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Introduction

In radiotherapy treatment planning for complex irradiation fields, it is necessary to obtain spatial dose
distributions in patients. Gore et al! proposed a method for determining the spatial dose distributions in a
tissue-equivalent phantom using nuclear magnetic resonance. Independent of their work, we started a
study of this method?, and present here the results. We describe various problems in making the gel
phantom and give details of the images of dose distributions in some homogeneous and inhomogeneous
phantoms.

Materials and Methods

A method for determining the spatial dose distribution in a tissue-equivalent phantom using nuclear
magnetic resonance was proposed?. The concept involves irradiating an absorbing medium in which
nuclear magnetic resonance properties change as a result of the interaction with ionizing radiation. A
ferrous sulphate solution(Fricke solution®) in a gel is used as the detecting medium. A cross-linked dextran
gel (Sephadex G-200) was used for this purpose.

When a dilute solution of ferrous sulfate in aerated sulfuric acid is irradiated, ferrous ions are
converted into ferric ions in amounts proportional to the absorbed dose. The chemical reactions are
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described by the following equations:

Fe* + OH— Fe*** + OH-

H + 0,—~ HO,

Fe** + HO,—~ Fe*** + HO,”

HO, + H*-H,0,

Fe* + H,0,—~ Fe*** + OH + OH-
It has been observed that the change from Fe** to Fe*** reduces the relaxation time of the NMR of the
protons surrounding the ion. Therefore, the longitudinal relaxation rate was observed by the alternating
saturation recovery-inversion recovery sequence on a resistive type NMR imager (Asahi Mark-J, Asahi
Medical Co., Japan) at 0.1 T. The longitudinal relaxation rate T} is given by*

TI

Tl:Tla\LTR}::M: (1)
““D(TL,TR)
D(TI, TR)=SR(TR) — IR(TL,TR) @)
g OT
=2exp( T,

where TI (300 ms) is the inversion time, TR (20000 ms) the repetition time, SR the signal intensity of the
saturation recovery image, and D(TI, TR) the signal intensity of the subtraction image, obtained by
subtracting the inversion recovery (IR) image from the saturation recovery (SR) image. On the calculations,
the influence of T, relaxation is ignored. To measure a dose distribution, the gel was made in the phantom
which was then irradiated. The phantom then was moved into the NMR instrument, and T, was measured
as a function of spatial distribution and then related to dose D with Eq(2).

Results

Several gels with varying compositions (for example, the concentration of FeSO,, H,SO, and NaCl;
amount of Sephadex added to the solution; purity of H,0) were prepared and used in preliminary
experiments to determine the relationship between dose and relaxation time. In order to check the linearity
and the repeatability of the relaxation rate as a function of absorbed dose, the irradiations were carried out
on five separate days. Test tube with a 12 mm outer diameter, which were contained both the Fricke and
the gel solutions, were irradiated by 12 MeV electron beams at the depth of peak absorbed dose. In Fig. 1,
these functions of mentioned above are chosen for the Fricke solution and for the best combination found
(containing 3.3% Sephadex G-200 by weight). The relaxation rate R=1/T), is shown as a function of dose D.
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It is seen that the relationship between R and D is linear for a limited dose range. For the Fricke solution,
the relation is R=0.8825 + (0.0279 + 0.0009)D, for the gel it is R=1.094 + (0.1071 £ 0.0021)D. The latter
gradient value is approximately four times larger than that of the Fricke solution. By varying the amount
of Sephadex between 2% and 4%, the gradient of the relaxation rate changed by a maximum of 4%. This
means that a small nonuniformity in the gel phantom does not influence dose distributions significantly.
While it is necessary to use very pure distilled water to make the Fricke solutions, it is sufficient to use
ordinary distilled water for the gel phantom.

Measurements of dose distribution with this method were made for several phantoms. Results are
shown next. Fig. 2 shows an image of the dose distribution to the incident 15 MeV electron beams with a 10
cm X 10 cm field on the gel phantom. Irradiation was carried out by 30 Gy at the peak depth. As seen in the
figure, we obtained smooth profile curves and a detailed image. The NMR measurement was made 30
minutes after irradiation. In Fig. 3 the lateral profiles in depth measured every 6 mm are shown, using the
image of Fig. 2. The beam broadening with depth is seen clearly.

It is necessary to determine the degree of blurring of the image caused by diffusion of ferric ion in the
gel phantom. As image of the gel phantom in Fig. 2 measured 21 hours after irradiation is shown in Fig. 4.
The effect of diffusion is seen clearly in the lateral profile. At the 80% dose level the change in the width of
the profile is 6 mm. After six hours, though, this change was only 1 mm.

The method works well for inhomogeneous phantom. Examples are shown next. Fig. 5 shows an image
of a gel phantom in which lung (at left hand side, density p=0.3 g/cm?®) and bone (at right hand side, p=1.85
g/cm?®) substitutes® were introduced. The size of both substitutes was 2 cm wide and 2.5 cm deep. The full
image, and lateral and depth dose profiles obtained with 15 MeV electron beams on a certain plane are
shown. Details of the dose distributions are seen as an increase in dose near the bone by excess scattering
of electrons from the bone. On the other hand, to the side of the lung, dose is decreased by fewer electrons
scattered from the lung. In Fig. 6a an image is shown for an inhomogeneous gel phantom with lung and
bone substitutes 5 cm wide and 2 cm deep. Schematic presentation of the irradiation is shown in Fig. 6b.
The irradiation was carried out using 10 MV X-rays with a dose of 30 Gy at the peak depth.

Measurements were also made for sectional body phantoms. Fig. 7 shows a head phantom containing a
human skull. The phantom surface was made of 2 mm thick polyester. Three liters of the gel were needed
to fill up the phantom. Fig. 8 shows a thorax phantom containing human spine, cartilage and lung
substitute. The phantom surface was made of 5 mm thick Lucite and lung substitute was made of a
substance with density, p=0.3 g/cm3. These phantoms were made by Kyoto Scientific Co. Ltd. Japan

Fig. 9 shows an image of the dose distribution in the head phantom obtained in a plane perpendicular
to the beam axis for a 15 MeV electron beam with a field of 6 cm X 8 cm. In the dose distribution, the
irregularities caused by the presence of skull and surface structures are clearly seen. An image of the head
phantom in the coronal plane is shown in Fig. 10. No. MNR signals were obtained for the skull.

In general, lungs are one of the most frequently irradiated tissues in radiotherapy. Fig. 11 shows an
image of four oblique fields simulated for treatment of the esophagus using the thorax phantom.
Irradiations were carried out using 10 MV X-rays with an equal dose of 15 Gy at the peak depth for each
field. Field sizes were 10 cm X 6 cm and no compensating filters were used. We see a good dose distribution
in the target volume.

Discussion
We present a method for determining the dose distribution in a tussue-equivalent phantom using
nuclear magnetic resonance. Measurement of three-dimensional dose distributions is possible, and is

especially useful for radiation treatment planning for complex irradiation fields with inhomogeneous
media. The method thus is useful for the production of dose distribution images needed in treatment
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Fig. 2 Image of dose distribution of a 15 MeV Fig. 3 Lateral profiles measured at several
electron beam incident on a homogeneous phan- depths.
tom. Lateral and depth dose profiles are shown
with background level.

z - : Fig. 5 Image in the gel phantom containing lung
Fig. 4 NMR T, dependent images measured at 21 (left hand side) and bone (right hand side) sub-

hours after irradiation. stitutes irradiated with 15 MeV electrons, At

present, dose inside lung and bone must be
determined using other methods.

Gal

Fig. 6a Image in the incident 10 MV X-rays in the
inhomogeneous phantom.

Fig. 6b Shematic presentation of the inhomo-
geneous phantom irradiation,
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Fig. 8 Thorax phantom.

Fig. 7 Head phantom containing a human shkull.

Fig. 10 Image of the head phantom in the coronal
plane,

Fig. 9 Dose distribution image of the head phan
tom in a plane perpendicular to the beam axis.

Fig. 11 [Image of four oblique fields for treatment
of the esophagus using the thorax phantom,
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planning.

We attempted to make measurements of dose distributions in lung tissue. We made a lung gel phantom
in which small styrofoam cubes were mixed with the gel (p=0.3 g/cm3). The T, signal from the lung
phantom was smaller than that from the gel phantom by the ratio of proton densities. We have found that
the inversion recovery method of NMR will give a linear signal-to-dose ratio for dose D smaller than 25 Gy.
We hope to combine the two methods to obtain images of the lung phantom, but so far we have not obtained
satisfactory results.
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