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Radiopharmaceutical Dosimetry in Pediatrics -

By James G. Kereiakes, Henry N. Wellman, Guy Simmons,
and Eugene L. Saenger

The increasing use of radionuclides in
diagnostic procedures and the impor-
tance of minimizing radiation exposure
in infants and children necessitate

- accurate and detailed informaticn con-

cerning the radiation doses sustained
from these procedures. This paper pre-
sents available information on the
various parameters involved in radio-
pharmaceutical dosimetry in pedia-
trics. The age groups selected are the
newborn and 1, 5, 10, and 15 yr. Mea-
sured and calcuiated parameters for

body and target organs; effective haif-
lives and cumulative activities for the
various radiopharmaceuticais; equili-
brium dose constants; and absorbed
fractions for spheres and ellipsoids for
target masses down to 1. Radiation
dcses to whole body and to certain
target organs for the various radio-
pharmaceuticals are included. Some
consideration is given to adjustment ot
the activities administered to children
relative to that normally administered
to adults.

these groups include: mass of whole

HE INCREASING USE of radionuclides in diagnostic procedures and
the importance of minimizing radiation exposure to infants and children
necessitate accurate and detailed information concerning the absorbed doses
from these procedures. Although dosimetric information is frequently avail-
able for adults, only occasional reference is found to doses received by children,
a group in whom there is increased concern about radiation exposure. In many
instances, doses have been calculated for normal children based on metabolic
values reported for adults. Because of the anatomical and physiological differ-
ences between adults and children, an increased effort is being directed toward
obtaining and assessing metabolic information on various radiopharmaceuticals
used in infants and children. Furthermore, much of the available data has
been based on experience with the inorganic form of the radionuciide, whereas
oday many radionuciides are incorporated into compounds. These ““tagged”
ubstances are metabolized differently from the inorganic forms, resuiting in
altered radiation exposure.
It is the purpose of this paper to present available information on the
various parameters involved in radionuclide dosimetry in pediatrics.
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MATERIALS AND METHODS

To date studies have been initiated on 238 infants and children with usable followup
data accumulated on 35 children. Infants and children were followed for extended periods
of time in a whole body counter following the administration of radiopharmaceuticals for
diagnostic purposes. The whole body counter is approximately 8 X 8 ft with 8 in steel
walls. An 8 X 4 in. Nal (T1) detector is used for whole body counting in either standard-
chair position or supine position. In addition, the detector assembly may be moved manually
from outside the whole-body counter in a step-wise mode for whole-body profile scanning.

Regional body counts are obtained with ancillary detector systems. A flat-field collimated
crystal, 4 X 4 in. Nal (T1), is placed over specific organs or areas of interest. Dual 3 X 1
in. Nal (T1) crystals with their central axes at right angles are used for thyroid radioiodine
studies with photopeak to Compton scatter ratios to correct for effective thyroid depth.l

DOSIMETRIC CONSIDERATIONS

The average absorbed doses to the total body and to specific organs for
administered radionuclides can be calculated according to the schema of
Loevinger and Berman? : -

D(v+—r) = (A,/m,)Z, 08y +— 1), (1)

where D (v « r) is the average dose in rads to volume v from radioactivity
located in region r; A is the cumulative activity in region r in pCi-hr; m is the
mass of the target volume v in grams; A« is the equilibrium dose constant in
grad/pCishr; and ®i(v « r) is the fraction of the energy emitted by activity
in region r, which is absorbed in volume ». ® depends on the gamma energy
(MeV) and the source-target configuration.

When the target and the source are the same volume, then the above equa-
tion becomes

i

m,

D(v—v) = Z,0,8,(v — ), )

A
where As/mo is the cumulative concentration in v.

4

Kereiakes et al.3 urged the establishment of a series of standard children of
various ages, derived by supplementing values of the 50 percentile for heights
and weights of certain ages with pertinent information on organ weights and
physiology. The age group selected and accepted by the various investigators
include newborn and 1, S, 10, and 15 yr old. Body weights of most organs of
interest, largely obtained from Spector?, are listed in Table 1. Thyroid weights
given in parentheses are the recent data of Wellman et al.5 and are somewhat
lower than those previously reported by Spector.
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‘2, Cumulative Activity
The cumulative activity A is related to activity A by the expression

KEREIAKES ET AL.

(3)

where f2 — t1 is the exposure time interval for which the absorbed dose is to
be computed. A has dimensions of pCishr. The activity “A(t) in an organ or.
tissue is in general governed by these factors: the amount of administered
activity, the site-and rate of the radionuclide intake, the rate of biological
uptaké 2—2 removal, and the physical decay of the nuclide. In practice,
measure—s—+s are made over the area or organ of interest and the effective
half-life (T, is determined. zhe cumulative activity (for 1 xCi administered)
can then == calculated from A (pCithr) = 1 pCi X 1.44 T (hours).

Tz=oéa 1. Body Weights and Organ Weights (g) for Various Ages

Standard
Orsar Kewborm tyr Syr 10vr 15 yr Man
Who'e trre 3,540 12,100 20.300 33,500 55,000 70,000
Brain 350 945 1,241 1,313 1,350 1,400
Heart 20 47 86 140 209 298
Intestires 146 398 550 820 1,350 1,700
Kidners 23 72 112 187 247 300
Liver 136 333 591 918 1,289 1,700
Lunzs 52 172 291 523 701 1,000
Pancrz=zs 28 14 23 30 68 80
Storrze 65 7 57 90 120 160
Thyr=ic 1.9(1.5)° 25(2.2) 6.1(4.7) 8.7(8.0) 15.8(11.2) 20(16)
Testes 0.67 15 1.7 20 18 28
Ovares 029 1.0 2.0 35 6.5 85
¥ s weec TS in parentheses are from the recent data of Wellman, et al.5

—=n 2. Cumulative Activities for lodine Radioisotopes in the Thyroid

Cumuiative Activity in ,Cish®
(1 xCi administered)

ledire =rThve
Racicses— — 178 Standgard
e — Newbomn 1yr Syr 0yr 15 yr Man
== = 13.3 5.1 5.1 5.1 5.1 51
1= -~ = 772.0 298.0 297.0 297.0 297.0 297.0
3 = 1740 67.3 67.2 67.2 67.2 67.2
p focaii jndiong 24 09 09 0.9 0.9 09
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Maximum thyroid uptake in the normal child is approached at about 24 hr.
Mean uptakes of about 27% have been reported®® and were used here for
the 1, 5, 10, and 15 yr-old group (see Table 2). However, the thyroid uptakes
of euthyroid infants during the first 2 wk of life are very high. Long-term data
on the biologic half-life reported by a number of investigators reveal no signi-
ficant variation with age.”1517 A mean value of 68 days for thyroid biological
half-life was used. Cumulative activities for iodine radiosotopes in the thyroid
gland (for 1 pCi administered) are given in Table 2. Effective half lives
measured in our laboratory, and corresponding cumulative activities, A for -
other radiopharmaceuticals are given in Table 3.

Table 3. Measured Effective Half-Lives and Calculated Cumu'ative Activities
and Doses for Various Radiopharmaceuticals in Children

Effective Malf-Lives

Cumulative Activity

A («Cich)

Dose (mrad/uCi

‘Weight T, (days) (1 aCi administerea) Administered)
Age (kg) Te1 (C1)° Te2 (Co)* Whole Body Organ Whole Body Organ
1314-triofein -
3mo 3.18 0.4(98) 6.4(0.02) 18.0 72 - -
2yr 955 0.4(98) 5.0(C.02) 177 25
1311-gserum albumin
2yr 7.50 47 163.0 123
131|-rose bengal
Syr 19.30 0.4(0.90) 3.0(0.10) 104 12.5 0.4 1.9 (liver)
13yr 53.00 0.6(0.80) 4.3(0.20) 29.8 16.6 0.3 0.8 {iiver)
51Cr-sodium chromate
4 mo 8.18 150 519 1.8
14 mo 1260 200 692 1.7
Syr 20.00 20.0 692 1.2
6yr 13.62 194 672 16
6yr 1860 165 571 0.8
59Fe-ferrous citrate
4yr 19.00 26.0 900 49.3
Syr 2000 38.0 1315 703
6yr 1362 31.0 1072 78.0
1Syr 55.00 33.0 1350 320
197Hg-chlormerodrin
3yr 14.55 0.8(0.82) 2.6(0.18) 389 38.9 0.16 68.1 (kidney)
12yr 47.28 0.9(0.84) 2.6(0.16) 40.6 40.6 0.07 39.0 (kidney)
75Se-selenomethionine
7yr 24.50 0.8(0.15) 23.3(0.85) €89 689 (liver) 10.3 34.0 (liver)
689 (muscle) 8.7 (muscle)
4.9 (pancreas)
47Ca-calcium chioride
7yr 2500 0.7(0.94)  4.6(0.06) 228 96 (bone) 28 4.5 (bone)
85Sr-strontium nitrate
Avyr 15.47 3.5(0.38) 58.0(0.62) 46.0 1224 (bone) 16.3 68.3 (bone)
10yr 32.70 1.3(0.48) 44 .0(0.53) 216 792 (bone) 6.0 40.8 (bone)
Myr 54.50 3.2(0.20) 55.0(0.80) 221 1524 (bone) 9.2 62.5 (bone)
12yr 40.00 1.4(0.30) 53.0(0.70) 145 1283 (bone) 86 32.8 (bone)
12yr 60.00 1.5(0.65) 30.0(0.35) 33.8 364 (bone) 2.5 14.0 (bone)

* C, and C, are fractionai components of administered activity.
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Ai, Equilibrium Dose Constant

The nuclear parameters A« for the radionuclides were taken from the work
of Dillman.?8-1® These equilibrium dose costants can be divided into penetrat-
ing and nonpenetrating components as shown in Table 4. Particulate and elec-
tromagnetic radiation (less than 11 keV) are classed as nonpenetrating. For the
nonpenetrating radiation, since the absorbed fraction is 1, the absorbed dose
due to this component is readily calculated. In order to use the penetrating
equilibrium dose constants for absorbed dose calculations, an effective ab-
sorbed fraction for the target organ must be determined. Effective absorbed
fractions for several radionuclides in the various target organs are presently
being calculated and will appear in subsequent MIRD Committee Reports.

' &, Absorbed Fraction

The absorbed fraction as a function of photon energy is available from
MIRD.19-21 Table 5 lists the absorbed fractions for a uniform distribution of

_ activity in elongated targets the ratios of the principal axes corresponding

to width, thickness and height of these targets as ellipsoids are 1/1.9/9.27).
Table 6 gives absorbed fractions for small target volumes which may be used
as models of organs containing a uniform distribution of activity. Values
applicable to either spheres or thick ellipsoids of masses ranging from 0.3 to
6 kg are given. Ellett and Humes?? have recently presented tables of absorbed
fractions for small unit~density-absorbing volumes of 1-500 g containing a

Table 4. Total Equilibrium Dose Constants for Various Radiopharmaceutica’s

Total Equilibrium Dose Constants (3 A9

grad/uCizh
Radionuclide Nonpenetrating Penetrating
Fluorine-18 0.5157 2.1118
Chromium-51 0.0107 0.0612
tron-52 0.4364 1.5640
Iron-55 0.0131 0.0000
Iron-59 0.2548 25083
Cobalt-57 0.0481 0.2590
Cobalt-58 0.0775 2.0935
Cobalt-60 02024 5.3321
Galllum-67 0.0778 0.3851
Selenium-75 0.0403 0.8185
Strontium-85 0.0195 1.1040
Strontium-87m 0.1421 0.6785
Technetium-99m 0.0362 0.2675 °
Indium-113m 02774 0.5601
lodine-123 0.0602 0.3663
lodine-125 0.0463 0.0861
lodine-131 0.4135 0.8041
Cesium-129 0.0507 0.8362
Cesium-131 0.0168 0.0450
Xenon-133 0.2990 0.0898
Mercury-197 0.1579 0.1499
Mercury-203 02115 0.5066
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uniformly distributed photon source. The data for small volumes are especially
helpful for absorbed dose calculations involving sizes of organs in children.
The data for small volumes differ in one important aspect from absorbed
fractions published earlier. In the results given in Table 7 and 8, it is assumed
that the volume containing the activity is imbedded within a large scattering
medium of the same composition. Backscattered radiation from these surround-
ings is included in the tabulated absorbed fractions.

Administered Activity vs. Age

It is evident that the radionuclide activities administered to children in _
nuclear medicine procedures by no means follow a uniform pattern, particu-
larly for the imaging procedures, where the statistics of photon detection per
unit organ area become the important technical consideration. Webster??
proposes the possible use of [(x + 1)/(x + 7)]A, for adjusting the activities
normally administered to adults, where x is the child’s age and A is the activity.
used in adults. This is a modification of Young’s rule {x/(x + 12)]A. How-
ever, the modification more closely approximates the criteria of equal activity
per unit area of organ for most children’s ages. Most internal organ weights
maintain a reasonably constant fraction of whole-body weight. The important.
exception is the brain, which tends to reach maximum weight by age 5 yr.
For this organ, Webster?? indicates an administered activity schedule ®*™Tc
pertechnetate) of

>S5yr 0.1mGCi/lb )
<5 ;,'r 0.2mCi/lb (Pody weight)
where the adult administered activity is 15 mCi (approximately 0.1 mCi/lb).

Radiation Doses From Radiopharmaceuticals in Children

Table 9 gives the thyroid dose resulting from the various radioiodine com-
pounds. The data also indicate the increased absorbed dose to be expected
when radioiodine is administered to children down to the newborn. Whole
body and organ doses for other radiopharmaceuticals in children of various
ages are given in Table 3. These data are for children administered radio-
pharmaceuticals in our laboratory after being referred for various illnesses
or because of diagnostic problems. Effective half-lives actually measured in
these children were used for their dose estimates. Tables 10 and 11 were
adapted from Ball and Wolf?5 and show data for comparable radiopharma-
ceuticals and for other radiopharmaceuticals used for blood volume measure-
ments and as scanning agents.

With few exceptions, radiation doses from radiopharmaceuticals used in
children are within the acceptable range. Certainly 13! administration s one
of the greatest potential sources of tissue dose, especially in very young chil-
dren. This dosage problem is best resolved through the use of 123I since the
physical characteristics of !25] are suboptimal.2® Mercurial compounds also
result in high doses but are not now used widely because other more suitable
radiopharmaceuticals are available for brain and kidney studies. It is evident
that for many procedures, dose reduction can be achieved by using 99%Tc

“338&& o - ) ’ g ¥ ——r eryry—pn ———
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compounds where possible. Strontium-85 results in relatively high doses to
bone in children. Of all the radiopharmaceuticals reviewed, 59Fe results in the
highest whole body doses by far because of its prolonged retention.

Table 9. Thyroid Doses in Children (rad/xCi)24

Standard
Radioiodine Newbom iy 5yr Hyr 15yr Man -
Mass Number (1.5 22) 4.7 (8.0) {11.2) {16.0}
123 0.160 0.109 0.051 0.03 0.021 0.015 -
125 111 76 © 354 - 241 15 _ 1.04
131 16.0 109 51 3.0 21 15
132 0.160 0.109 0.051 0.03 0.021 0.015

* Thyroid weight (grams).

Table 10. Radiation Doses (mrad/uci) From Radiopharmaceutical Scanning Agents®_

. Standard
Agent Newbom tyr Syr 0yr 1Syr Man
Kidney scanning
203Hg-neohydrin 2480 800 500 317 242 200
197Hg-neohydrin 187 54 3 21 16 13
99mTe-Fe complex 93 33 23 13 11 10
Spleen scanning
81Cr-red blood cells 600 160 100 55 43 40
vmTe-red blood cells 20 6 35 22 13 13
Liver scanning
131i-rose bengal 10 4 2 13 1 1
131)-MAA 5 2 13 08 06 0S5
198Ay-colloid 380 160 2 <] 67 44 33.
SemTc-sulphur colloid 23 11 06 04 03 03
Brain scanning (dose to critical organs)
131f-albumin (whole body) 30 10 6 4 3 2
283Hg-neohydrin (kidney) 2480 800 500 317 242 200
197Hg-neohydrin (kidney) - 187 54 a3 21 18 13
wmTe0¢ (gut) 1.6 0.4 03 0.2 0.1 0.1

*adapted from Bali and Wolf.25
MAA, macroaggregated serum aibumin.

Table 11. Whole-Body Doses (mrads/uCi) from Blood-Volume Measurements*

Standard
Agent Newborn iyr 5yr 10yr 15yr Man
1311-albumin 320 10.0 6.0 40 24 20
99mTc-albumin 0.20 0.07 0.04 0.03 0.02 0.02
81Cr-red blood ceils 70 25 15 1.0 0.6 0.5
S¥mTc.red blood cells 0.2 0.07 0.04 0.03 0.02 0.02

*adapted trom Ball and Wolf.23
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