed and used computerized phantoms for the
estimation of CT dose to children and have corroborated these findings.26:2” Therefore, CT
acquisition parameters should be reduced for smaller patients.28:29 As with
radiopharmaceutical dosimetry, these estimates are averages for patients of different ages,
and the radiation dose to a particular individual may vary.

Dose Optimization

The practice of pediatric nuclear medicine should be optimized such that the diagnostic
quality of the procedures is maintained at a high level while, at the same, minimizing any
potential risk. As stated previously, this can be particularly problematic in children given the
wide variation in both anatomy and physiology. As a result, pediatric procedures should be
optimized as a function of patient size and age. For these reasons, it is essential to develop a
more complete understanding of the radiation dosimetry and pharmacokinetics associated
with the use of radiopharmaceuticals in children as described in this manuscript. Also,
knowledge of the amount of the radiopharmaceutical going to the organ system of interest
(eg, the amount of 99MTc DMSA that distributes to the renal cortex) can be helpful in
optimizing both the acquisition and the reconstruction of the subsequent study, leading to
further improvements in image quality.

In general, dose optimization of an imaging modality involves the evaluation of the radiation
absorbed dose associated with the procedure and the relationship between dose and the
diagnostic image quality. In many instances, the administered activity is used as a surrogate
for absorbed dose to the patient since it is linearly related to the absorbed dose of an organ of
interest, as shown in Eq. (1). This may be a reasonable approach for a series of patients of
similar body size and physiology, but is less appropriate for a population of children of
mixed ages. The effective dose could be calculated to account for varying size, distance, and
orientation of individual organs within patients, but will not correct for variations in
radiosensitivity of the organs as a function of age. Our group has sought to develop an
optimization model that takes variations in both anatomy and radiosensitivity into account,
and has found that this can change the optimization as a function of both body habitus and
organ size.”

The diagnostic image quality can be characterized either subjectively or quantitatively.
Observers could simply judge the level of image quality on a subjective scale such as 1 for
poor and 5 for excellent. We have been involved in several investigations including dose
optimization projects in children involving 99MTc DMSA SPECT, 99MT¢ MDP SPECT,
99mMTc MAGS3 renal scans and 99™Tc IDA hepatobiliary scans.30-33 In this regard, it may be
helpful if this judgment is made by the observer in the context of rendering an interpretation
that the referring physician will find useful. Alternatively, the image quality could be
characterized by an observer performance study using either a model observer such as the
Channelized Hotelling Observer model or a collection of trained human observers. This
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approach has also been applied to dose optimization in pediatric nuclear medicine by our

group.34

Conclusion

The goal for every pediatric molecular imaging study is to obtain the best diagnostic
information employing the highest quality standards, in the shortest period of time, and with
the lowest patient radiation exposure. Meeting this goal requires accurate anatomical and
pharmacokinetic models of patients as a function of age, accurate dose estimates, and
knowledge of the effect of dose on image quality. In this time of hybrid imaging, it is also
important to understand the contribution to the patient’s absorbed dose from CT. Although
our ability to estimate radiation dosimetry has advanced quite significantly over the past few
decades, gaps in the current knowledge still exist, particularly with respect to these estimates

in children.

The practice of pediatric nuclear medicine with respect to the amount of
radioactivity administered as a function of patient size for the procedures
commonly performed in children and the use of CT in the context of hybrid
imaging needs to be better understood.

The further development of anatomical models as a function of body size and
habitus including radiation dosimetry at the sub-organ level must continue.

The relationship between administered activity and patient size and weight needs
to be better understood.

The PK of radiopharmaceuticals routinely used in children needs to be better
characterized as a function of age and physiologic maturity.

Variations in organ radiosensitivity as a function of age and gender should be
incorporated into models for dose optimization.

Tools should be made available that can assist the practitioner of pediatric
nuclear medicine to better optimize the imaging procedures in their individual
clinics.

These advancements would not only lead to more accurate radiation dosimetry in these
patients, and, ultimately, will lead to improvements in the clinical practice of pediatric
nuclear medicine and better long term outcomes for patients.
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Figure 1.
Realistic CT-Based Scalable NURBS-Based Computational Phantom. (Adapted with

permission from O’Reilly et al.” © IOP Publishing. Reproduced with permission. All rights
reserved.)
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Table 2

Tissue or Organ

Effective Dose Weights

Gonads

Red bone marrow
Lung

Colon

Stomach
Breast

Bladder

Liver
Esophagus
Thyroid

Skin

Bone surface
Brain

Salivary glands
Remainder

Total

0.08
0.12
0.12
0.12
0.12
0.12
0.04
0.04
0.04
0.04
0.01
0.01
0.01
0.01
0.12
1.00
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