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ABSTRACT

This presentation will review and describe the
development of pediatric phantoms for use in
radiaticr dose calculations. The development of
pediatric models for dose calculations essentially
paralleled that of the adult. In fact, Snyder and Fisher
at the Oak Ridge National Laboratory reported on a
series of phantoms for such calculations in 1966 -
about two years before the first MIRD publication on
the adult human phantom. These phantoms, for a
newborn, one-, five-, ten-, and fifteen-year old, were
derived from the adult phantom. The "pediatric11

models were obtained through a series of
transformations applied to the major dimensions of
the adult, which were specified in a Cartesian
coordinate system. These phantoms suffered from the
fact that no real consideration was given to the
influence of these mathematical transformations on
the actual organ sizes in the other models nor to the
relation of the resulting organ masses to those in
humans of the particular age. Later, an extensive
effort was invested in designing "individual" pediatric
phantoms for each age based upon a careful review of
the literature. Unfortunately, the phantoms had
limited use and only a small number of calculations
were made available to the user community. Examples
of the phantoms, their typical dimensions, common
weaknesses, etc. will be discussed.
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INTRODUCTION

In any use of a radioactive material for
diagnostic or therapeutic purposes, the quantity of
concern has always been the radiation absorbed dose.
Early evaluations used very simple assumptions and
the dose estimate was, in many ways, very crude (1).
Later, mathematical descriptions of simple volumes
were used widely to describe organs and tissues of
the body for use in radiation dose calculations. Early
calculations employed simple shapes such as
cylinders, ellipsoids, and spheres (2,3,4). In the
1960's the use of mathematical phantoms
representing an adult male was introduced with the
most notable model being that of Fisher and Snyder
(5). As a parallel effort, smaller phantoms,
representing children, were developed by these
authors. These developments were almost certainly in
direct response to a paper entitled "Radionuclide
Doses to Infants and Children: A Plea for a Standard
Child" (6). The authors of this paper pointed to the
problems of dosimetry for other than the Standard Man
and recommended the development of phantoms of
ages 0- (newborn), 1-, 5-, 10-, and 15-years of age.

Development of phantoms representing children
of selected ages occurred at the Oak Ridge National
Laboratory (ORNL) almost simultaneously with the
development of the adult . The phantoms, called
"pediatric phantoms" were based almost exclusively
on the design of the adult with the largest of the
pediatric phantoms, i.e., the 15-year old, also serving
as a representation of the adult female.

This manuscript will serve as an historical
review of the early development of these phantoms
and discuss some of the early dose calculations. In
addition, the pitfalls of the early designs and
improvements which have been made will be reviewed.
The intent is to bring the status of the use of
pediatric phantoms in radiation absorbed dose
calculations up to the present day and to provide a
basis for discussions of the current set of phantoms
(7).
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EARLY SIMILITUDE PHANTOMS

In 1966, Fisher and Snyder reported on the
development of an adult phantom for use in radiation
absorbed dose calculations (5). The adult phantom
was assumed to be composed of three sections; head,
trunk including arms, and the legs. The phantom was
assumed to be standing erect with the arms at the
sides (enclosed in the trunk region), and the legs
together (enclosed in a single volume). A drawing of
the outside of the adult phantom is shown in figure 1.
Regions of little dosimetric concern were not
included, e.g., the hands, feet, ears, nose, etc. The
material in this early phantom was assumed to be
tissue and no attempt was made to model the lungs
nor the skeleton, that is, the phantom was
homogeneous throughout. Approximately 120
subregioins were defined in the phantom which were
used to assign approximate values of the absorbed
dose for organs located within the region. In some
cases, absorbed dose estimates for large organs
required the evaluation of the dose deposited in
several of these regions.

This phantom was accompanied by five other
phantoms representing children with ages of 0-
(newborn), one-, five-, ten-, and 15-years. These
early phantoms were assumed to have outer
dimensions which represented the average height,
surface area, and body mass of a child of the
particular age. All pediatric phantoms were obtained
by applying a set of simple transformations to the
axes of a Cartesian coordinate system in which the
adult phantom was located. Table 1 summarizes the
average weights and heights of these phantoms plus
the transformation factors.

It is clear, from the early publications of Ftsher
and Snyder, that the original intent of these phantoms
was not use in pediatric nuclear medicine, instead,
the initial calculations considered the uniform
distribution of >37Cs in the body and compared the
dose distribution in the adult to those in the smaller
phantoms. These calculations provided a simple
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relation between the absorbed dose rate in the body
per unit specific activity (in mCi/kg) and age in years.
The authors found also that their more realistic
calculations gave a total body dose rate which was
only one-half that obtained using the iCRP effective
radius technique - the accepted technique for such
calculations.

Within about one year, the phantoms develped at
ORNL had matured in terms of their completeness. In
1967, Fisher and Snyder reported on the development
of an adult phantom with 22 internal organs and more
than 100 subregions (8). It is important to mention
this adult phantom because it represents the next step
in the development of anthropomorphic phantoms
including the pediatric models. However, the adult
phantom remained homogeneous and no skeleton or
lung region was defined in terms of the assignment of
a different density for these regions. This point is
very misleading in that the early drawings of this
phantom indicated such regions but a careful reading
of the research reports clearly will confirm the
homogeneous composition. Estimates of the absorbed
dose to the skeleton were obtained by summing all the
energy deposited in the entire skeleton and dividing by
the volume of the skeleton. No special treatments
were applied to obtain absorbed dose estimates for
the lungs. Calculations using the adult phantom, agreed
well with those of Ellett, Cailahan, and Browne!! (2),
but, as stated above, were about 50% lower than those
obtained using the ICRP methods.

HETEROGENEOUS PHANTOMS

Heterogeneous phantoms were the next logical
step in the development of anthropomorphic phantoms.
As before, the development of pediatric phantoms
paralleled that of the adult male. Snyder and his
colleagues (9) published an extensive compilation of
calculations of the absorbed fractions of energy for
rrronoenergetic photons uniformly distributed in
selected source organs in this phantom. This phantom
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was composed of three regions, skeleton, lungs, and
the remaninder (tissue). The densities of these
regions were 1.5, 0.3, and 1.0 g/cm3, respectively.
The organ masses were selected to follow as closely
as possible the data from Reference Man (10).

As with the homogeneous phantoms, the
development of an improved adult model was coupled
closely with the development of new pediatric
phantoms. Even though these new phantoms were
heterogeneous, the pediatric phantoms were obtained
through the same transformation method used with
the earlier group. That is, these phantoms were also
similitude phantoms. The outside dimensions were
obtained by applying a series of transformations to
the coordinate axes and no consideration was given to
actual organ size or shape of the "transformed"
organs. Actually, although the mass of these organs
had to be known for the calculation of absorbed dose,
the masses were never published. Early calculations
were only for the absorbed fracion of energy and the
actual mass of the organ was not required. The
weights, heights, and other parameters for the
heterogeneous phantom were very similar to the
earlier parameters (see Table 1).

Improvements were made continuously on the
adult phantom and these improvements were reflected
in changes in the pediatric pnantom. The next step in
the development of the adult phantom was to
separate the legs into two regions and to round the
head (11). Changes in the head region were, for the
most part, made simply to make the phantom more
realistic. However, changes in the led region were
made based on dosimetric concerns. That is, in the
original phantom, the testes were "buried" inside the
single region enclosing both legs. Although this
design may have been acceptable for nuclear medical
purposes, the phantom was used for a number of other
purposes, e.g., exposures to external sources and
submersion in noble gas clouds, and dose estimates
obtained clearly were affected by the shielding of the
tissue around the testes. Thus, a redesign of the
"legs" which allowed the specification of a genetalia
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region containing the testes was the next step. As
before these changes were reflected in the next
generation of pediatric phantoms. The adult is shown
in figure 2 along with the other five phantoms. Table
2 summarizes the dimensions, etc. of these phantoms.

INDIVIDUAL PEDIATRIC PHANTOMS

The use of transformations has been discussed
above and the pitfalls of this approach are clear. That
is, children are not simply small adults and their
organs are not necessarily "smaller adult organs".
Some organs are larger in the child than in the adult
and actually get smaller as the individual approaches
adulthood, e.g., the thymus (10). in addition, it was
important that the actual size, shape, and location of
each organ in the pediatric phantom be known for
accurate absorbed dose calculations. Extensions of
the adult model to include walls for organs, such as
those comprising the gastrointestinal tract, also
compitcated the transformation process. For these
reasons, a significant effort was undertaken at ORNL
during the mid 1970's to deviop individual pediatric
phantoms based upon a careful review of the existing
literature for the particular age. This effort resulted
in the next generation of phantoms which, although
they appeared to be modelled after the adult, were
designed independently.

It is important to point out here that while this
design effort was underway, the similitude phantoms
mentioned above were used extensively for dose
estimation purposes. For example, Snyder and Cook
evaluated the effect of age on the specific absorbed
fractions for photon emitters uniformly distributed in
the organs of the pediatric phantoms (12). Only
limited data were published in this evaluation.
However, for the stomach as the source organ, it was
found that the specific absorbed fraction in the liver
and the lungs decreased by almost two orders of
magnitude as the phantom size changed from the
newborn to the adult. In 1972, Hilyer et at. reviewed

110



the effect of age for photon emitters in the lungs (13).
These authors found that the ratio of (SAF)X

age/(SAF)aCjU|t generally increased as the photon
energy decreased. They concluded that the absorbed
fraction data published for the adult could not be
applied to children. As late as 1975, Poston et al.
published age factors for use in evaluating the dose
rates to children and adults exposed in an infinite
cioud of a photon emitter (14). these are only three
examples of the type of analyses conducted using the
similitude phantoms while the improved phantoms
were being developed. Before using the results, it is
important that the user establish which set of
phantoms was used in the calculations.

Three "individual" phantoms were developed
initially by Hwang and her colleagues (15, 16). These
were the newborn, the one-year, and the five-year old
models. A separate effort was undertaken by Jones et
al. on the fifteen-year old (17). As stated above there
phantoms were designed individually based on a
careful review of the available literature. Much of the
information was extracted from the data base used to
prepare the Report on Reference Man (10). Table 3
summarizes some of the dimensions, organs masses,
etc. of the phantoms. Design of the outside of the
phantoms followed that of snyder et al. (11) and,
therefore, will not be shown as a separate design.

Development of the 10-year old was undertaken
by Deus and Poston (18) after the other four designs
were complete. Even though the intent of this entire
research effort was to produce a complete set of
pediatric phantoms which could be substituted for the
similitude" phantoms, these authors took another

approach. In fact, the design of the 10-year old was
intended to point the way for the next generation of
very realistic phantoms. That is , the 10-year old was
intended to set the design for an improved adult
model. Unfortunately, this goal was never completely
accomplished. The 10-year old design was completed
and used in dose calculations. However, the more
realistic design was not popular because of the very

i n



complex geometry and other approaches were followed
(7). The design of this 10 year-old is shown in figure

SUMMARY

The development of pediatric phantoms for use
in nuclear medical applications was a major activity
at the Oak Ridge National Laboratory for the last
twenty years. This manuscript has provided a brief
review of the development and use of these phantoms.
Early in their development the phantoms were very
simple but represented an advancement over other
models. • As the use of these phantoms increased,
refinements were made to the models making them
more realistic. The original phantoms and many of the
intermediate designs are no longer used as these have
been replaced by those designed by Cristy and
Eckerman (7, 18, 19, 20, 21, 22, 23). These phantoms
are for the same five ages as those originally
proposed by Kerreiakes et al. (6).
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TABLE 1. Phantom Dimensions and Dose Regions*

Age
(yr)

0
1
5
10
15
20

Weight
(kg)

35
10.2
19.7
31.9
54.0
70.0

Length**
(cm)

51
76

111
140
166
174

Hi
(cm)

23
33
45
54
65
70

Ho
(cm)

13
16
20
22
23
24

H3
(cm)

15
27
46
64
78
80

H4

(cm)

20
36
57.5
80
97.5

100

A,
(cm)

5.5
8

11
14
18
20

B,
(cm)

5
7
7.5
8
9

10

Ao
(cm)

4.5
6.5
6.5
6.5
7
7

Bo
(cm)

5
7
7.5
8
9

10

* Adapted from reference (5).
** Length is the sum of H j , H2, and H3.



TABLE 2. Phantom dimensions and dose regions*

Ave
(yr)

0
1
5
10
15

Adult

Weight
(kg)

3.1
9.1

18.1
30.6
54.0
70.0

* Adapted from reference
** Sum of H,I, H2, and H3

Length**
(cm)

52
78

111
140
166
174

(14)

H,
(cm)

23
33
45
54
65
70

(cm)

i3
16
20
22
23
24

H3

(cm)

16
28.8
46
64
78
80

A,
(cm)

5.5
8

11
14
18
20

B t
(cm)

5
7
7.5
8
9

10

A,
(cm)

4.5
6.5
6.5
6.5
7
7



TABLE 3. Mass of selected organs of the "individually designed" pediatric phantoms (in
grams)*

Organ

Brain

Heart

Kidneys

Liver

Lungs

Ovaries

Spleen

Thyroid

Testes

Uterus

Newborn

372

25

19

113

40

0.3

9

1

1

3

1-year

1005

48

68

303

129

0.65

27

2.4

1.5

1.5

5-years

1179

91

116

608

255

1.9

50

4.9

1.6

2.6

15-years

1344

238

233

1268

650

5

142

13

16

29

* Obtained from (15,16,17), rounded values to be used as examples. See the references
for detailed information.



FIGURE 1. The adult homogeneous phantom.
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F I G U R E 2. Relative sizes of phantoms for 0, 1,5, 10, 15, and 20 years (adult).



UPPER AND LOWER
TEETH REGION

MANDIBLE

FIGURE 3. The idealized 10-year-old phantom
showing exterior and skeleton.
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