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INTRODUCTION ~ 1 I3 p~

Since the initial irradiation of primates with proton energies from 32
to 400 MeV in 1966 (1), continued interest in the radiation effects
exhibited by these primates has led to retrospective evaluation of the
probable dose distributions within the primate head (2). Additionally, the
prospective solar flare radiation dose distribution within the head of a
standard man phantom has been evaluated using computerized radiation
therapy treatment planning programs (3). These reports suggested that,
for the 55-MeV proton irradiation, portions of the primate brain may have
received doses as high as three times the surface dose by which the
exposures were calibrated. They also suggested that for the three solar
flare irradiations studied, substantial doses could be delivered to vital
areas of the brain relative to the surface, particularly in the glial cell
region. Continuing radiobiological evaluation of the irradiated primates
has found variable radiation effects to the eye, wherein primates
irradiated to the same apparent dose exhibit differing radiation response.

This report compares the dose distribution to the primate head for four
proton energies which are representative of experimentally used beams
and evaluates the calculated surface dose, dose distribution through the
eye, and doses to the primate brain. Doses to the brain are compared by
dose-volume histogram techniques. Additionally, doses received by
individual labeled primates are calculated based on the tabulated surface
dose assigned to those primates at the time of initial irradiation.

METHODS AND MATERIALS

Four proton energies were used to calculate the dose distribution to
the primate head, with particular emphasis on dose to the eye, resulting
from irradiation in a proton field while rotating about the principal axis of



the primate. The static field depth doses for the four proton energies of
10, 32, 55 and 110 MeV, as determined from published and unpublished
reports (1,4), are shown in Figure 1. This figure illustrates the difference
in range of the proton beams, from 1 cm for 32 MeV to nearly 10.5 cm for
110 MeV. Additionally, this figure demonstrates the increased dose due to
the Bragg peak for the 32, 55 and 110 MeV protons. This figure shows a
maximum dose, relative to the surface dose, of 11 for 32 MeV, 6.3 for 55
MeV, and 2.4 for 110 MeV. No Bragg peak is shown for the 10 MeV beam,
as this was a beam which was degraded from a higher energy beam.

Doses were calculated as in the earlier reports. A radiation therapy
treatment planning program in clinical use was applied to calculate the
dose distributions due to protons incident on the primate head. This
treatment planning program calculates the radiation dose as the product of
a central axis depth dose (corrected for inverse square law dependence
and for density of structures intersecting the ray) and an off-axis factor
representing the change in field intensity away from the central axis. For
this study the central axis depth doses were entered from a table of data
used in the original measurements; the off-axis factors were set to one,
since the isoflux profiles suggested that this approximation was valid for at
least the central 10 cm of the field in both lateral and vertical directions
(1). The relative biological effect (RBE) of the proton field was considered
to be constant across the range of the protons (5).

Previously determined computerized tomography (CT) scans of a
primate head phantom extending in parallel slices spaced 0.5 cm apart
from the base of the skull to the top of the head were used. The internal
anatomy of the phantom was determined from these CT slices. A "patient
contour" corresponding to each of these CT slices was entered into the
treatment planning computer. The external patient contour was
determined by automatic contour tracing of the air-phantom interface.
The internal contours representing the skull were likewise determined by
automatic contour tracing, and an average density was determined for
each structure by examining all the CT density values corresponding to CT
pixels within that internal contour. Thus, variation in the density of bone
throughout the skull is accounted for slice-by-slice and an average density
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is attached to each structure within each slice. A target volume within
which dose-volume histogram analysis would be performed was
determined by manually tracing the area representing the brain within
each CT slice. Eleven planes, representing a cranio-caudad distance of 5
cm from the most inferior to most superior, were entered from CT data.
Additional contours were added by interpolation between CT slices for a
total of 20 calculation planes separated by 0.25 cm. Reference points were
entered in 1-mm increments along a line bisecting the eye. These
reference points were used to evaluate the depth doses through the eye.

Dose distributions were calculated by treating the rotation of the
primate head in the proton beam as the summation of doses for fields
directed toward an isocenter in the approximate center of the primate
head, equally weighted, and spaced in 0.5 degree angular increments
through a full 360 degrees. This calculation is similar to the numerical
integration techniques reported in the original paper; however, this
calculation takes into account the departure from cylindrical shape of the

primate phantom, as well as the additional dose attenuation introduced by
the higher density skull. These calculations were repeated for each of the
20 planes. In each plane a calculation and display grid of 9,200 points

yielded a grid spacing of 0.8 mm. From this grid isodose curves were
plotted which demonstrate the variation in dose in two-dimensional space
across each calculational plane of the phantom. A volume histogram of all
calculation points within the brain volume was calculated.

RESULTS

The relative surface dose, normalized to a 10-cm diameter cylinder,
was calculated for each of the incident proton energies for cylinders from

5-cm to 15-cm diameter and are shown in Figure 2. These calculations
were based on numerical integration of the depth doses shown in Figure 1
in 0.1-degree increments through a full 360 degrees of arc (6). Due to the
range of the protons, a point on the surface of the cylinder is irradiated by
the proton beam for greater than 180 degrees of arc, thereby increasing
the surface dose as the cylinder diameter decreases. In the case of the
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1 l0-MeV proton exposure, the 10.5-cm proton range means that a point
on the surface of any cylinder of diameter less than 10.5 cm will be
irradiated during the entire 360 degrees of arc. The increased dose in the
range of the Bragg peak produces a maximum surface dose for a cylinder
of approximately 8.5 cm diameter. For cylinders of lesser diameter, the
Bragg peak is beyond the distal surface of the cylinder, and therefore the
surface dose is reduced. Since the diameter of the primate head at the
level of the eyes is approximately 8 cm, an increased surface dose to the
eyes can be expected, relative to the dose normalization based on a 10-cm
diameter cylinder. For the I 10-MeV component, this increase may be as
much as 17% while for the 10-MeV component the dose increase may be
only 2%.

Earlier work demonstrated that the shape of the primate head can
introduce large changes in dose distribution, relative to the cylindrical
shape. To evaluate this effect, depth doses through the primate eye were
calculated and compared with depth dose calculations based on a cylinder
diameter of 8 cm. For the 10-MeV protons, calculations indicated
approximately 105% of surface dose relative to a 10-cm diameter cylinder,
compared to 102% for the 8-cm cylinder calculation. A greater dose at all
depths is also seen, as illustrated in Figure 3A. The greater dose is
attributed to the small radius of curvature of the eye, compared to the rest
of the head, thereby allowing increased penetration of the protons into the
eye through a segment of the arc, compared to that through a standard
cylinder. This effect is more pronounced for 32 MeV protons, illustrated in
Figure 3B. Here the surface dose increases to 124%, compared to 102.5%
for the 8-cm diameter cylinder. However, since the Bragg peak for 32-
MeV protons occurs at slightly less than 1-cm depth, a very dramatic
enhancement of dose within the eye is seen at a depth of about 0.85 cm, as
this depth serves as a focus for the Bragg peak as the primate eye rotates
through the beam. This dose enhancement is calculated to be 311% of
surface dose to a 10-cm diameter cylinder. For comparison, the maximum
dose calculated within an 8-cm diameter cylinder is 135% of surface dose
to a 10-cm diameter cylinder. This focusing effect of the Bragg peak
within the primate eye produces a very high dose to a very small volume.
This effect is illustrated in the isodose curves in Figure 4 calculated for
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each proton energy. Similar results are seen in Figure 3C for the 55-MeV

proton dose calculations. Here the surface dose to the eye is calculated to

be 116%, compared to 106% for an 8-cm diameter cylinder. An increased

dose of 168% is seen at a depth of 1.85 cm compared to a dose of 139% at

the same depth in an 8-cm diameter cylinder, suggesting some focusing of

the Bragg peak at this depth in the eye. Further dose enhancement is seen

at depths greater than the dimension of the eye, from 2.0- to 2.6-cm

depth. This change may be significant in that this high dose of up to 193%
may be received by the optic nerve extending beyond the eye. Finally,

Figure 3D illustrates the depth doses to the primate eye and to the 8-cm

diameter cylinder for 1 10-MeV protons. The surface dose to the eye is

seen to be approximately 115% of surface dose to the 10-cm cylinder,
rising to 120% within 1 mm of the surface and remaining uniform across

the dimension of the eye. Similarly, the dose within the 8-cm cylinder
remains at about 115% across the dimension of the cylinder.

To evaluate the possible change in dose distribution due to

irradiation of the primate with its eyes closed, rather than open, the
external contour corresponding to the eye was modified and the dose
calculations repeated. One millimeter thickness was added to the contour

surrounding the eye, corresponding to the estimated thickness of the

primate eyelid. The reference points were left in their same locations, and

the arc calculations were repeated using the same beam weighting and

calculation increments. The differences seen were as follows: (a) for 10-
MeV protons the dose to the surface of the eye was reduced by 2%,

corresponding to the attenuation through the additional thickness of eyelid

tissue, and the depth dose through the eye was commensurately reduced;

(b) for 32-MeV protons the dose to the surface of the eye increased to
140% and the maximum dose increased to 377% at a depth of 8 mm behind
the front surface of the eye; (c) for 55-MeV protons the dose on the

surface of the eye increased by 2.5%, reflecting the dose buildup through

the eyelid, while the depth doses through the eye increased by 1 to 2%;

and (d) for l 10-MeV protons an increase of less that 1% was noted. Thus,

the greatest effect was seen with the 32-MeV proton irradiation. The
effect of irradiation with eyelids closed vs. open could change the dose to

the surface of the eye by as much as 10%, while moving the depth of the
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peak dose by the thickness of the overlying eyelid. This change may, in
part, account for the variability in results observed in radiation effects to
the eyes of primates irradiated using 32-MeV protons.

Using the primate head outline, depth doses were calculated
corresponding to exposures of 10-MeV and 110-MeV protons received by
the primates. These doses are listed in Table 1 according to primate
identification, and are tabulated to a depth of 1.8 cm, corresponding to the
boundary of the eye and the skull. Three different irradiation schemes
were effected in the original exposures: 10-MeV protons plus 1 10-MeV
protons; 10-MeV protons only; and 110-MeV protons only. For the 10-
MeV and combined 10-MeV and 1 10-MeV exposures, the exposures were
graduated to deliver an estimated surface dose from 300 CGy to 1,800 CGy
in steps of 300 CGy. The present calculations indicate that the surface dose
delivered by the 10-MeV beam only closely matches the surface dose
resulting from the combined 10-MeV plus 1 10-MeV exposures for each
dose increment. However, the 10-MeV depth dose decreases more rapidly
than the combined depth dose, and actually delivers a lower dose to the
back of the eye than either the combined irradiation or the 1 10-MeV
component alone. Depth doses for four irradiation schemes are plotted in
Figure 5.

The differences in dose distribution to the primate brain due to
irradiation from 10-, 32-, 55-, or 110-MeV protons were studied by dose
volume histogram. Using a field weighting which would deliver 100% dose
to the surface of a 10-cm diameter cylinder for each proton energy, the
dose distributions were calculated in 20 equally spaced parallel planes
across the primate head,and the pixel points within the brain contour for
each plane were sorted and summed by dose value. The comparative dose
volume histograms are shown in Figure 6. These histograms demonstrate
that no significant dose to the brain is received from either the 10-MeV or
the 32-MeV proton irradiation. Over 50% of the brain volume irradiated
with 55-MeV protons received a dose from 100% to 150% of the reference
surface dose, while 20% of the brain volume received a dose of 5% or less.
The maximum dose received anywhere within the brain volume was 382%.
Calculation of 1 10-MeV proton irradiation showed 96% of the brain volume
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receiving a dose between 105% and 125% of the reference surface dose.
Representative isodose distributions are shown in Figure 4 for each proton

beam energy.

CONCLUSIONS

For all energies studied, the calculated surface dose to the primate

head was higher than that predicted from calculation using a simple
cylinder approximation. The surface dose ranged from 105% to 124% of
surface dose for a 10-cm diameter cylinder.

The focusing effect was most pronounced for 32-MeV and 55-MeV
protons. This effect introduced a dose increase (f up to 311% for 32 MeV
and 193% for 55 MeV in the plane of the eye.

The distribution of dose to the brain is strongly dependent on the
energy of the proton beam used. The range of the 10-MeV and 32-MeV

beams is inadequate to deliver significant dose to the brain; however, the
range of the 55-MeV protons is adequate to place the Bragg peak of the
proton distribution fully within the brain during most of the arc, thereby
producing areas of high dose within the brain relative to the surface dose.
The range of the 110-MeV protons enables the entire brain to be
irradiated during the complete arc, leading to a reasonably uniform dose
distribution throughout the brain.

Each of these departures from the dose predictions of a simple

cylinde; may have significance in the continuing evaluation of radiation

dose effects, as an accurate estimate of delivered dose is necessary to

validate interpretation of radiation response.
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Figure 1. Static field proton depth doses for 10-MeV, 32-MeV, 55-MeV
and 1 10-MeV protons. Each curve is normalized to 1.0 on the
phantom surface.
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Figure 2. Relative surface dose for cylinders from radius 5 cm to 15 cm.
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cylinder.
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Figure 3A. Relative depth dose to primate eye vs. depth dose to 8-cm
diameter cylinder for 1O-MeV protons.
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Figure 3C. Relative depth dose to primate eye vs. depth dose to 8-cm

diameter cylinder for 55-MeV protons.
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Figure 3D. Relative depth dose to primate eye vs. depth dose to 8-cm
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Figure 5. Depth doses through the eye for four irradiation schemes using
10-MeV and 1 10-MeV protons. Codes attached to each curve
represent the primate receiving this irradiation.
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Figure 6. Comparative dose volume histograms for 10-MeV, 32-MeV, 55-
MeV and 1 10-MeV irradiation. Relative doses were normalized
to 100% on the surface of a 10-cm diameter cylinder for each
energy. Data are plotted as percent of brain receiving relative
dose. No significant dose to the brain is received from 10-MeV
or 32-MeV irradiation. Over 50% of the brain receives a dose
from 100% to 150% of reference surface dose from 55-MeV
protons; 96% of the brain volume receives a dose from 105% to
125% of the reference surface dose from 110-MeV protons.
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