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Current dosimetric models of the brain and head lack the anatomic
detail needed to provide the physical data necessary for suborgan
brain dosimetry. During the last decade, several new radiopharma-
ceuticals have been introduced for brain imaging. The marked
differences of these tracers in tissue specificity within the brain and
their increasing use for diagnostic studies support the need for a
more anthropomorphic model of the human brain and head for use
in estimating regional absorbed dose within the brain and its
adjacent structures. Methods: A new brain model has been devel-
oped that includes eight subregions: the caudate nuclei, the cere-
bellum, the cerebral cortex, the lateral ventricles, the lentiform
nuclei, the thalami, the third ventricle and the white matter. This brain
model is incorporated within a total revision of the head model
presented in MIRD Pamphlet No. 5 Revised. Modifications include
the addition of the eyes, the teeth, the mandible, an upper facial
region, a neck region and the cerebrospinal fluid within both the
cranial and spinal regions. Results: Absorbed fractions of energy for
photon and electron sources located in 14 source regions within the
new model were calculated using the EGS4 Monte Carlo radiation
transport code for particles in the energy range 10 keV-4 MeV.
These absorbed fractions were then used along with radionuclide
decay data to generate S values for 24 radionuclides that are used
in clinical or investigational studies of the brain, 12 radionuclides that
localize within the cranium and spinal skeleton and 12 radionuclides
that selectively localize in the thyroid gland. Conclusion: A substan-
tial revision to the dosimetric model of the adult head and brain
originally published in MIRD Pamphlet No. 5 Revised is presented.
This revision supports suborgan brain dosimetry for a variety of
radiopharmaceuticals used in neuroimaging. Dose calculations for
the neuroimaging agent '2%|-tropane provide an example of the new
model and yield mean brain doses that are consistent with published
values. However, the absorbed dose to subregions within the brain
such as the caudate and lentiform nuclei may exceed the average
brain dose by a factor of up to 5.
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In recent years, the nuclear medicine profession has seen a
marked increase in the development and use of radiopharma-
ceuticals for neuroimaging (/-5). The relatively high target
specificity of some of these agents and the improved spatial
resolution of newer SPECT and PET imaging systems presently
allow the direct quantification of activity within intrabrain
regions such as the cerebral cortex and basal ganglia (3). In
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estimating the radiation absorbed dose from these agents,
conventional models of the head and brain typically allow only
the calculation of an average brain dose (6-9). A model that
explicitly delineates these brain subregions as potential source
regions would offer benefits in estimating regional absorbed
dose within the brain. Radiopharmaceuticals that may require a
more detailed model include the agents used for brain perfusion
imaging, such as “™Tc-hexamethyl-propyleneamine oxime
(HMPAO) (10,11), **™Tc-1,1-ethyl cysteinate dimer (ECD)
(10,12,13) and  '*’I-N-a-methylethyl-p-iodoamphetamine
(IMP) (10,11,14-16); cerebral blood flow, such as '°0 (17-23)
and '¥Xe (12,15,24); tumor localization and/or metabolism,
such as 2°'TI chloride (25-27), ®™Tc-methoxy isobutyl isoni-
trile (MIBI) (28,29), *™Tc-diethylenetriamine-pentaacetic acid
(DTPA) (30,31), '**I-methyltyrosine (IMT) (32-34), '®F-flu-
orodeoxyglucose (FDG) (33,35,36) and ''C-methylmethionine
(35,37,38); and neuroreceptor imaging, such as those labeled
with ''C (39,40), '*F (41) or 21 (41-50).

The rapid development of these and other brain imaging
agents with highly specific targeting capabilities creates an
increasing need for detailed calculations of absorbed dose to
regions within the brain. The current model recommended by
the Medical Internal Radiation Dose (MIRD) Committee is
described in MIRD Pamphlet No. 5 Revised (MIRD 5R) (7)
and is only useful for calculating the mean absorbed dose to the
brain as a whole. In this pamphlet, the recent head and brain
model of Bouchet et al. (51) is adopted with revisions to replace
the corresponding model of MIRD 5R. (In this MIRD model,
the volume of the thalami has been increased from 6.0 cm?® to
15.7 cm?; consequently, the volume of the white matter in the
new model is now 639.2 cm*.) New features within the head
include a model for the eyes, an improved facial skeleton, a
three-region spine and a distinct neck region. New features
within the brain include the thalami, the lentiform nuclei (a
composite region of both the putamen and the globus pallidus),
the caudate nuclei, the lateral ventricles, the third ventricle, the
cerebellum, the white matter and the cerebral cortex. Although
it is not exhaustive in its extent, this list of suborgan regions was
selected with consideration of current radiopharmaceutical use
in brain imaging and of current image quantitation limits. Dimen-
sions of brain subregions were derived from reported volumes in
the literature (as noted in the text) supplemented with measure-
ments taken from magnetic resonance images (52).

The purpose of this pamphlet is to adopt this new model,
present its descriptive equations and provide an example dose
calculation. In addition, the mean absorbed dose per unit
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FIGURE 1. Schematic diagrams of previously published mathematical models of the adult head and brain. (A) The model of MIRD 5 (6). (B) The model of
MIRD 5R (7). (C) The model of Cristy and Eckerman (8,9). (D) The model of Eckerman, et al. (67).

cumulated activity (S value) is tabulated using the new model
for several beta- and positron-emitting radionuclides used in
SPECT and PET for different source—target configurations.

REVIEW OF PREVIOUSLY PUBLISHED HEAD AND
BRAIN MODELS

The first standardized model of the head and brain for use in
internal dose assessment appeared in 1969 with the publication
of MIRD Pamphlet No. 5 (MIRD 5) (6). In this report, the brain
was modeled as a single ellipsoid of soft tissue with a volume
of 1470 cm®. The head and neck regions were represented as a
truncated elliptical cylinder enclosing the skull, the brain, the
spine and the thyroid. The skull was represented by the volume
between two nonconcentric ellipsoids with a total volume of
846.6 cm’. The spine was represented as an elllptlcal cylinder,
and its volume within the head region was 133.5 cm>. The lobes
of the thyroid were located between two concentric cylinders
cut by a fourth-degree surface, giving the organ a total volume
of 19.9 cm®. A three-dimensional representation of this head
model is shown in Figure 1A. The adult anthropomorphic
model of MIRD 5 was used in conjunction with the Monte
Carlo photon transport code ALGAM to estimate absorbed
fractions of energy from internal sources of photons. Here,
photon absorbed fractions were tabulated for two source regions
in the head (brain and thyroid) and for three target regions
(skull, spine and thyroid).

In 1978, a revision to MIRD 5 (7) was published, based on
considerable changes made to the anthropomorphic model, to
improve the dosimetric information (e.g., inclusion of walls
within the gastrointestinal tract) and to better match the infor-
mation published on Reference Man in the International Com-
mission on Radiological Protections (ICRP) Publication 23
(53). Few changes were made to the head region of MIRD 5R
(7). The revised head region was represented by a right
elliptical cylinder topped by one half of an ellipsoid, changing
its volume from 5278 cm> to 4655 cm? (see Fig. 1B). Reported
values of photon-specific absorbed fractions listed the brain as
neither a source nor a target region.

During the late 1960s and early 1970s, pediatric versions of
the MIRD 5 anthropomorphic models were additionally devel-
oped at the Oak Ridge National Laboratory (ORNL) by Poston
and colleagues (54-57). This work was performed not only to
assess radiation dose from internal sources but also to assess
radiation doses from external diagnostic X-rays (58—60). The

geometric models of the head and brain were based upon the
adult model published in MIRD S and MIRD 5R.

In 1980, Cristy (8) developed six mathematical anthropomor-
phic models representing children of various ages, which were
extensions of the earlier ORNL models (a newborn, a 1-yr-old,
a 5-yr-old, a 10-yr-old, a 15-yr-old and an adult male) (8). The
15-yr-old model also represented the adult female. In this
mathematical model series, the adult male was constructed as a
modification to the MIRD 5R model (7). For the head region,
the largest change was made for the skull: it was redesigned to
include a separate cranium and facial skeleton region. The
cranium was redefined as the volume between two concentric
ellipsoids for a total volume of 618 cm? in the adult model. A
facial skeleton was added as the volume between two concen-
tric elliptical cylinders, excluding the region intersecting the
cranium and the brain, giving it a total volume of 305 cm® in the
adult model. To accommodate the new skull design, the volume
of the head region was increased to a total volume to 5430 cm®.
The spine was kept in the same shape and position as in the
MIRD 5R model, but its volume within the head region was
also increased to 165.6 cm® because its upper limit of extension
into the head is determined by the positioning of the skull. To
fit within the revised skull region, the brain was also changed
and is now represented as a single ellipsoid with a smaller
volume of 1370 cm®. The thyroid was retained in its same shape
and volume, but the organ was moved 2 cm deeper into the neck
region. A three-dimensional representation of this model is
shown in Figure 1C. In 1987, calculations of photon-specific
absorbed fractions were published by Cristy and Eckerman (9)
for this series of anthropomorphic models and for internal
photon sources that are assumed to be distributed uniformly
within the source organs. Here, the brain and thyroid were
considered both source and target regions.

A separate study was performed by Eckerman et al. (6/) in
1980 in which a differentiation between the white and gray
matter was made to the Cristy brain model. A gray matter
region was added, defined as an ellipsoidal shell with a slab
dividing the brain into two hemispheres. This gray region was
considered to contain a mixture of both white and gray brain
matter The volume of the gray region was l 178 cm?, with 669
cm? assigned to gray matter and 509 cm® as51gned to white
matter. The remaining brain volume was taken as white matter,
giving a total white matter volume of 691 cm>. The eyes were
also represented in this model by two spheres, each with a
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FIGURE 2. Exterior features of the
new MIRD head and brain model of
the adult.

volume of 7.24 cm®. Each eye was surrounded by a spherical
socket. The pituitary gland was also modeled as an ellipsoidally
shaped gland that lies in a small depression in the sphenoid
bone at the undersurface of the cerebrum (gray matter). The
skull and facial skeleton were unchanged from the 1980 Cristy
model. Figure 1D shows a three-dimensional representation of
this model. The model was used to calculate specific absorbed
fractions of energy for 12 photon energies, ranging from 10 keV
to 4 MeV, with uniformly distributed sources in the white
matter, gray matter and whole brain. These regions, in addition
to the eyes and pituitary gland, were taken as tar%et reﬁions. S
values were calculated for seven radionuclides: ''C, '°N, '°0,
'8F, 7°Se, ®™Tc and '2I.

MATHEMATICAL DESCRIPTION OF THE NEW HEAD
AND BRAIN MODEL

The mathematical model described below represents a com-
plete revision to the MIRD SR model of the head and brain
(7,51,62). In the results reported here, this new head model was
positioned on top of the 70-cm tall trunk region of the MIRD 5R
anthropomorphic model, with no delineation of its internal
organs (thus serving as a source of photon scatter only). The
model is assumed to be erect and oriented in a Cartesian
coordinate system, with the origin taken as the center of the
base of the trunk, the positive x-axis directed to the model’s left,
the positive y-axis toward the model’s back, and the positive-z
axis upwards through the model’s head. All the equations given
below are within this coordinate system; all numbers given in
the descriptive equations are in units of cm unless otherwise
noted.

Description of the Shape of the Head

The head region is divided into four regions: the neck, the top
of the head, the face and the back of the head (see Fig. 2). These
four regions are separated by two horizontal planes (z = 75.0
and z = 88.0) and one vertical plane normal to the y-axis (y =
4.80). The face and the back of the head are located between the
two horizontal planes and are separated by the vertical plane.
The neck is located below the lower horizontal plane, and the
top of the skull is located above the upper horizontal plane. The
total volume of the head, including the skin region, is 4564.9
cm®. The equations defining the shape of the head are given
below.

The face is a vertical elliptical cylinder cut by three planes:

X 2 y 2
(7—74) +(m) =1, with

75.2=z=88.0 and y = 4.80.

Eq. 1
Eq. 2
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TABLE 1
Volumes of Regions Defined Within the New MIRD Head and

Brain Model
Region Volume (cm°)
Brain (total) 1467.6
Caudate nuclei 105
Cerebellum 139.1
Cerebral cortex 622.4
Cranium 364.6
Cranial CSF 56.9
Eyes 15.2
Head (including the skin) 4564.9
Lateral ventricles 20.1
Lentiform nuclei 19.4
Mandible 170.5
Skin 280.1
Spinal cord 6.8
Spinal CSF 149
Spinal skeleton 111.8
Teeth 31.2
Thalami 15.7
Third ventricle 12
Thyroid 199
Upper face region 265.5
White matter 639.2

The top of the head is represented by half of an ellipsoid:

N () 6 (220 < iz = 880
7.74) "~ \9.80 580 )~ Wmz=SeL
Eq. 3

The neck is represented by a circular cylinder cut by two planes:

x2+ (y— 1202 <5812 with 700 <z=<75.2. Eq.4

The back of the head is an elliptical cone cut by three planes.
The center y, of the elliptical sections and the two semi-axes a,
and b, vary along the z-axis so that the upper and lower limits
coincide, respectively, with the ellipse of the top of the cranium
and with the circular outline of the neck. Consequently, the
expressions for a,, b, and y, are given as:

ERE

Eq. 5
75.2 <z =88.0 and y = 4.80, where Eq. 6
7.74 — 5.81
a1 = g0 55 (2 752) + 581, Eq.7
9.80 — 5.81

bi=g5g =75, @~ 752 +58l,and  Eq.8
_ 120 e Eq 9

Y1 =880 — 752 8802 &

There are 21 subregions located within the head and neck.
Five of these are skeletal regions (cranium, mandible, spinal
skeleton, teeth and upper face region), whereas the remaining
regions are composed of soft tissue. Table 1 lists all regions
within the model along with their respective volumes. Table 2
gives the atomic composition of both tissue types, taken from
Ref. (9). The density of the skeletal regions is noted to be 1.4
g+ cm™ as it represents a homogenized mixture of both bone
matrix and bone marrow.
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. TABLE 2 75.0 <z =<288.0 and y = 5.00, Eq. 19
Elemental Composition of the Soft Tissue and Skeletal Tissue

Regions where a,, b, and y, are defined by Equations 7-9. In two
- instances, however, the effective skin thickness becomes <0.2
Percent by weight cm due to region overlap with the eyes and the bottom ellipsoid
Element Soft tissue Skeletal tissue of the cranium (described below).
H 10.454 7.337 Description of the Skeletal Regions
Cc 22,663 25.475 The Cranium. The cranium is taken as the volume between
N 2.490 3.057 two pairs of concentric ellipsoids with the bottom pair cut by
o 63.525 47.893 two inclined planes. A distance of 0.63 cm separates the internal
F 0.000 0.025 surface from the external surface in directions normal to the
Na 0.112 0.326 cranial surface. The equations representing the cranium are:
Mg 0.013 0.112 : ’
Si 0.030 0.002 For the inner surface:
P 0.134 5.095
S 0.204 0.173 (x)2+(y)2+(z—88.0)2>1 42> 880
Cl 0.133 0.143 ey S Ae = l,and z = s8.0,
K 0.208 0153 7.21 9.27 5.27
Ca 0.024 10.190 Eq. 20
Fe 0.005 0.008 2 2 2
Zn 0.003 0.005 R I 0 A I 88'0) - <
Rb 0.001 0.002 (7.21) * (9.27) * ( 6.37 =1,andz =880,
Sr 0.000 0.003 Eq. 21
Zr 0.001 0.000
Pb 0.000 0.001 y \.
Density 1.04g-cm™2 14g-cm™3 z=88.0— 6.37(1 + ﬁ) ifz=88.0and y = 0.0,
Data from Ref. (9). Eq. 22
y .
D > — —_
iption of the Skin of the Head z=88.0 6.37(1 + 9.27) otherwise. Eq. 23

The skin is defined as a 0.2-cm layer of soft tissue surrounding

the entire head and neck excluding the surface connecting the neck I o the outer surface:

to the trunk. The total volume of the skin is 280.1 cm?, with 243.0 x \2 y \2 z — 88.0\2
cm® for the head region and 37.1 cm? for the neck. The following (——-) + (—) + ( ) =1, and z = 88.0,
equations define the outer and inner layers of the skin regions: 174 9.80 5.80 )
The skin of the face: Eq. 24
x \2 y \2 x \? y \* [z - 88.0\?
(W) + (W) <1and y =< 5.00 for 75.0 < z < 88.0, 77a) T \980) T\ 690 | =l andz=880,
x \', (Y z>880-690(l+—y—) Eq. 26
(7—72) + (9—83) =]for752=2z=2880, Eq.ll 9.80

m

q- 13

2 _ 2 2 The cranium has a volume of 364.6 cm> and is shown in Figure

X"+ (y —1200°= 581" for 75.0 =z =75.2. Eq. 12 3, upper left. Interior to the cranium is the subarachnoid space,

The skin of the top of the head: containing the cerebrospinal fluid (CSF) and the brain itself
s ) 5 with its subregions.

X y z— 88.0\° _ The Teeth. This region is represented by the volume between

7.94 + 10.0 + 600 | — L, two concentric elliptical cylinders cut by three planes: two

horizontal planes that define the boundaries of the upper face

x \? y \* [(z-88.0)\ and the front part of the mandible, and one vertical plane that

77a) T\9g0 580 ) =1,andz=830. defines the back portion of the mandible. This region is shown

Eq. 14 in the lower left corner of Figure 3. The total volume of the

teeth is 31.2 cm>. The equations for this region are:

The skin of the neck:

\ , , X 2+ y+4.052<l Ea. 27
x‘ + (y — 1.20)* = 6.014, Eq. 15 2.60 520 =1 q.
x? + (y — 1.20)> = 5.81%, and 70.0 < z < 75.0. Eq. 16 x \I [y + 405\
The skin of the back of the head: (m) + ( 4.70 ) =1 Eq. 28
X 2 y=n \

— ) +|[—] = =z= = -
(al T 0.20) (bl n 0‘20) 1, Eq. 17 774=2=80.0,andy = — 4.05. Eq. 29
2 2 The Mandible. The mandible is modeled as the volume
Ll IO A 4} I 1 between three elliptical cylinders, two with the same center and
a; b, - Eq. 18 one with a different center. These cylinders are cut by three
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FIGURE 3. Interior features of the new
MIRD head and brain model of the
adult. Eight components of the model
are also shown, which include (Upper
Middle) an exterior view of the cranium;
(Upper Left) an interior view of the cra-
nium (brain excluded); (Center Left) the
upper facial region and eyes; (Lower
Left) the teeth; (Lower Middle) the man-
dibie (Lower Right) the thyroid; (Center

ion spine; and (Up-
perRtgm)theoetebtaloonex (red) and
cerebellum (blue).

planes: one inclined plane, one horizontal plane and one vertical
plane. The top inclined plane corresponds to the cutting plane of
the cranium, and the vertical plane corresponds to the vertical
plane of the teeth and the upper face region. The mandible is
shown in the bottom center of Figure 3. Its total volume is 170.5
cm?, and it is defined by the following equations:

For the front region:

x \2 [y +4.05\ .
—_— _— <<
640) "\ 545 =1

Eq. 30
X 2+ y+4.052>1 Ea. 3]
3.40 38 | e
755=z=<774andy=< —4.05. Eq. 32
For the back region:
X 2+ y+4.052<l Ea 33
6.40 545 | = 9
X 2 y 2
— | +(==] =1,
(4.20) (7.80) Eq. 34

66S

y
75.5=z=88.0 - 690(1 +980)

Eq. 35

and —4.05 =y =0.00. Eq. 36

The Upper Face Region. The upper face region (approximat-
ing the maxilla and zygomatic bone) is defined as an elliptical
cylinder cut by an inclined plane that coincides with the cutting
plane of the cranium. It is bounded by the mandible on the back
and by the upper plane of the teeth below. The total volume is
265.5 cm®, excludmg the regions occupled by the eyes. The
upper face region, along with the eyes, is shown in Figure 3,
center left. The upper face region is defined by the following

equations:
x \2 y \?
(ﬁ) * (9 60) =1

y
+ 9.80)’

Eq. 37

dy =< —4.05.
Eq. 38

80.0=z=88.0— 6.90(1
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Description of the Regions of the Spine

The model taken for the cervical spine within the neck and
head incorporates ideas developed by Johansson and Nosslin
(63). The spine in this model is represented by an elliptical
cylinder bounded by the cranium. Two concentric elliptical
cylinders further define the spinal cord and the spinal CSF, both
assumed to be composed of soft tissue. The spinal skeleton
itself is a region of skeletal tissue as defined in Table 2.
The equations for the spinal skeleton are:

x \2 y—3.412<]
217) "\ T1e7 /=
( X )2 (y—-.’;.41)2>l
077) T\Tomm ) =

N (Y BV L a2z 700
7.74 9.80 690 ) — andz=1U0

Eq. 39

Eq. 40

Eq. 41
The equations for the spinal CSF are:
(L)z + (y _ 3‘41)2 <1 Eq. 42
0.77 0.77 ’ '
y — 3.41\2
(o 3) ( 0.43 ) =1, Eq. 43

(73] + (%) + (o) =ramaz=m00
7.74 9.80 690 ) = »andz=700.

Eq. 44

The equations for the spinal cord are:

X 2+ y—3.412<]
0.43 043 ) — 7

N () (228 L az= 00
JR— —_— >
7.74 9.80 690 ) = anez=700

Eq. 46

The total volume of the spinal reglon is 133.5 cm?, with 111.8
cm for the spinal skeleton, 6.8 cm?® for the spinal cord and 14.9
cm? for the spinal CSF. These regions are shown in Figure 3,
Center Right, with the spinal skeleton shown in magenta, the
spinal CSF in green and the spinal cord in pink.

Description of the Soft Tissue Regions (Exciuding Brain)
The Cerebral Spinal Fluid Within the Cranial Region. This

region is a thin layer (0.09 cm) located between the cranium and

the brain, in the subarachnoid space. It has the same shape as

the cranium and a volume of 56.9 cm®. The equations that

define this region are:

For the inner surface:

N () 4 (F2BO) L a2 = 880
7.12 9.18 518 ) = »anaz=080

Eq. 45

Eq. 47
N () B L a2 =380
712) T \9.18 628 ) = aNCZ=00,
Eq. 48
2588.0—6.28(1 %)lfz<880andy<00

Eq. 49

z=88.0 — 6. 28(1 + L) otherwise.

518 Eq. 50

For the outer surface:

V() 4 (2220 < | anaz = 880
721) Y\o27) *\ 527 ) =1 andz=834,

Eq. 51
3 Y 0 I k)
721 927 637 ) — anez=o8oh
Eq. 52
z=88.0 — 637(1+—y— Eq. 53
927)

The Eyes. Both eyes are modeled as spheres. They are located
in the upper face region with 2 portion of each inside the skin.
Their total volume is 15.2 cm>. The equations for the eyes are:

(x = 3.40)% + (y + 7.50)* + (z — 84.2)> = 1.22%. Eq. 54

The Thyroid. The thyroid is located in the neck, in front of the
spinal region, and is composed of two lobes. These two lobes
are represented as the volumes between two concentric cylin-
ders cut by a fourth-degree surface, two horizontal planes and
one vertical plane. The fourth-degree surface is symmetrical
between the left and the right lobes, and is different between the
upper part and the lower part. Hence, the thyroid is divided into
four regions that are limited by a horizontal plane (y = —1.09
and the plane x = 0.00). The total volume of the thyroid is 19.9
cm’. This organ is shown in Figure 3, Lower Right. The
equations defining the thyroid are:

For the upper part:

x2 + (y + 1.09)? < 2.20?, Eq. 55
X2 + (y + 1.09)? = 1.00?, Eq. 56
((y + 1.09) — |x])? = 2(x* + (y + 1.09)>)7*, Eq.57
70.0 +5(75.0 — 70.0) <z =< 75.0,and y < — 1.09, with
Eq. 58
T=——————(z=700) + Eq. 59
2(75.0 - 70.0) 3
For the lower part:
x2 + (y + 1.09)? < 2.20%, Eq. 60
x2 + (y + 1.09)? = 1.00%, Eq. 61
((y + 1.09) — |x])? = 2(x* + (y + 1.09))7%, Eq. 62
70.0 <z =70.0 + ;(75.0 — 70.0), and y < — 1.09, with
Eq. 63
T=————(2-700) + L. Eq. 64
3(75.0 — 70.0)

Description of the Brain and Its Subregions

The brain is located inside the cranium as described earlier
and is surrounded by the CSF within the subarachnond space.
The total volume of the brain is 1467.6 cm®. The brain is
formed by eight regions: the caudate nuclei, the cerebellum, the
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cerebral cortex, the lateral ventricles, the lentiform nuclei, the
thalami, the third ventricle and the white matter. Dimensions of
these regions have been derived from reported volumes in the
literature as discussed below, in addition to measurements taken
from magnetic resonance images (52).

The Cerebral Cortex. The cerebral cortex is defined by two
half ellipsoids. The bottom ellipsoid is cut by both an inclined
plane and by a vertical plane. The top ellipsoid is not cut. The
region has a l1-cm thickness all around, and at its center, it
extends inside the brain in a parallelepiped that is 2 cm thick
(representing the cortex bordering the longitudinal cerebral
fissure). A wedged cut is made on the back portion of the lower
ellipsoid for location of the cerebellum. A 1-cm thickness also
covers the two interior plane regions of the cerebellum. The
volume of the cerebral cortex is 622.4 cm>. Blinkov and Glezer
(64) report that the ratio of the volume of the cerebral cortex to
the volume of the brain is ~44%. The ratio of volumes in the
current model is 42%. The equations defining the cerebral
cortex are given below.

For the outer surface:

N () 4 (22389 | hen 2= 880
712) T\oas s1g ) = ! Whenz =830,

Eq. 65
N () 4 (220 o | whenz <880
7.12) " \9.18 628 ) = Whenz=2980,
Eq. 66
y = 4.50 when z = 88.0, Eq. 67
2>88.0-628(1+——]|. Eq. 68
' 9.18
For the inner surface:
When z = 89.0:
( X )2+( Y )2+(z_88'02>1‘f =1.00
6.12 8.18 a1 ) = !iflxl=1.00.
Eq. 69

When 88.0 = z < 89.0:

( X )2+( Y )2+(z_88'0)2>1 dy =350
6.12 8.18 418 ) = ady=2oon

Eq. 70
When z < 88.0:
(X)2+(y)z+(z—88'0)2>1 Eq. 71
6.12 8.18 528 ) = e
y = 3.50, Eq. 72
<880 — 5.28(1 + g%) ify=00, Eq.73
y .
z=88.0 — 5.28(1 + m) otherwise. Eq. 74

The Cerebellum. The cerebellum is located on the back of the
brain. It is defined by an ellipsoid cut by one vertical plane and
one horizontal plane. The two planes correspond to the layers of
cerebral cortex covering the cerebellum. The volume of the
cerebellum is 139.1 cm®. ICRP Publication 23 (53) states that
the cerebellum comprises ~10% of the total volume of the

68S

FIGURE 4. Interior features of the new MIRD brain model (coronal section
viewing the posterior region of the brain). The subregions modeled include
the cerebral cortex (red), the cerebellum (dark blue), the thalami (light biue),
the ventricles (green), caudate nuclei (pink) and the lentiform nuclei (yellow).
To view the cerebellum, a coronal slice through the cerebral cortex was
made, and the layer of cerebral cortex covering the cerebellum has been
removed.

brain, and in this model, it comprises ~9.5%. The region is
defined by the following equations:

(x)2+(y)2+(z—88.0)2<1 75
7.12 9.18 628 ) — 7 Eq.

z = 88.0, and y = 4.50.

Eq. 76

Figure 4 shows the cerebral cortex and the cerebellum, along
with other brain structures defined below. To view the cerebellum,
a coronal slice through the cerebral cortex is made, and the layer of
cerebral cortex covering the cerebellum has been removed.

The Thalami. The thalami are represented by two ellipsoids,
one in the right hemisphere and one in the left hemisphere.
Their total volume is 15.7 cm?, with each thalamus occupying
7.85 cm®. These values are consistent with recent magnetic
resonance imaging measurements on 33 normal individuals
(Collins L, Evans A, personal communication). Their defining
equation is:

(x:1.15)2 ( y \> (z-—856)\
+{—==] + =1
0.90 1.30 1.60 Eq. 77
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The Third Ventricle. Located between the two thalami is the
third ventricle. It is represented by an elliptical cylinder parallel
to the y-axis, centered aty = 0.00, with a length of 2.40 cm and
a volume of 1.2 cm>. The region is longer in the z-direction than
in the x-direction. It is defined by the equations:

x \* [z-—86.0\2
o)t <land — 120 =<y =1.20.

1.10
Eq. 78

The Lateral Ventricles. The lateral ventricles are modeled as
two symmetrlcal cyllnders centered at y = 0.0, w1th a length of
5.00 cm, thus giving each a volume of 10.05 cm>. They are
located just below the internal portion (longitudinal fissure) of
the cerebral cortex. Their defining equations are:

xil.002+ z—88.02<1 4 =250 <v <250
0.80 08 ) = U=y =200
Eq. 79

The total volume for the ventricles gateral ventricles plus the
third ventricle) of the brain is 21.3 cm”. Tompsett and Last (65)
report that 1.6% of the total brain volume i lS occupled by the
ventncles thus giving a volume of 21.3 cm? using the 1467.6-
cm’® volume of the current brain model.

The Caudate Nuclei. The bodies of the caudate nuclei are
represented by two symmetrical cylinders. Each cylinder is then
capped on one side by a sphere representing the head of the
caudate nucleus. The total volume of the caudate nuclei is 10.5
cm Harman and Carpenter (66) report a total volume of 10.5
cm’®. In a single hemisphere, one caudate nucleus is located
between one lateral ventricle and one lentiform nucleus. The
equations for the caudate nuclei are given below.

For the body of the caudate nuclei:

x12.252+ z—87.1 2<1 § =280 <y =075
0.57 057 ) = U=y =010
Eq. 80

For the head of the caudate nuclei:

x:2.252+ Y — yo\? z—87.12<land < 280 with
075 075 ) T\ To7s ) =tandy= —280,wm

yo= —2.80 — \0.752 — 0.57% Eq. 82

The Lentiform Nuclei. Surrounding the outside portion of
each thalamus and the bottom part of each caudate nucleus are
two elliptical shapes representing the lentiform nuclei defined
as the combination of the putamen and the globus pallidus.
These elliptical shapes are cut by the intersecting volumes of
the caudate nucleus and thalamus in their respectlve hemn-
spheres. The total volume of both lentiform nuclei is 19.4 cm®.
Harman and Carpenter (66) report a total volume of 19.3 cm?®
(13.4 cm? for the putamen and 5.9 cm? for the globus pallidus).
The equations for this region are given below.

(x:‘:l.952 y+l.202+ z—85.82<1 Eo. 83

3 ) T\ 190 150 ) = =&

xt1.152+ y 2+ z—85.62>1 4 Ea. 84
0.90 1.30 160 ) = ¢ =4

,(:2.252+ z — 87.1\2 | wh 280 < v <075
- -—
0.57 057 ) = Wren T aSu=y =00
Eq. 85

The white matter. The white matter is considered the remain-
der tissue interior to the cranium (i.e., all tissue regions within
the brain that have not been deﬁned prev10us]y) The total
volume of the white matter reglon is 639.2 cm®.

Figure 4 shows an interior view of the brain including the
cerebellum and the cerebral cortex. The ventricles, caudate
nuclei, thalami and lentiform nuclei are shown in the lower
portion of the figure. Their incorporation within the entire head
model was shown in Figure 3.

RADIATION TRANSPORT CALCULATIONS

All the regions of the head and brain model defined above
were incorporated into the Monte Carlo radiation transport code
EGS4 (67,68). To allow for photon backscatter, the trunk
region defined in the MIRD 5R anthropomorphic model was
also added as a single soft-tissue region positioned below the
revised head model. The EGS4 computer code is a general-
purpose package for the Monte Carlo simulation of the coupled
transport of electrons and photons in an arbitrary geometry for
particles with energies above a few keV up to several TeV. The
EGS4 code contains a package of subroutines plus block data
with a flexible user interface. The use of EGS4 code requires
the user to specify the following information:

1. The physical characteristics of the incident particles (type,
energy, location and direction);

2. The target regions in which particle transport will be
simulated (type of medium, equations describing the
region boundaries);

3. The energy cut-off values ECUT and PCUT, below which
the transport of electrons and photons, respectively, are
terminated; and

4. The desired maximum percent energy loss per transport
step (ESTEPE) due to continuous slowing of electrons
between hard collisions or radiative energy loss events.

In the calculations presented, all photon source simulations
include the explicit transport of secondary electrons generated
in photoelectron absorption, Compton scattering and pair pro-
duction events.

Upon completion of all particle histories, absorbed fractions
of energy and their coefficients of variation are calculated for
each target region and for each initial particle energy. Let N be
the number of particles transported per history set (e.g., 100,000
particles) and let M be the number of history sets run (e.g., 10
sets). For a given source region h, source particle energy E,, and
target region k of interest, the absorbed fraction of energy for
the ith history set is calculated as:

N

2 eijk <h)
¢ik < h) = TNE,
where ¢g;;(k < h) is the total energy imparted to the target
region k #rom the source region h by the jth particle transported
within the ith history set. A single estimate for the mean
absorbed fraction of energy, ¢(k < h), can then be estimated
along with its sample s.d. sz, ), given that M history sets of
N particles are simulated:

Eq. 86

K<

2 itk <h)

¢(k<—h)=———r;i———, Eq. 87

and
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TABLE 3
Source Regions and Radionuclides Considered in the Calculation
of S Values

TABLE 4
Comparison of Subregional Absorbed Doses to the Average Brain
Dose for lodine-123-IPT

Radionuclides

“C, 13N, 150' 18F' 32p' 57CU. SZCu’
84Cu, ’Cu, 7®Br, %2Rb, ®Kr,
99m'|-c' IZL 123|, 124|’ 125|, 130',

Source Regions

Brain (total), caudate nuclei,
cerebellum, cerebral
cortex, cranial CSF,

lateral ventricles, 131), 132) 133yg 197Hg 20T,
lentiform nuclei, spinal 203Hg
CSF, thalami, third

ventricle, white matter
Cranium, spinal skeleton 32p, 33p, 89gy, 90gy, %Y, ST,
18105’ 131|' 1538"1, lee' ‘GSRe’

22oRa

Thyrad gngC, 122', 123', 124" 125" 125mL
126|’ 130|' 131|' 132|' 132m|' 133‘
1 M
Sttt = g =) 2 [k —h) = bk <~ h)F.
=1

MM - 1),
Eq. 88

The coefficient of variation (COV) on the mean absorbed
fraction of energy is calculated as:

Sg(kh)
OV = =———— 100%.
COV = Fc—n) 0%

ABSORBED FRACTIONS OF ENERGY

Absorbed fractions of energy are calculated for uniformly
distributed monoenergetic sources of both photons and elec-
trons using the EGS4 Monte Carlo code. Twelve energies are
simulated between 10 keV and 4 MeV. Fourteen source regions
are used, including the eight brain subregions: the cranium, the
CSF in the cranial region, the thyroid, the spinal skeleton, the
spinal CSF and the brain as a whole. For each of the 14 sources,
all regions in the head and brain model are taken as target
regions. For each energy and for each source region, 10 sets of
100,000 particles were run (i.e., 1,000,000 particles). Appendix
A gives tabulated values of both photon and electron absorbed
fractions in the revised model.

Due to the large number of particles simulated, COVs are
typically <1% for absorbed fractions >1073, <5% for ab-
sorbed fractions >107%, <10% for absorbed fractions >10">
and <25% for absorbed fractions >107°. Only for absorbed
fractions between 10~° and 10~7 do COVs range upwards to
100%. Footnotes at the bottom of the tables in Appendix A
indicate when the COVs on the absorbed fraction exceed 30%.

A detailed discussion of the variations of photon and electron
absorbed fraction with initial particle energy can be found in a
previous report (5/). This paper also compares values of photon
absorbed fractions from the current model with those previously
published by Cristy and Eckerman (9) and Eckerman et al. (61).

S VALUES

The mean absorbed dose to the target region per unit
cumulated activity in the source region (S value) has been
calculated for a variety of radionuclides of interest in nuclear
medicine brain imaging, as well as those radionuclides that
localize in the cranium, spinal skeleton and thyroid. These
results are listed in Appendix B. The list of radionuclides and
source regions considered is shown in Table 3. In these
calculations, the radionuclide decay data files of Eckerman et
al. (69,70) have been used in which the beta particle and
positron energy spectra are finely divided into logarithmic

Eq. 89

708

Absorbed dose per injected
activity (uGy/MBq) Absorbed
New MIRD average

Organ or brain Residence

subregion time(s) MIRD 11 MIRDOSE3 Model brain dose

Caudate nuclei 1 6.66 5.01
Cerebellum 1" 0913 0.69
Cerebral cortex 68 1.11 0.83
Lentiform nuclei 17 6.12 4,60
Thalami 3 240 1.80
White matter 70 1.37 1.03
Total brain 179 1.40 1.33 1.00
Thyroid 215 64.6 62.3 62.7

Eyes 0.174

intervals. The absorbed fractions for photon sources are used for
all photon radiation components of the decay scheme. The
absorbed fractions for electron sources are used for all beta
particle and positron radiation components. Alpha particles
from ??°Ra were assumed to fully deposit their kinetic energy
within the various skeletal source regions (i.e., a nonpenetrating
radiation).

EXAMPLE OF THE USE OF THE REVISED MODEL FOR
ABSORBED DOSE CALCULATIONS USING IODINE-123
TROPANE

To demonstrate the use of the new model in performing
subregion brain dosimetry, biokinetic data were obtained from
P. David Mozley at the University of Pennsylvania for '2’I-
tropane (IPT) (Mozley D, personal communication). lodine-
123-tropane is a tropane analog of cocaine that crosses the
blood-brain barrier in humans and selectively binds the pre-
synaptic dopamine transporter in the basal ganglia (7). The
whole-body dosimetry of this agent has been reported previ-
ously in seven healthy human volunteers (72). Data were
provided on the biokinetics within a single volunteer patient for
activity in the total brain, six brain subregions and the thyroid.
Dynamic SPECT imaging revealed activity concentrations in
the caudate and lentiform nuclei to be considerably higher than
those found in the thalami and other structures within the first
500 min postinjection. Using these data and the subregion
volumes listed previously in Table I, residence times were
calculated for each brain subregion and for the total brain
(Table 4). S values listed in Appendix B were then used to
produce dose estimates to the eyes, thyroid, total brain and each
of the six subregions. The regional variation in absorbed dose
within the brain is demonstrated in the last column of Table 4.
Here, the absorbed dose to the caudate nuclei and lentiform
nuclei are shown to be ~5 and 4.6 times, respectively, the
absorbed dose averaged across the total brain. Doses to larger
structures, such as the thyroid and total brain, are shown in
Table 4 to be in reasonable agreement with those estimated
using radionuclide S values from either MIRD Pamphlet No. 11
(73) or those calculated by the MIRDOSE3.1 computer code
(74), the latter incorporating photon-specific absorbed fractions
based upon the Cristy and Eckerman mathematical head model
(9). It should be noted that, although the MIRD SR model did
have a brain region, radionuclide S values published in MIRD
Pamphlet No. 11 did not indicate the brain as either a source or
a target region.
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DISCUSSION AND CONCLUSION

A substantial revision to the dosimetric model of the adult
head and brain originally published in MIRD SR has been
presented. This revised model includes new regional source and
target structures within the brain necessary to support the
suborgan brain dosimetry of current and developing neuroim-
aging agents. Appendix B of this pamphlet provides radionu-
clide S values based on this new model for 24 radionuclides
used in radiopharmaceuticals which localize within the brain,
skeleton and thyroid. Improvements to the head model include
the incorporation of eyes, a more detailed facial skeleton and a
separate neck region. The inclusion of a neck region will
circumvent the need for repositioning the thyroid gland when
the model is used to estimate thyroid doses from external
radiation fields incident from varying directions.

Although the S values tabulated in this pamphlet are designed
to yield estimates of radiation absorbed dose to the subregions
within an average adult human brain and head, the reader
should realize that the calculations are based on a specific
mathematical model. If patient-specific subregion volumes are
available for a given patient from imaging modalities such as
MRI or CT, the radionuclide S values given in Appendix B may
be mass adjusted, as suggested in “The MIRD Perspective
1998” (75) and in MIRD Pamphlet No. 11 (73). The authors
acknowledge that comprehensive MRI studies of the brain are
currently ongoing (Collins L, personal communication) and
that, in the near future, newer values of mean brain subregion
volumes will become available for large populations of sub-
jects.

Extensions of the new head and brain model should also be
noted. First, the new model should be fully integrated within the
framework of the entire mathematical model of the adult. The
revisions to the head model are extensive enough to warrant
changes to recommended photon absorbed fractions for source
and/or target regions involving the head and neck region.
Subregion definitions within the brain might not be necessary
for such an integrated model, however, because radiation doses
to structures such as the thalami from photon sources within the

trunk could be sufficiently approximated by the average brain
dose. Furthermore, these dose contributions would constitute
only a small fraction of the total subregion dose if intrabrain
activity was also present. Second, techniques for assessing
radiation absorbed dose specifically to the bone marrow and
trabecular endosteum within the skeletal regions of the head
should be included for both photon and electron sources. Here,
techniques similar to those used by Cristy and Eckerman could
be used (9,76). Third, SPECT and PET agents are increasingly
used for neuroimaging of pediatric patients (77). Consequently,
pediatric versions of the new head and brain model necessary to
support suborgan brain dosimetry of pediatric neuroimaging
agents need to be developed.

Finally, the authors wish to acknowledge that this model, like
all mathematical dosimetry models, is subject to change and
revision as new biokinetic data become available and new
radiopharmaceutical dosimetry needs become apparent. For
example, current neuroimaging agents do not localize within
the globus pallidus. Future neuroimaging studies, however,
could potentially lead to agents that do target this particular
brain structure. Consequently, it would be advantageous to
revise the current model to specifically delineate the lentiform
nucleus into separate regions for the putamen and the globus
pallidus. Comments and suggested additions to the model
would be appreciated and should be directed to either the
corresponding author or to the current Chair of the MIRD
committee.
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