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Chapter 7

Lateral non-uniform
irradiations

Sections 7.1 through 7.5 were published in modified form [114]

7.1 Introduction

In radiotherapy the dose to the tumor is often limited by the tolerance dose
of the surrounding normal tissue, especially when the tumor is located near a
critical organ like the spinal cord.

In modern radiation oncology, new conformal techniques like IMRT, proton
therapy and heavy-ion therapy are used to minimize the irradiated volume of
normal tissue. To quantify the possible advantage of a certain technique, it has
become of increasing importance to obtain data on the dose-volume effect for
different organs.

At the Kernfysisch Versneller Instituut (KVI) a study on dose-volume effects
in the rat cervical spinal cord is ongoing. In the first experiments the total cross
section of the cord has been irradiated homogeneously with various field sizes
(i.e. lengths) [61] (see also chapter 5.)

In clinical practice however, when a tumor is located close to the spinal
cord, the dose distribution is likely to show a considerable decrease over the
transversal cross section of the spinal cord. In the work of Pop et al. [115, 116]
the effects of this kind of inhomogeneities in the dose distribution have been
studied using 192Ir implants to create a dose gradient in the transversal cross
section of the thoraco-lumbar spine.

In the present work, we report on an approach in which a 150 MeV proton
beam was used to irradiate the right half of the transversal cross section of the
rat cervical spinal cord. Compared to the 192Ir method, the advantage of a
proton beam is that a very steep dose gradient can be achieved. This results
in a clear separation between irradiated and non-irradiated tissue within the
lateral cross section of the spinal cord. The possible volume effects will thus
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108 CHAPTER 7. LATERAL NON-UNIFORM IRRADIATIONS

become more apparent, even though the lateral cross section of the rat spinal
cord in the direction of the dose inhomogeneity is only about 3.5 mm.

7.2 Materials and methods

7.2.1 The irradiation field

Lanex regular
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Proton focus145 cm

Figure 7.1: Top view of the setup with the digital X-ray imager.

The irradiations were performed at a dedicated beam line for radiobiology
experiments at the KVI. The beam line is horizontal and basically consists of
beam shaping elements, beam monitors, dose monitors (see also chapter 3) and
instruments to verify the positioning of the rat (see also figure 7.1).

With the 150 MeV proton beam from the AGOR cyclotron [117] a dose
distribution was created, using a double-scatter foil system [70]. A homogeneous
field of ® 70 mm was obtained. For the experiments described here the central
20x20 mm2 was selected by a 45 mm thick brass collimator. This field-defining
(=last) collimator was centered on the axis of the beam. The distance from the
rat to the virtual proton source (approximately half way the two scatter foils in
the dual-scattering system) was 2.9 m. In the scatter system and the collimator,
fast neutrons are created. The out-of-field dose of these neutrons was estimated
using the nuclear physics Monte Carlo code Fluka. It was found to be at most
0.1 Sv in a 40 Gy irradiation. The primary dose monitor is located 135 cm
before the collimator.
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No energy modulation was used. The so-called “shoot-through” method was
chosen instead to use the homogeneous dose distribution in the plateau of the
Bragg curve. In addition, this had the benefit of the steep penumbra associated
with high-energy protons. Furthermore, due to the high energy, the influence
of heterogeneities in front of the target volume is negligible.

In a previous study of volume effects in the longitudinal direction [61], the
field size in the lateral direction was chosen to be 10 mm. The main reason
for choosing a 20x20 mm2 field for the current study was that a considerable
aperture is needed for interpretation of the radiographs of the rat’s neck, which
were used for alignment verification of the spinal cord with the beam. A con-
sequence of this relatively large field, however, was that the peripheral nerves
are irradiated to the same dose as the irradiated part of the spinal cord. So far
studies on the cervical spinal cord have not shown histological or neurological
signs of damage to the peripheral nerves within the time-span leading to devel-
opment of paralysis due to white-matter necrosis, the primary endpoint of the
current studies [9]. Dose levels in these studies were as high as 40 Gy to the
whole length of the cervical cord and as high as 100 Gy to 2 mm field length
[118]

7.2.2 Animal setup

We used a Lucite frame to position the rats in the radiation field. In this frame,
6 anesthetized rats were positioned vertically with fixation of the base of the
skull and the neck with 5 cm distance between the spinal cords of different
animals. Fixation is achieved by placing the animal with the base of the skull
on a 5 mm thick Lucite support with a semi-circular hole. After closing the hole
the neck is fixated immediately above the target volume. An aluminum sheet
between the animals prevents movement due to touching neighbors.

The cervical part of the spinal cord was irradiated over a length of 20 mm
from the first cervical vertebra until the second thoracic vertebra (C1-T2). Since
longitudinal volume effects occur for lengths smaller than 8 mm only [61], the
considered length should have no influence on the outcome of this study.

The spinal cord of the rat was positioned 15 cm downstream the field-defining
collimator. We will refer to this position as the isocenter. Upstream of the beam
entrance side of the spinal cord, there was approximately 3 cm water equivalent
material, including the Lucite frame and the tissue of the rat. At the isocenter
and at a water equivalent depth of 3 cm, the vertical and the lateral 20%-80%
penumbra’s of the proton field were 1.0 mm.

The diameter (left-right) of the cervical spinal cord is approximately 3.5
mm. Therefore, to center the dose gradient in lateral cross sections of the spinal
cord, the center of the spinal cord had to be positioned very accurately at the
50% dose level in the penumbra. To achieve this, the Lucite frame was placed
on a slider that could be moved using a remotely controlled stepping motor
with a resolution of 160 steps/mm rat movement. After position verification
with X-rays, the Lucite frame position could be adjusted. Since multiple rats
could be placed in the frame simultaneously, several animals could be positioned
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and irradiated with the proton beam, without the need for the staff to enter
the treatment room. A typical experiment to establish a dose-effect curve with
reasonable statistical accuracy, requires irradiation of 30-40 rats. Therefore
much effort has been put into automating the procedure and enabling remote
control of the equipment.

7.2.3 Radiography

To be able to determine the position of the spinal cord an X-ray tube was
inserted in the system by remote control. When inserted, the X-ray focus was
positioned approximately on the beam axis, 1.30 m in front of the collimator.
Radiographs were registered using a digital fluoroscopic system very similar to
the 2D dosimetry device reported by Boon et al. [72]. A CCD camera with a
100 mm lens monitors a scintillating screen (LanexTM regular, Kodak), which
detects the X-rays traversing the rat. To prevent direct irradiation of the CCD
camera, a front-surface coated mirror was placed halfway the camera and the
screen. The optical path-length from the screen to the camera was 1 meter. An
important advantage of this digital X-ray imager is the immediate availability
of the digital images of which the contrast can be adjusted. In figure 7.1, the
setup is depicted.

The radiographs are taken at 60 kV and 240 mAs. One radiograph approx-
imately deposited a dose of 3 mGy in the rat, which is negligible in comparison
to the proton doses that were given. At this dose level the signal to noise ra-
tio of the system is approximately 500. In a typical image the size of a pixel
corresponds to 0.17 mm in the rat.

7.2.4 Positioning procedure

The virtual proton source was at a much larger distance from the isocenter
than the X-ray source. Therefore, the projection on the screen of the collimator
wall in the radiograph was on a considerably different position than the proton
penumbra. In this setup, the X-ray field through the 20x20 mm2 collimator
covers 23x23 mm2 at the isocenter and it was projected on a 25x25 mm2 region
on the screen of the X-ray imager. To be able to position the rats correctly,
the position of the proton penumbra had to be determined in the radiographs.
To do this, a Lanex fine screen, also used for dosimetry (see later), was placed
perpendicular to the beam direction at 5 mm downstream of the isocenter. A
picture was made of the 20x20 mm2 proton field. The position of the penumbra
in the horizontal direction (i.e. the 50% iso-dose line) was determined from
this image. Next, a copper needle was placed at the isocenter in a large (®70
mm) field for an easy recognition of its proton shadow and moved in the lateral
direction towards the position of the penumbra in the 20x20 mm2 proton field.
The position was verified by making a proton image of this field on the Lanex
fine screen. Then a radiograph was made of the needle using the X-ray imager.
The image of the needle was stored on disk. For verification of the rat position
this image was laid over the images of the rat.
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After setting up the frame with the rats a radiograph of the rat was made,
where the spinal cord was near the center of the 20x20 mm2 field. In this
image both edges of the spinal cord were marked by hand. From these positions
the location of the center of the cord and the distance between the center and
the right edge were calculated. Then the rat was moved to the left over the
required distance and another radiograph was made. In this radiograph the
distance between the needle contour and the right edge of the cord was verified.
If necessary this was repeated until the rat was at the correct position. Typically,
2-3 radiographs were needed to position the rat correctly.

Note that the needle position in the proton beam was not registered with the
same amount of material in front of it, as compared to the spinal cord. However,
adding phantom material only causes a symmetric blurring of the position of
protons in the penumbra. Therefore, the position of the 50% dose level can be
well determined at zero depth.
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Figure 7.2: a) A radiograph of the rat in the setup. The five rectangles show
the five regions from which the position of the edge of the spinal cord was
determined. b) The profile shows the vertically projected gray scale values of
the solid box in figure 2a.

7.2.5 Position stability verification

Immediately after the proton irradiation another radiograph was made to check
for a possible displacement of the rat, during the irradiation. On the radiographs
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the spinal cord was visible from C3 to T3. After the experiment we used the
images immediately preceding and following the proton irradiation to investigate
the amount of displacement. For verification of the stability of the rat position
an automated procedure was developed to analyze all images. In the image 5
sections were defined. Together they cover the 20 mm cord length that was
irradiated. Each section covers 20 lines in the radiograph. The five regions are
shown in figure 7.2a. For each lateral position the gray scale values of the 20
lines were added, thus yielding a projected lateral profile (see figure 7.2b). In
this profile the edge of the vertebrae is clearly visible as a dip. By comparing
the pre-irradiation and post-irradiation profiles a good impression of movement
errors was obtained. The accuracy of this method is 1 pixel size in each segment.
Combining the results of the five segments yields an estimated accuracy of 0.08
mm.

7.2.6 MRI analysis

For in-vivo MR microscopy the rats were anesthetized (1.3% isoflurane; 1:1
(v/v) N2O/O2 mixture) and placed face down into the MR spectrometer at the
department of diagnostic radiology of the university medical center in Nijmegen.
(S.M.I.S. console equipped with a Magnex Scientific 7 T / 200 mm horizontal
bore magnet and a 150 mT/m gradient set). A 19 mm quadrature surface coil
was positioned on the dorsal side of the rat neck. Forty contiguous transverse
MR images were acquired in a standard multislice spin-echo imaging experiment
(echo time = 15 ms; repetition time = 3500 ms; number of averages = 1; field
of view = 70x70 mm2; matrix size = 512x512; slice thickness = 0.5 mm).

7.2.7 Dosimetry

The dose profiles were measured in 2D using the CCD/scintillator system de-
veloped by Boon et al. [72], which has a spatial resolution of σ=0.22 mm [73].
These dose profiles were calibrated [71] before the first irradiation using a 0.6 cc
cylindrical ion chamber PTW-30001 (Farmer chamber, PTW Freiburg) in a field
of 70 mm diameter. The output factor of the 20x20 mm2 field with respect to
the 70 mm diameter field was found by comparing screen measurements, taken
at an equal number of monitor units.

From the 20x20 mm2 dose distribution, a cumulative dose-volume histogram
(DVH) was calculated. In a transversal cross section at C4 of the MRI scan, a
contour of the spinal cord was defined. Using this contour and the measured dose
distribution, a cumulative dose-area histogram (DAH) could be obtained. Since
this study aimed at inhomogeneity of the dose distribution in the lateral cross
section, the DAH was used instead of the DVH. The DAH was also determined
for dose distributions that were displaced over the positioning uncertainty, to
obtain the uncertainty in the DAH.
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7.2.8 Dose-response curve

In the pilot experiment described here, 20 rats were used to get an indication
of the tolerance dose. The outcome of this experiment will be used to settle
the parameters for follow-up experiments. In table 7.1, the dose groups and
number of rats per dose group have been listed. The listed doses refer to the
100% iso-dose line in figure 7.6 and are given in a single fraction. The dose-
response data (NTCP = complication rate as a function of dose) was analyzed
using the probit model given by eq. 6.3.

In eq. 6.3, m is a slope parameter and ED50 indicates the tolerance dose.
Because of the scarce data typical for this type of experiments, a maximum
likelihood fit method is used to find the ED50. In general, it is more convenient
to use the logarithm of the likelihood (LL) instead of the likelihood itself. For
this type of data the LL is given by eq. 2.10.

The likelihood can be plotted as a function of the two parameters. The
parameters that have the highest likelihood (LLopt) are assumed to be the best
representation of reality. The 95% confidence limits on the tolerance dose are
given by the maximum and minimum values of the ED50 on the LLopt − 2
iso-likelihood contour in this landscape [34].

The scarcity of the data-set makes it hard to give a reliable estimate of the
dose response curve. Instead we obtained an impression of the limits on the
NTCP curves from the LLopt − 3 iso-likelihood contour (similar to Gagliardi et
al. [67]) by determining the minimum and maximum NTCP within the contour
for each dose. The LLopt − 3 contour corresponds to the joined 95% confidence
interval of the two parameters. Therefore, 95% of the curves defined by all
parameter combinations are expected to fall within the thus-derived NTCP
contour.

50

100

% of Dmax

Figure 7.3: Overlay of iso-dose contours of the needle in a ®70 mm proton field.
The gray scale image shows the 20x20 mm2 proton field.
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a)

b)

Figure 7.4: a) Overlay of contours of the needle on the edge of the 20x20 mm2

proton field on a radiograph of the rat (gray scale). This X-ray was taken
before the rat was positioned correctly, to be able to determine the position of
the center of the spinal cord with respect to the right edge. b) The rat is moved
to the correct position.

7.3 Results

7.3.1 Positioning images

The gray scale in figure 7.3 shows the outline of the 20x20 mm2 proton field.
The contours are iso-dose lines that show the position of the needle in the ®70
mm proton field. Although the energy loss in the needle is negligible, its shadow
is visible due to the multiple scatter of the protons in the needle. This gives rise
to a ripple in the dose distribution. Figure 7.3 shows that the position of the
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needle was indeed at the 50% dose level at the edge of the 20x20 mm2 proton
field.

In figure 7.4a the contours show the radiograph of the needle, when located
at the position of the proton penumbra. This image was stored and used as
a reference in the positioning of the rat. In the radiograph the needle is not
located at the X-ray penumbra. This parallax was caused by the difference in
virtual-source position of the proton beam and the X-ray tube.

The contour of the needle was laid over the radiograph of the rat. In the
radiograph the width of the vertebrae was determined using the procedure de-
scribed before. The required distance of the center of the needle to the right
side of the vertebra is half the width. The right side was used, because it stays
well visible when the spine is moved towards the edge of the field.

Figure 7.4b shows a radiograph after the rat was moved to the calculated
position. This image is evaluated by a check of the distance from the needle to
the right edge of the vertebra.

7.3.2 Positioning accuracy

The pixel resolution of the X-ray imager was 0.18 mm/pixel. For the determi-
nation of the center of the spinal cord the mean of both edge positions was used,
which improved the accuracy that can be obtained to 0.09 mm.

Comparison of the pre-irradiation and post-irradiation images yielded an
average displacement (= systematic error) of only 0.008 mm with a standard
deviation of 0.08 mm, which shows that there was no systematic error. The
maximum deviation found was 0.12 mm. Combining the movement error with
the intrinsic uncertainty due to the X-ray imager resolution yields an average
positioning uncertainty of 0.12 mm.

7.3.3 MRI

The maximum dose to the spinal cord of the irradiated rat was 40 Gy resulting
in necrosis of the white matter in the irradiated region. A lateral cross section
of the spinal cord obtained with MRI is shown in figure 7.5. The white contour
indicates the limits of the spinal cord, used for DAH determination.

Indicated by the arrow, a white spot can be seen only on the right side in
the white matter. Histological analysis showed this was caused by white matter
necrosis, which is typical for the endpoint of these experiments [61]

7.3.4 Dose profile / DVH

In figure 7.6 the dose profile is superimposed on the MRI image of the spinal
cord. The dose to the white matter on the low dose side was 8%±1% of the
maximum dose in the profile. The highest dose to the cord was 98%±1% of
the maximum dose in the field. In figure 7.6 the dashed lines indicate the
combination of the mean positioning uncertainty of the 50% dose level and the
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movement uncertainty (±0.12 mm). These results have been summarized in a
DAH, shown in figure 7.9A.

7.3.5 Dose-response curve

The fit of the probit model (eq. 6.3) to the data listed in table 7.1, yields a
tolerance dose ED50=30.0 Gy. This maximum likelihood value of the ED50 is
found for m →∞. In figure 7.7 the iso-likelihood contours corresponding to the
95% confidence limits are shown for both the full irradiation [61] and the present
data. The 95% confidence interval on the ED50 of the lateral 50% irradiation
runs from 26.3 Gy to 31.3 Gy. For the full irradiation this is from 19.6 Gy to
21.1 Gy.

In figure 7.8, the maximum and minimum NTCP values found within the
joined 95% confidence intervals of the ED50 and m (the outer contour in figure
7.7) are shown with the data.
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Figure 7.5: MRI image of the lateral cross section of the spinal cord. The image
was made through C4. The outer contour indicates the edges of the spinal cord,
used for dose-area histogram determination for the entire cross section. The
inner contour is used for the dose-area histogram of the gray matter. The arrow
indicates the white-matter necrosis.
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Figure 7.6: Iso-dose contours of the dose distribution, used in the rat irradiations
laid over a lateral cross section of the spinal cord. The dashed lines indicate the
position uncertainty of the 50% iso-dose line.
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7.4 Discussion

7.4.1 Positioning accuracy / dose errors

In figure 7.9A the DAH’s that would occur on the average and plus and minus
the maximum positioning error are shown. Due to the shallow slope of the
dose profile for doses larger than 95%, the uncertainty in the positioning hardly
influenced the maximum dose given to the spinal cord. The main influence of a
displacement is in the penumbra, i.e. around the 50% dose level. The volume
receiving more than 50% dose was 50%±4% of the surface of the lateral cross
section, where the uncertainty results from the maximum observed displacement
and pixel resolution of the X-ray imager.

The proton shadow of the needle was difficult to find. In subsequent exper-
iments we used a needle at the beam exit side of the dosimetry screen, because
the light shadow was much easier to observe.

7.4.2 Reporting a DVH or DAH: Functional inhomogene-
ity in the spinal cord

It is well known that different regions in the spinal cord have a different func-
tionality and also a different response to radiation [119, 20, 120]. In the spinal
cord of rats that were paralyzed, usually the observed radiation-induced dam-
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Figure 7.8: Minimum and maximum NTCP found for each dose and combination
of m and ED50 within the contours shown in figure 7.7. This is not an exact
confidence limit on the NTCP, but does give an indication of the uncertainty in
the NTCP. The dotted line, connecting the data is ’to guide the eye’ only.
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age consists of necrosis of the lateral or dorsal columns of the white matter.
In contrast to the focal damage in the white matter, the gray matter shows
damage only at higher dose levels. Several studies reported no damage up to
40 Gy [9, 121]. Hubbard et al. reported no damage up to 50 Gy [122]. In more
recent work van der Kogel reported no damage up to 54 Gy [20]. Hopewell et
al. presented a study in which damage was found starting at 39.1 Gy [120].

These differences might give rise to the need of a separation of the DAH into
a DAH for the white matter and a DAH for the gray matter. The combination
of high-resolution dosimetry and MRI makes this possible. The gray matter can
easily be selected from the MRI image, based on its color. The white matter
can then be selected by subtracting the gray matter region from the contour of
the entire spinal cord cross section. The resulting DAH’s are shown in figure
7.9A.

The experiment reported here has shown that the accuracy is sufficiently
high to perform experiments that discriminate between white and gray matter
exposure.

7.4.3 Protons and RBE

The RBE of protons is known to be slightly higher than 1 (∼ 1.1). Protons
with an energy below 40 MeV are known to have an even higher RBE [31]. In
this experiment the plateau of a single Bragg peak was used, which consists
of high-energy protons mainly. Low-energy protons come into the beam by
scattering processes in the edge of the collimator. This may introduce a mixing
of different RBE values in the dose distribution. In a study of the effect of
collimator scatter on small proton beams [73] it was shown that even close
to the collimator (1.25 cm) the increase in expected biological damage due to
collimator scattered protons is less than 1% and distributed homogeneously over
the field. As the distance to the collimator in this experiment was 15 cm, the
influence of low energy protons on the RBE can be neglected completely. So
if the RBE were taken into account it would only result in a homogeneously
distributed correction factor on the dose distribution.

7.4.4 Improving the dose distribution

In this experiment a distance of 15 cm between the rat and the collimator was
used to ensure that collimator-scattered protons would not influence the RBE
and the homogeneity of the dose distribution too much.

In recent work [73] a Monte Carlo code was tested for calculating dose dis-
tributions of small proton fields. In this work the inhomogeneity of the dose
distribution and the penumbra as a function of distance to the collimator was
studied. It was found that with approximately 5 cm distance between the rat
and the collimator, the homogeneity of the dose distribution was reasonable.
Therefore, in future experiments the distance between the rat and the collima-
tor will be decreased to 5 cm. Measurements have shown that the 80%-20%
penumbra will then be reduced to 0.65 mm.
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The beam energy is expected to have an influence on the penumbra as well.
A higher beam energy would decrease scatter in tissue, which would improve the
penumbra as well as decrease dose inhomogeneities due to soft-tissue and bone
inhomogeneities. It would, however, also increase the effect of collimator scatter
originating from the front face of the collimator [73]. Lower proton energies
would decrease the effect of front-face collimator scatter. It, however, would
also increase the dose gradient and RBE uncertainty in the depth direction.

7.4.5 Interstitial irradiation using 192Ir sources

The main difference between this experiment and the work of Pop et al. [116]
is in the dose gradients that have been achieved. In the work of Pop et al. the
difference between the highest and the lowest dose to the cord was about 50%
of the maximum dose to the cord. In the experiments reported in this thesis,
the difference is about 90% of the maximum dose to the cord. However, the
technique presented here, is limited to gradients in a direction that allow for the
shoot-through method. Therefore, a similar steep gradient in the ventral-dorsal
direction would be much more difficult, due to the presence of the shoulder
bones of the rat in the beam. But above all, the curvature of the cord in the
coronal plane would require an animal specific collimator shape.

7.4.6 Dose-response curve

The aim of this type of experiments is to determine the ED50 for different dose
distributions. In figure 7.7 it can be seen that a clear separation between the
full and 50% irradiation is found in the likelihood landscape. Still the NTCP
curve cannot be determined very well, because the slope parameter of the probit
model cannot be determined accurately from this type of data.

From the shift in figure 7.8, which gives the dose-effect curves of which the
parameter combinations are within the 95% limits (LLopt − 3 contour in figure
7.7), it can be seen that the tolerance dose of the spinal cord is significantly
higher if only 50% is irradiated in the lateral direction, instead of a full irradi-
ation, which suggests an important volume effect in the lateral direction. This
may have important implications for the planning of para-spinal tumor treat-
ments. The effect is so strong that further experiments are needed to gain more
insight into the effect of lateral inhomogeneities in the relative dose distribution
on the tolerance dose.

7.5 Conclusions

In this chapter the experimental procedure used in a series of high precision
irradiations on the lateral half of the spinal cord is presented. The irradiation
technique has been applied successfully as can be concluded from the observed
radiation damage. These techniques allow for a controlled inhomogeneous dose
distribution in the lateral direction of the rat spinal cord, which has a radius
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of about 3.5 mm. Preliminary results show a significant volume effect of the
tolerance dose in the lateral direction.

The methods described offer new opportunities for an experimental program
to investigate the role of different functional structures within the cross section
of the spinal cord for radiation-induced damage. For example, in the future
this type of irradiation will be used for a selective irradiation of the central part
of the spinal cord, to investigate the difference in tolerance dose of the white
matter with respect to the gray matter.

Table 7.1: Results of the experiments with a dose gradient in the lateral direc-
tion.

Experiment Dmax total number
(Gy) number of

of rats responders
1 mm penumbra 20 4 0

25 4 0
30 4 3
35 4 4
40 4 4

0.8 mm penumbra 24 3 0
26 3 0
28 6 0
30 6 1
32 6 0
34 3 2
36 4 4

central 20 3 0
24 6 0
28 6 0
32 6 0
36 3 0

7.6 Additional experiments

7.6.1 Repetition with improved penumbra

The experiment described previously in this chapter was a pilot experiment,
intended to get a first indication of the ED50 and to test the accuracy of the
techniques.

In a second experiment the lateral penumbra has been improved to a 20%-
80% penumbra of 0.8 mm and a finer grid of dose groups was used to obtain
a more accurate measurement of the ED50. The dose groups and number of
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responders obtained in this experiment are listed in table 7.1. The ED50 of 33.3
Gy, found in the improved experiment, was slightly higher than the 30 Gy, found
in the pilot experiment (see also figure 7.10 for confidence intervals). A possible
explanation for this may be the reduction of the low dose in the non-irradiated
half of the cord.

7.6.2 Central irradiation

The endpoint of the experiments is paralysis due to white-matter necrosis. In
these experiments, however, the full cross section of the spinal cord was irra-
diated, including the grey matter. The accuracy that was achieved with the
equipment used to do the lateral dose gradient experiments, allowed for an ir-
radiation in which mainly grey matter was irradiated. The dose-area histogram
obtained in this experiment is shown in figure 7.9C.

7.6.3 Discussion on all experiments

In figure 7.10 results of the probit fits to the results obtained with the homoge-
neous 20 mm dose distribution and the lateral inhomogeneous dose distributions
of the same length are shown. The tolerance dose can be seen to increase sig-
nificantly if the dose is reduced to a minimum in one lateral half of the spinal
cord. In the experiment in which mainly the grey matter is irradiated and the
dose was reduced in the lateral white matter, no responders were seen up to a
Dmax of 36 Gy. From the likelihood contours in figure 7.10 it can be seen that
even though this data-set does not allow for an estimate of the ED50, it does
prove that it is significantly higher than the ED50 found in both grazing beam
experiments.

The ED50s listed are Dmax values for all three dose distributions used. In the
central irradiation this dose was given mainly to the grey matter. This indicates
that for the endpoint of paralysis, the grey matter is more radioresistant than
the white matter.
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Figure 7.9: Dose-area histograms of the spinal cord, obtained in the pilot exper-
iment (A), the experiment with improved penumbra (B) and the irradiation of
the center of the cord with a 2 mm wide dose distribution (C). The spinal cord
was defined by the contour, shown in figure 7.5. The dashed and dash-dotted
lines indicate separate dose-area histograms for the white matter and the gray
matter, respectively.



124 CHAPTER 7. LATERAL NON-UNIFORM IRRADIATIONS

0 10 20 30 40 50 60 70 80 90 100
15

20

25

30

35

40

45

m

E
D

50
 (

G
y)

20 mm full

20 mm grazing (1.0 mm)

20 mm grazing (0.8 mm)

20 mm central

Figure 7.10: The LL landscape for the probit-model fit to the lateral non-
uniform irradiations. The inner and outer contours denote the LLmax − 2 and
LLmax − 3 iso-LL contours, respectively.




