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Abstract

In this work the feasibility of proton radiography as a tool in proton therapy is studied.

In the first part the particular problem of spatial resolution in proton radiography is pre¬

sented. A simple formula for the spatial resolution of transmission proton radiography
is derived for different methods of measuring the proton coordinates. The effect of mul¬

tiple Coulomb scattering and energy loss are taken into account. Experimental meas¬

urements of the spatial resolution have been done and are compared with the calcula¬

tions. The technique of measuring entrance and exit coordinates in coincidence for each

single proton improves the spatial resolution by a factor five compared to a single coor¬

dinate measurement. An additional measurement of the protons incident angle and exit

angle increases the resolution by eight times.

In the second section proton radiography is investigated for its use as a quality control

tool in proton therapy. Images were produced both with range and range uncertainty in¬

formation of protons passing through phantoms (Alderson phantom and a sheep's

head). With the range images the correct positioning of the patient with respect to the

beam could be verified. The range uncertainty images were used to quantitatively de¬

tect range variations of protons passing through inhomogeneities in the patient. These

measurements can be used to indicate critical situations during proton therapy or to de¬

termine the safety margin around the tumour volume. With the range information the

precision of different calibrations of CT-Hounsfield values to relative proton stopping

power, used for proton treatment planning, was determined. It is found that the preci¬

sion in range can be improved by a detailed analysis of the calibration data obtained

from tissue-substitute measurements, by a factor of 2.5. The resulting range errors are

in the order of the positioning precision.



Zusammenfassung

In der vorliegenden Arbeit werden die Moglichkeiten fiir den Einsatz der Protonen-

radiographie als ein Hilfsmittel fur die Protonentherapie diskutiert.

Im ersten Teil wird das Problem der Ortsauflosung in der Protonenradiographie aus-

fuhrlich behandelt. Einfache analytische Formeln, welche die OrtsauflSsung in der

Transmissionsprotonenradiographie fiir verschiedene Arten der Protonenkoordinaten-

messung beschreiben, werden abgeleitet. Es wird der Einfluss der Vielfachstreuung und

des Energieverlustes der Protonen in Materie auf die OrtsauflSsung betrachtet. Es wur-

den Experimente zur Messung der Ortsauflosung durchgefiihrt und die Ergebnisse mit

den Rechnungen verglichen. Die Messtechnik, bei welcher die Eintritts- und die Aus-

trittskoordinate fiir jedes einzelne Proton in Koinzidenz gemessen wird, verbessert die

Ortsauflosung, verglichen mit einer Einzelkoordinatenmessung, um einen Faktor fiinf.

Werden zusStzlich Ein- und Ausfallswinkel fiir einzelne Protonen gemessen kann die

Ortsauflosung um den Faktor acht verbessert werden.

Im zweiten Teil der Arbeit wurde untersucht, inwieweit die Protonenradiographie zur

QualitStskontrolle in der Protonentherapie eingesetzt werden kann. Es wurden aus der

Reichweiteninformation und der Reichweitenunsicherheitsinformation von Protonen,

die durch verschiedene Phantome (Alderson Phantom und Schafskopf) drangen, Radio-

graphiebilder erzeugt. Mit Hilfe der Reichweitenbilder konnte die korrekte Posi-

tionierung des Patienten, anhand von Phantommessungen, im Strahl verifiziert werden.

Die Reichweitenunsicherheitsbilder wurden verwendet, um Reichweitenfehler, die aus

der Wechselwirkung der Protonen mit InhomogenitSten im Patienten resultieren, zu

messen und zu quantifizieren. Diese Messungen konnen verwendet werden, um kri-

tische Situationen in der Protonentherapie anzuzeigen oder Sicherheitsmargen um das

Tumorvolumen zu definieren. Mit den Reichweitenbildern wurde die Genauigkeit von

verschiedenen Kalibrationen, welche CT-Hounsfield Werte in wasserSquivalente LSnge

transformieren und in der Protonentherapie verwendet werden, tiberpriift und ver¬

bessert. Es wurde herausgefunden, daB aufgrand von Messungen gewebeSquivalenter

Proben die Reichweitenprazision durch eine detailierte Analyse der gemessenen Kali-

brationskurven um einen Faktor 2.5 verbessert werden kann. Die resultierenden

Reichweitenfehler liegen in der Grossenordnung der Positionierungsgenauigkeit.
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1. Motivation

Proton radiography and tomography as a diagnostic tool was investigated (Hanson et al.

1981, Hanson et al. 1982, Mofett et al. 1975, Koehler and Steward 1973ab) in the early
1970's but was more or less abandoned due to the success of x-ray computed

tomography. However interest in proton radiography is now growing in the light of the

increasing success of proton radiotherapy which seems to be one of the most promising

improvements to conventional treatments using photons and electrons.

Due to their well defined range in tissue, protons deposit most of their energy at the end

of the range, in the so called Bragg peak (figure 1). Compared to photons, which are

characterised by an exponential dose fall-off with depth, the proton dose in front of the

Bragg peak shows a moderate entrance dose, followed by the Bragg peak itself with

essentially zero dose beyond the Bragg peak. This advantage can be used to irradiate

tumours in the proximity of sensitive healthy structures. The indications include, for

example, precision treatments of tumours at the base of the skull or close to the spinal
cord. The described characteristics of proton therapy result in a dose reduction outside

the target volume by a factor of 2 to 5 compared to photons (Archambeau et al. 1974).

Protons, due to their excellent localisation in space are also well suited for the confor-

mal irradiation of large irregular target volumes.

100

80

£ 60

01

£ 40

20

0

0 10 20 30 40

Depth [cm]

Figure 1 Deposited dose in water as afunction ofdepth. The solid line represents the

dose of 25 MV photons, the dotted line the dose deposition of 200 MeV

protons.
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In addition protons, which are charged particles, can be scanned as pencil beams using

magnetic fields under computer control. With this method the dose can be tailored ex¬

actly to the tumour (Pedroni et al. 1989-92, Pedroni and Enge 1993). This approach to

proton therapy, the so called spot scanning technique, is presently being developed at

the Paul Scherrer Institute (PSD (Pedroni et al. 1994). As a part of this project an iso-

centric gantry is being built at PSI to make use of the full advantage of multiple field

therapy as used routinely in conventional photon or electron therapy.

The aim of this thesis is to study the feasibility of a proton radiographic system for the

quality control of proton therapy. The thesis is devided in two sections.

In the first section1 (chapter 2), the spatial resolution of proton radiographic systems is

studied in detail. Measurements and analytical calculations were done to examine the

influence of different measurement techniques on the spatial resolution. It is found that

for both quality control and diagnostics purposes a sufficent spatial resolution can be

achieved.

In the second section2 (chapter 3), experiments are described to determine whether pro¬

ton radiography is useful for checking calculated dose distributions. We report on stud¬

ies of direct measurements of the proton range and of range uncertainties for single pro¬

tons which pass through inhomogeneous tissue. These measurements where compared
to calculations of proton ranges based on an algorithm used for proton treatment plan¬

ning. This comparison gives information about the validity of predicted dose distribu¬

tions and may help to improve the precision of proton therapy. In addition the possibil¬

ity of verifying the patient's position with respect to the treatment beam using proton

images was experimentally investigated. We conclude from the second section that pro¬

ton radiography has the ability to precisely measure the range and range variations in

vivo and to detect errors in the predicted proton ranges. The position verification of a

patient before and after treatment can be achieved with a precision similar to the voxel

size of the reconstructed image.

1

2

Submitted to Medical Physics (Schneider and Pedroni 1993), accepted: June 23,1994.

Submitted to Medical Physics (Schneider and Pedroni 1994)



8

2. Multiple Coulomb Scattering and Spatial Resolution in

Proton Radiography

2.1 Introduction

The utility of proton radiography and proton tomography for both diagnostic and qual¬

ity control purposes should be investigated from the point of view of the increased

availability of proton sources with adequate energy in the future. Proton diagnostic im¬

ages are characterized by a high density resolution with a very low dose to the patient.
The main disadvantage is the poor spatial resolution compared to conventional x-ray

images.

The limiting factor affecting position resolution is given by the multiple Coulomb scat¬

tering (mcs) of the protons in the patient. Protons undergo numerous small angle de¬

flections caused by their interaction with the Coulomb field of the nuclei of the trav¬

ersed material, which produces uncertainties in the reconstructed trajectory.

To reduce the position uncertainty caused by mcs, one can measure the entry point A of

the proton when it penetrates into the material and also the exit point B where it leaves

the material (see figure 2). In addition it is also possible to measure the entrance and

exit angles of single protons before entering and after leaving the sample. In sections

2.3 and 2.4 we study the consequence of measuring the entry and exit points on spatial
resolution and in section 2.5 we will investigate also the angle measurement case.

There are in principle two possibilities for measuring A and B. The protons which are

entering and leaving through fixed points A and B will be detected using collimators.

As an alternative one can measure point A with a collimator and B, for example, with a

Multiwire Proportional Chamber (MWPC), or alternatively both points with MWPCs.

The data can be analyzed in terms of a fixed entrance point A and a unconstrained

("free") measured exit point B. In this chapter we present the results of the calculated

spatial resolution as a function of depth in the sample for these techniques and we com¬

pare them with experimental results.

The formulae of this section are derived for the coincidence technique taking into ac¬

count the effects of energy loss. Rossi and Greisen (1941) have calculated the distribu¬

tion function for the lateral and angular displacements of protons which undergo multi¬

ple elastic scattering, for the case when A and B are fixed and have no defined incident

phase space. Their calculation did not include the energy loss in the material and was

not performed for an incident pencil beam of known direction. Highland (1975), Mus¬

tafa and Jackson (1981), Bichsel et al. (1982) and Lynch and Dahl (1991) gave some

corrections to Rossi's formula
,
but did not include the investigation of the particular

problem of the coincidence measurement through two points A and B, which is impor¬
tant for proton radiography.

We have performed experimental work on proton radiography as a feasibility study for

its implementation on the PSI compact gantry. In this section we investigate the sepa-
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rate problem of the effect of multiple Coulomb scattering on the spatial resolution of

proton radiography.

2.2 Experimental setup

The purpose of the experimental apparatus was to collect the information necessary to

simulate all the mentioned different methods for producing radiographic images with¬

out attempt to speed up the collection time of data. This problem will be considered for

the choice of the design of the final apparatus. The experimental set-up depicted in fig¬

ure 2 was placed in the proton therapy beamline (NA3) of PSI. The beam we used had

a spot 10.5 mm (FWHM) wide by 13.6 mm (FWHM) high. Every proton was first de¬

tected in a position sensitive proportional chamber (MWPC1) with wire spacing of 2

mm in front of the sample. On exiting the phantom the protons were detected in a sec¬

ond chamber (MWPC2), then in a scintillation counter and finally in a Nal detector

where it was stopped. The signal from the scintillation counter was taken in coinci¬

dence with the two multiwire chambers and the Nal to form an event for the data taking

system. Radiographic images were produced by scanning the sample in both directions

transverse to the beam. Data taking was accomplished by means of standard CAMAC11

modules read-out by a Starburst computer12. The present data taking system permitted

only an average rate of 1000 events per second. The Starburst transferred unprocessed

event data as well as phantom position information to a VAXstation13.

copperplate

MWPC1
* MWPC2

Figure 2 Experimental set-up for the measurement of the spatial resolution (MWPCs

are multi wire proportional chambers).

11IEEE Standards 583 and 596

12
Creative Electronic Systems S.A.

13
Digital Equipment Corporation
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In the analysis, carried out on a VAXstation, the spatial information of the two wire

chambers was used to reconstruct the intercepts of the (most likely) proton trajectory
of every event with equally spaced parallel planes between MWPC1 and MWPC2. The

intercept coordinates were used as the pixel addresses (minimum size: 1 mm) of the im¬

ages reconstructed at different depths in the phantom, as a mean to better resolve struc¬

tures located at that depth (Appendix C). The average value of the Nal energy spectrum

for each pixel determined the mean residual range of the protons, which represents the

pixel value shown in the images.

We scanned with this method a homogeneous water phantom with copper plates lo¬

cated at different depths. By fitting an error-function to the measured energy fall-off

caused by the edge of the copper plate we obtained the spatial resolution. The RMS

spatial resolution of the MWPCs has been subtracted from the measured values before

comparing it with the analytical calculations.

2.3 The scattering process

The calculation model is a modification of Fermi's theory (Rossi and Greisen 1941,

Rossi 1965) of the scattering process which results in a Gaussian approximation for

small angles. In our notation the projected distribution function f(t,x,Q) is given as

fax, 6) dxdd = -X- e T dxdG (1)

where f(t,x,Q) is the probability that a proton undergoing multiple scattering in a ho¬

mogeneous material of thickness z = tR along the z-axis will be emitted at a projected

angle 0 in the x,z-plane and at a projected displacement x at z, where R is the range of

the protons in the material and t is the traversed thickness measured as a fraction of the

initial range. The coefficient D'0= A\C0 -&* is a function of all the other coefficients.

If we integrate over x we get the angular distribution irrespective of displacement and if

we integrate over 6 we get the lateral distribution independent of angle. We see that the

standard deviations for x and 0 are

<*« = \jr> °e® = V? •
(2)
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The transport equations for the coefficients A, B and C through the material are given

by the following integrals:

h

A\ =R3 J 0u(E(t))2 it2- *j -I)2 di
,

W

h
h

B\\ =R2 J 6u(E(t))2 {t2- trt)di ,
(4)

h
h

d\ = R J eu(E(t))2 dt
.

(5)

h

where 9,,(E) represents the amount of scattering (a V2 ) per unit length of material

traversed. If the material is homogeneous the only dependence of 0 in depth is given

by the energy E(t). We follow the method described by 0verhas (1960) who introduced

the dependence on the energy slowdown through the empirical formula

»»(<> = -^pm <6>

where it is a material dependent number (fc=0.074 for water) which is much smaller

than unity and 0 is the contribution to the mcs angle per unit length at the entrance

energy. We use

(7)

where p and P c are the momentum and velocity of the scattered particle and Lrad de¬

notes the radiation length. This is given by

1
= ^ Z(Z + 1) r\ /n(183Z_1/3) . (8)

We neglect in the formula for the scattering angle the logarithmic term, which is usu¬

ally used (Highland 1975, Lynch and Dahl 1991) for the calculation of samples of finite

thickness. It is not clear to us if and how this term should be treated in the integration.

Instead of £=13.6 V2 MeV the value of E= 18 MeV has been used in our calcula-
a S

tion. This value was found to produce the best fit to the mcs modification of the width
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of a proton pencil beam measured with small ionization chambers in a water bath

(Scheib 1994).

2.4 Coincidence through two fixed points on the beam axis

We consider the case of a proton pencil beam traversing a material sample. The en¬

trance and exit points of the beam axis define A and B respectively. In this section we

will calculate the spatial resolution which can be achieved when considering protons

leaving through a small collimator placed at point B. First, consider an arbitrary point D
that lies in the exit plane and is displaced by distance xD from point B. For protons exit¬

ing the sample at point D the sidewise distribution of the trajectories at any depth be¬

tween A and B can be calculated. Let us take A as the origin of the system of coordi¬

nates and AB as the z-axis (figure 3). We draw a straight line perpendicular to the

segment AB at the depth t and consider a point C of this line at a distance xt from the

axis. The protons are incident at A in the direction of the z axis. For the sake of simplic¬

ity we consider the case where the proton range corresponds to the distance AB.

Figure 3 Illustration of the calculation ofthe sidewise distribution ofprotons passing
through two points A and D.
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The differential probability dPAC to detect a proton inside a small given interval Ax{
around point C and with an angle 0, is

dPAC = faxp6^ dOtAxt (9)

The differential probability for a proton to reach a given exit point D, when starting
from point C with an angle 0, (i.e. again a pencil beam starting at Q is given by

d^CD = A1- *>Xd~ xE,<p)d<pAxD . (10)

Note that this distribution is centered around the point E with xE = xt+Qt (1-t) R and that

we introduced the angle (j) = 0^-0,. The differential probability to measure protons in

coincidence at C and D is the integral over § and 0, of

^ACD = ^ac^cd • (11)

The result of the integration over <}> yields

-Atf+Vfaft-Cb} (ip-^-fyl-t)*)2

»3/2^5J
*o d$f (12)

We now consider the special case where the collimator is placed at B (B is equal to D).
With xD equal to zero the integration over 0, yields a gaussian distribution in Xj with

width a.
xt

<*-
/

(l?o (1-OkV
U" a ) -o_\

A a-,)2*2 ^ W

\

ra

/

Neglecting energy loss and substituting t = 1/2 in the expression for axt, that is look¬

ing for the displacement at half of the distance between A and B, we get

^"1536^ »
(14)
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which can be compared with Rossi's (1965) result

,2D3
<**-&%*

(15)

We obtain a smaller value for the lateral displacement, because our calculation is done

for a pencil beam, in contrast to Rossi's computation, which is done for protons, inci¬

dent at A, uniformly distributed over different directions. As a first conclusion we see

that working with a pencil beam of known incident direction improves the spatial reso¬

lution by a factor of 1.5. For a more realistic description of the problem we can include

the angle distribution of the initial phase space of the beam, into the equations. To this

end we extend our formulae (3) to (5) to

BM = 2aliR + B\,

(16)

(17)

(18)

where c0 is the variance of the initial angle distribution. As we can see from figure 4
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Figure 4 Spatial resolution at half depth as a function of the initial phase space not

including energy loss. The dotted lines are Rossi's calculation for protons

with a uniform angle distribution and a pencil beam calculation with zero

phase space. The solid line is a beam calculation with finite initial phase

space.
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(as an example for 200 MeV protons in water) with increasing c0 the lateral displace¬
ment tends towards Rossi's value. The pencil beam calculation is, however, the better

choice for phase space distributions up to 15 mrad. We now take the energy loss into

account. Using 0veras's formula (6) for the energy dependence of the scattering angle
0 we can calculate the coefficients A,B and C in equation (13) as a function of depth.
To simplify the expressions an appropriate expansion is:

Oxt(t)2 = aft + dk]k + ok] k2 + • (19)

because k in 0veras's equation (6) is much smaller than unity. The resulting function

for <5t is a complex formula. The result for the case of 200 MeV protons in water is

shown as a function of the depth as the dotted line in figure 5. In the picture we com¬

pare the result of the analytical calculation with our experimental results (squares) per¬

formed with protons of slightly higher energy. The agreement between theory and ex¬

periment is satisfactory.
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Figure 5 Spatial resolution of200 MeVprotons including energy loss as aJunction of
depth in water. Comparison of the collimator-case (dotted line is the

analytical calculation, squares are the measurements) with the

straight-line-case (solid line is the analytical calculation, triangles are the

measurements).
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2.5 Coincidence through a fixed and a free point

We consider next the case where the exit point is measured but not constrained by the

experimental apparatus.

We refer again to figure 3. We now draw a straight line from point A to point D. This

line is used for the calculation of the pixel addresses as discussed in section 2.2. The

distance of point C from this line is defined as xs. The variance of the distribution of xs
is now proportional to the spatial resolution. As in the previous case xt and xD are the

distances from the z axis of point C and D respectively. The probability to find a pro¬

ton at point C with 0t is again given by equation (9). The differential probability to find

a proton at a variable point D starting from C with angle 0, is again given by equation

(10). We are interested in the width of the distribution of the xs values calculated from

xD. We thus substitute

xD-?¥ , dxD = \dxs (20)

in equation (11). If we now integrate equation (11) over 0, ,§ and xt this yields a gauss¬

ian distribution with width o~xs, which is the spatial resolution we are interested in:

ai*= wi'^^' 2B^D^1_ t)lR +AX^/
(21)

We can calculate A, B and C from formulas (3) to (5) taking into account the energy

loss calculated from formula (6). Taking the expansion (19) we obtain the following
formula for the spatial distribution as a function of depth up to the Ofk2).

als = (1~2^ sUoP— 72J3 + 48Z4- Ilk?— 12fo+ 186&3- 106^

+ mkPlnl + 48foln(l- r)- 72&2lnl- r- 384fo3ln2 (22)

+ 192^^2- 12itln(l- f)) + Oik2).

The solid line in figure 5 represents the lateral displacement Cxs for the case A fixed B

free calculated for 200 MeV protons in water stopping at B. This result is compared
with the experimental measurements which are represented as the triangles.

The lateral displacement oxs was calculated and measured with respect to the straight
line connecting A and D. This is quite an obvious choice but is not the best one can do.

For any given point D not aligned on the pencil beam axis AB we can calculate a priori
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the average value of the displacement of all the proton trajectories connecting A and D

and use this expectation value for the calculation of the pixel address at a given depth.
This curve is a straight line only for the special case D-B. The spatial resolution is then

given by the variation of the trajectories around this curve averaged over all possible xD
values.
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Figure 6 Spatial resolution of200 MeVprotons including energy loss as a function of

depth in water. Comparison of the trajectory-case with (dashed line) and

without (dotted line) angle measurement and the straight-line-case (solid

line). Symbols give the experimental results.

The probability of finding protons at D which passed through A and C was calculated

in the last section and given by equation (12). For the average proton trajectory we get

xtraj ~

(3^(l-0+4)Z>!<sn<

-A& +2D&R(1-O+cX^+cWa-tf+Afr
—

XD= gl(t)xD (23)
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and for the lateral displacement from this average trajectory

<&, ,

^'^"^
, (24)

2(-A<V0 +2D&K(1-O+C^Aj+cU^d-tf+D'X)

which is independent of xD and is therefore already the final result (is equal to the aver¬

age over all xD). In figure 6 this result is represented as the dotted line compared to the

result of section 2.3 (solid line). The corresponding measurements are shown as black

circles. We obtain exactly the same result as for the case A and B fixed discussed in

section 2.4, but as a more general result. We conclude that the more accurate calcula¬

tion with the most likely trajectory improves the spatial resolution by about 1/3 (com¬

pared to the naive straight-line-case).

2.6 Spatial resolution with measured points and angles

In this chapter we consider again the conditions of section 2.4 but include in our calcu¬

lations the assumption that the exit angle 0^ (figure 3) is measured. We consider the

most probable trajectory for given measured positions xA and xD and angle QD. This

gives again the pixel address for the image. The spatial resolution is then the average

over all possible xD and QD of the variation of the proton tracks around the most likely

trajectory. The probability of finding protons at D with exit angles QD which passed

through A and C is given by equation 11. We are interested in the width of the distribu¬

tion of the XjValues as a function of faed xD and 0^. Therefore we substitute in formula

(11)

4> = eD- et (25)

and integrate over 0,. We get for the average proton trajectory

Xangle ~

^+n/1+A^C^A/1C/o-2B,1<^(l-^+C'oCf1(l-02i?2+2CX(l-^-2B^1 (26>

= g2(t)xD+f®dD
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and for the lateral displacement from this trajectory

2 -

(A&£-Afo-28iA&q-W+2B%{\-QR+C^Xa-QR-cfo2(l -(?&**&})
angle 2(i£hD,1+.A,1c£-2B/1<^(l -t)R+C]cf0(\ -t)2F?+2C%(\ -t)R-lB%+A]d^

(27)

which is independent of xD and 0^ and therefore is again the final result. In figure 6 this

result is shown as the dashed line. The spatial resolution is improved by about 30%

compared to the trajectory case given by formula (24).

2.7 Discussion

We have derived analytical formulae for calculating the spatial resolution in proton ra¬

diography, taking into account the energy loss of particles when they penetrate through
matter and we compared them here with experimental results taken in our proton ther¬

apy beamline at PSI.

We discuss first the case of A fixed and D free and we restrict ourselves to a proton

range equal to the sample thickness.
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Figure 7 Spatial resolution of 200 MeV protons in water as a function of depth.
Comparison ofthe straight-line-case with (solid line) and without (dotted line)

energy loss.
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Figure 7 shows the behavior of the calculated displacement in water with and without

energy loss
.
With energy loss the maximum displacement shifts to greater depths and

is no longer symmetric around t = 1/2. In figure 8 the maximum displacement is plot¬
ted as a function of the energy (with proton range is equal to sample thickness). We

see that the spatial resolution worsens with energy loss by about 25% at all energies.
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Figure 8 Maximum value ofthe spatial resolution as afunction ofthe initial energy of

protons in water calculated with the straight-line-case with (solid line) and

without (dottedline) energy loss for a sample thickness which is equal the

range.

The assumption that range is equal sample-thickness represents the worse case for the

spatial resolution. Figure 9 shows the behavior of the spatial resolution as a function of

energy with fixed sample thickness (25.75 cm) as the solid line. The dotted line repre¬

sents the behavior as a function of energy of the density resolution due to range strag¬

gling (Appendix A). The spatial resolution increases by about 30% as the energy varies

from 200 MeV to 300 MeV, but the density resolution worsens by about a factor of 2.

We can now compare the different techniques of measuring the proton coordinates. We

discuss first the double-collimator-case (A and B fixed). This method has the advantage
of providing the optimal spatial resolution, permits, in principle, fast data taking since

one can measure the beam intensity attenuation without the need to detect single

events, but requires on the other hand the mechanical scanning of the exit collimator.

The main disadvantage is given by the unnecessary dose given to the patient, deposited

by the protons which are lost in the exit-collimator and which do not contribute to the

radiographic image. For a 200 MeV proton beam the extra dose factor can be estimated
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to be 14 and 7 for 1mm and 2mm wide collimators, respectively. Another advantage of

this method is that there is no mixing of density information in the reconstructed im¬

ages, since the AB-fixed-image is focused at all depth simultaneously.
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Figure 9 Variation of spatial and density resolution for protons with different initial

energies in a homogenous water bath ofthickness 25.75 cm.

The same spatial resolution can be achieved by measuring the entrance and exit coordi¬

nates with MWPCs, provided that the pixel addresses are calculated on the base of the

most likely trajectory given by equation (24). With this method the information of all

protons is used achieving minimum dose burden to the patient. Another advantage is

that this method can be used with broad parallel beams and slow coarse beam scanning.
The disadvantage of this technique is given by the necessity to measure single events in

coincidence, which could become a limiting factor (speed of data taking) for the practi¬
cal acquisition of the images.

The same reasoning can be applied to the case where the exit angle is measured as well.

Silicon detectors with their excellent spatial resolution are probably more indicated

than MWPCs for this application, since they provide very good angular resolution with¬

out requiring a large distance between detectors on the exit side of the phantom.

Another possibility to improve the spatial resolution of proton radiographs was sug¬

gested by Martin14. His method is based on the "measurement" of the entrance coordi-

R.L. Martin, Private Communication (1993)
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nate only (A defined by the position of the scanned pencil beam). On the exit side only
the energy (or range) is measured. The spatial resolution is then improved by taking
two opposed images. Details in the first half of the patient would be resolved by the

conventional beam direction, with details in the second half of the patient being re¬

solved by use of the opposite beam direction. The advantage of this method is the fast

data taking speed (beam intensity measurement) but it requires a fast beam scanning of

a very tiny collimated pencil proton beam.
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Figure 10 Spatial resolution of 200 MeV protons in water including energy loss.

Comparison of the one-coordinate-measurement (solid line), and the

trajectory case with (dashed line) and without (dotted line) angle
measurement together with the resolution resulting from two "opposed"

imagesfor each ofthe three techniques.

The results of the calculations for 200 MeV protons in water are shown for comparison
in figure 10 for the different techniques discussed (the AB-fixed-method and the

average-trajectory-method are giving the same spatial resolution and are therefore plot¬
ted as a single case). The solid line represents the spatial resolution for the case of the

measurement of the entrance coordinate alone and the dotted line for the average-

trajectory-case with entrance and exit coordinates measurements. The dashed line

shows the case of measured positions and angles. By measuring twice the position of

the protons along its trajectory the position resolution is improved up to a factor of 5.5

depending on depth. By measuring all proton parameters at entrance and exit of the

phantom the factor is increasing to 8.0. If two parallel opposed images are taken with
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the different techniques the spatial resolution of the average-trajectory-case is better but

only by a factor of 2.0 without and 2.5 with angle measurement.

The average-trajectory-case always gives the best spatial resolution while achieving

very low dose to the patient, but requires single event data taking. For patient position¬

ing for proton therapy this could be a realistic approach to produce images with very

low dose. Only a few protons per pixel are needed to provide the range information

with the precision relevant for therapy. For diagnostic images of high density resolution

with high proton statistics the time for getting the images could become a severe practi¬
cal limitation. In this case the single-coordinate-method is probably preferable even at

the expenses of a reduced spatial resolution.
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3. Proton Radiography as a Tool for Quality Control in

Proton Therapy

3.1 Introduction

The more precise a radiation therapy treatment is, the more important is the quality
control of patient treatments. A first important task is to check the correct positioning
of the patient with respect to the beam. As the calculated proton dose distribution is

based on the predicted range of protons in the patient, another requirement is the verifi¬

cation of the range and range variations of the protons in vivo in the patient. Proton ra¬

diography can fulfil these requirements simultaneously. For this purpose we produced

proton radiographics of an Alderson phantom and of a sheep's head. We measured the

residual energy of protons which traversed the different phantoms and calculated the

range of each particle. The images were produced by plotting both the range informa¬

tion and range uncertainty information as a function of the proton position and were

compared to the predicted results of the treatment planning algorithm.

Sources of range errors include: uncertainties in the computer tomographic (CT) data,

which are the basis for the treatment planning program, and errors occurring in the

treatment planning software (Alpen et al. 1985, Chen et al. 1979). Range variations due

to inhomogeneous interfaces parallel to the beam are also very difficult to predict by
the treatment planning software. Such uncertainties in range can result in an overdosage
of critical tissue and target misses. In this section we show that proton radiography can

help to solve, or at least to provide a better understanding of these problems.

Proton radiography and tomography for diagnostic purposes was investigated in the

1970's (Hanson et al. 1981, Hanson et al. 1982, Mofett et al. 1975, Koehler and Stew¬

ard 1973ab). The motivation for these projects was to obtain images of low contrast le¬

sions in human specimens that were superior to conventional x-ray techniques. In addi¬

tion, these authors where encouraged by the dose advantage of proton radiography over

x-rays. But due to the success of x-ray computed tomography the interest in proton

tomography vanished. In the context of the proton therapy project at PSI we have de¬

cided to re-investigate proton radiography from the point of view of its potential as a

quality control tool and to provide the capability of proton radiography in the design of

the proton therapy facility. The PSI proton gantry is equipped with movable devices

which can be shifted in front of and behind the patient and which should contain the

equipment for proton radiography. The beam transport system has been designed to

provide energies up to 270 MeV, which is high enough for the penetration of protons

through the patient's body (Pedroni et al. 1994).

3.2 Experimental apparatus

The experimental apparatus depicted in figure 11 was placed in the beam line dedicated

to proton therapy at PSI. The 590 MeV proton beam was degraded to 219 MeV, corre-
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sponding to a range of 30.5 cm in water, and was analysed in momentum and phase

space in the beam line following the degrader (Pedroni and Enge 1993). The beam used

had a spot 19 mm (FWHM) wide by 18 mm (FWHM) high. The beam was restricted

to a 0.6 % (FWHM) momentum band in order not to affect the width of the detected

residual energy distribution. The horizontal and vertical beam divergence was about 15

mrad (FWHM).

MWPC1 MWPC2

Range Shifter

parallel

proton
beam XI

Energy detector

I

Figure 11 Experimental apparatus. The proton beam was varied in energy with the

range shifter. For each proton the entrance and exit coordinates, when

entering and leaving the phantom, were measured with two multi wire

proportional chambers (MWPC) and its residual energy was measured in a

Nal-crystal. A plastic scintillator was used to trigger the event.

Protons were first detected in front of the phantom in a position sensitive multiwire

proportional chamber (MWPC 1) with a wire spacing of 2 mm. After penetrating

through the phantom each proton was detected 25 cm behind the first chamber in a sec¬

ond one (MWPC 2), then in a scintillation counter and finally in a Nal detector where it

was stopped. The images were produced by scanning the sample in both directions

transverse to the beam. The phantom position was controlled by computer, using servo-

mechanism units, one for the horizontal and one for the vertical translation. The signal
from the scintillation counter was taken in coincidence with the signal from the range

shifter, the phantom scanner, the two multiwire chambers and the Nal detector to form

an event for the data taking system. Data taking was accomplished by means of stan¬

dard CAMAC modules read-out by a Starburst computer. The data taking permitted an
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average rate of 1000 protons per second, which resulted in a typical exposure time of

roughly 2 hours. The Starburst transferred unprocessed event data to a VAXstation.

In the analysis carried out on the VAXstation, the spatial information of the two wire

chambers was used to reconstruct the intercepts of the most likely proton trajectory of

every event in equally spaced parallel planes between MWPC 1 and MWPC 2. The

most likely proton trajectory was calculated to be the most probable proton path be¬

tween two points through which the proton passed. The computation was done accord¬

ing to the method described in section 2 (see also Appendix C). Only events for which

one wire of each chamber fired were considered for the analysis. To exclude protons
scattered through large angles we chose the maximum difference between the chamber

coordinates to be less than 2 cm in both directions transverse to the beam. The intercept
coordinates of the calculated proton trajectory and the plane to be reconstructed were

used to form images at different depths in the phantom in order to better resolve struc¬

tures located there.

The protons were stopped in a Nal detector which measured their residual energy. The

crystal had a diameter of 7.5 cm and a thickness of 10 cm, sufficient to completely stop
the protons. The energy resolution was measured for Co y-rays to be 95 keV

(FWHM). The Nal output was amplified and digitised using a LeCroy analogue-to-

digital converter (ADC). Only protons which impinged on the central region of the Nal

crystal were detected, eliminating edge effects. In addition the proton energy was cali¬

brated as a function of the entrance point on the crystal.

The proton ranges were varied with a range shifter consisting of 40 polyethylene plates
which can be moved singly into the beam path. The range of the protons was reduced

with each plate by 0.47 cm. The number of plates required to reduce the range of the

protons was adjusted on-line as a function of the measured density for each phantom

position and moved under computer control into the beam.

We scanned with our apparatus the head of the Alderson phantom which was fixed in a

water phantom with 0.5 cm Lucite walls and enclosed in a plastic foil. The scans were

done both with the water filled phantom or without water with the proton range ad¬

justed with the use of the range shifter. In addition we scanned a sheep's head to have

measurements of real biological tissue. The sheep's head was cut from the body and

fastened in an aluminium box. The box was filled with moulage material which had

water equivalent properties (Perret 1982). CT-scans, using a GE Scanner 9000 were

made of the Alderson phantom, with and without water, with a slice thickness of 2 mm

as well as scans of the sheep's head using both 5 mm and 2 mm slice thicknesses. The

moulage material of known stopping power and Hounsfield values was subtracted from

the images leaving the information of the biological material only. In all measurements

a reference Teflon sample was scanned.
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3.3 Basic properties of proton radiography

3.3.1 Multiple Coulomb scattering and spatial resolution

Of considerable importance for radiography are the small angle deflections of protons
due to their interaction with the Coulomb field of the nuclei of the traversed material.

The cumulative effect of these random deflections can be modelled to a first approxi¬
mation by a Gaussian angular distribution. This multiple Coulomb scattering produces
uncertainties in the proton trajectories, governs the spatial resolution of proton radiog¬
raphy and is therefore the limiting factor for the utilisation of proton radiography as a

diagnostic tool. A detailed discussion of the spatial resolution of proton radiography is

given in section 2. We concluded there that a spatial resolution of 1 mm can be

achieved by measuring the coordinates of the entrance and exit points for each proton.

The resultant resolution is poorer than that of x-ray images, but is good enough for

quality control purposes in proton therapy. As proton radiography is to be used primar¬

ily as a quality assurance tool, no improvement in spatial resolution is required, since

the underlying physics of proton therapy is essentially the same as for radiography.

3.3.2 Energy loss and density resolution

The attenuation of a beam of monochromatic protons passing through homogeneous
matter is small until the protons are near the end of their range. The dotted line in figure
12 shows the flux curve for protons, neglecting nuclear interactions, which demon¬

strates the steep negative slope that is found in the last portion of the proton range.
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Figure 12 Flux of 219 MeV protons (dotted line) and 50 keV photon (solid line)

passing through water. The symbols represent measurements.
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Thus a small change in the thickness of the absorber will result in a large change in the

number of particles which pass through it. The steepness of that slope is given by the

range straggling of protons passing through the matter and is characterised by the sensi¬

tivity of the range measurement. The range measurement of each individual proton can

either be done by direct range measurement with, for example, a range telescope or

with an energy measurement where the measured energies have to be transformed into

proton ranges. Whether range detection or energy detection is the better choice depends

on the sensitivity of the detector. For comparison, in figure 12, the transmission of x-

rays is shown, where the flux is attenuated in a near-exponential fashion with increas¬

ing depth in the absorber.

without foil

<

with foil

Figure 13 Proton radiography of a plastic sheet (thickness ~ 0.3 mm) fixed on a

homogeneous water phantom.

With the experimental apparatus described in section 3.2 we expect to be able to detect

variations in integral density as small as 0.1 % with a low dose to the patient. Figure 13

shows the image of a homogeneous water phantom with a sheet of thin plastic which

was fixed over the right hand side of the water tank. The difference in integral density
of the water phantom and the water phantom and foil was about 0.1 %. Thus, with the

same dose applied to the patient one can detect changes in effective absorber thickness

that are considerably smaller than those observable with other radiographic techniques.
Such a density resolution is the result of the characteristic loss of energy of protons

passing through matter. For protons with energies of the order of 200 MeV, loss of ki¬

netic energy results from ionisation of atoms in the matter. This energy loss per centi-
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metre, called the stopping power, per proton can be calculated from the well known

Bethe-Bloch equation (28).

dE
_
^K) ln f (28)

where K is a constant, |3c is the velocity of the proton, / is the mean ionisation energy

of the target atoms, me is the mass of the electron and we have omitted unnecessary

correction terms.

The energy loss of protons is thus mainly dependent on the electron density (pN ) of

the traversed matter and on the ionisation potential. For most materials in humans, Z/A

is relatively constant which means that the stopping power is proportional to the physi¬
cal density p, in contrast to the mass absorption coefficient for x-rays, which varies in a

complicated manner with Z and A (Appendix B).
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Figure 14 Plot of the density resolution as a function of the number of detected

particles per pixel. The symbols represent measurements of the resolution in a

homogeneous water phantom with different statistics. The solid line is the

calculated prediction.

It is a further characteristic of protons that they lose kinetic energy in discrete steps by
interaction with atomic electrons. As this process is statistically determined, a monoen-

ergetic beam of protons shows an energy spread after passing through a homogeneous
medium. For 219 MeV protons passing through biological material, the standard devia-
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tion of this statistical process, expressed as a percentage of the mean range, is approxi¬
mately 1.1. This factor determines the inherent physical limit for the density resolution

of one detected proton. The density resolution increases with the number of detected

protons per pixel according to the usual statistical laws. Figure 14 shows the density
resolution as a function of the number of detected protons per pixel. The data were pro¬

duced by taking images from a homogeneous water bath with different proton statistics.

The solid line comes from calculation (including our detector energy resolution); the

squares represent experimental results.

3.3.3 Energy deposition and dose to the patient

The stopping power increase as the particle slows down gives rise to the Bragg peak as

is shown in figure 1. The largest amount of proton energy is deposited at the end of its

range. Since for proton radiography the proton is stopped in the detection system (see

figure 19) most of the dose is deposited there and not in the patient. The applied dose

for a proton image of 26 cm by 14 cm size obtained with roughly one million events

was calculated to be 0.01 mGy. A x-ray radiograph with both the same spatial- and

density resolution would result in a 10 to 20 times higher dose.

3.4 Calibration and stability of the apparatus

The Nal detector response was calibrated with the range shifter and a 16.4 cm thick Lu-

cite block fixed between the two multiwire chambers. Different numbers of range

shifter plates were put into the beam and Gaussian fits were made to the corresponding

ADC-spectra. A linear energy response of the detector was assumed. The energy cali¬

bration of the ADC signal was obtained by linearly fitting the data as a function of the

energy, calculated from the total amount of material in the beam path using range-

energy tables (Bichsel 1972, Janni 1982). The corresponding calibration curve for the

transformation of ADC-channels into water equivalent range was gained from the fit

parameters and from the range-energy look-up table. This is shown in figure 15.

The Nal measuring system covers a domain of proton ranges between 11 cm and 30

cm. Using the range shifter, this can be extended from 0 cm to 30 cm for 219 MeV

protons. For this reason, it is not necessary for the samples to be scanned in water. Es-
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pecially when using a radiographic system with patients, a large dynamic range is re¬

quired for scanning the patients without a water bath.
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Figure 15 Calibration curve for the transformation of ADC-channels into water

equivalent range. The symbols represent the data points for different number

ofrange shifter plates.

The density information contained in proton radiographs is derived from the measure¬

ment of the residual energy of the protons leaving the sample. The density resolution is

therefore directly related to the energy resolution of the measuring system, including
the detector resolution, the energy band of the beam and the effects of energy strag¬

gling. From a comparison of the measurements with the simple model discussed in Ap¬

pendix A the following contributions to the resolution for the different components as a

percentage of the mean range can be calculated.

1. Range straggling: 1.1 %

2. Density resolution of the detecting system: 0.5 %

3. Momentum band of the beam: 0.4 %.

These have all been calculated for 219 MeV protons passing through a 23 cm water

sample. Thus the total rms range error for a single proton event is around 1.3 %. The

stability of the Nal measurements of proton residual range has been investigated during
a scan of the sheep's head. During each horizontal scan the proton beam passed through

homogeneous moulage material of known thickness (23.1 cm water equivalent thick¬

ness). In this regions the water equivalent range of the protons was measured repeat¬

edly. These range measurements are plotted as a function of time in figure 16. It can be

seen that the RMS deviation of the mean value of the range for this 2 h and 25 minutes
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scan is 0.13 %. This includes unknown inhomogeneities in the density of the moulage
material.
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Figure 16 Stability of the measurement of the integral density. The symbols represent

repeated measurements of the water equivalent range of homogeneous
moulage material of constant thickness as a function of time. The standard

deviation ofthe measurements is 0.13 % ofthe whole range.

3.5 Verification of the patient positioning

Inaccurate positioning of the patient can result in the damage of critical structures or

missing of the target. The usual way to check the patient positioning before irradiation

is to provide x-ray radiographics of the patient in the treatment position and to compare

these images with digital radiographics reconstructed (DRR's) from the CT data used

for treatment planing.

Another possibility is to take proton radiographics directly on the proton gantry. The

description of the mechanical mounting of the proton radiography devices on the gantry
is given elsewhere (Pedroni et al. 1994). The expected advantage is that the images can

be taken exactly under the same geometrical conditions as for the treatment. Hence, the
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images are true proton-beam's-eye-view projections, as opposed to x-ray images which

are conical projections from a given point source.

Figure 17 Proton radiography of the Alderson phantom using 219 MeV protons and

the range shifter. The five marked regions were used to determine the

precision ofmatching a proton image with a DRR.

To verify the accuracy of proton therapy, a proton radiography of the Alderson phan¬

tom was taken for position verification and this is shown in figure 17 with five regions

of the image marked. The corresponding DRR was calculated using the CT informa¬

tion, was matched to the proton image and the correlation between the two images for

the selected regions as a function of their displacement was calculated with

£Evy
Ruv =

-J—L
r • (29>

D" and P- are the voxel values of the overlapping region of the DRR and the proton

radiography respectively and R^ is the correlation for a horizontal and a vertical shift

u and v respectively. Figure 18 shows for the five regions the correlation plotted as a

function of the relative voxel number in the horizontal direction. It can be seen that the
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correlation shows its maximum when the relative voxel number is equal to zero corre¬

sponding to correct positioning of the patient.
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Figure 18 Correlation between calculated DRR andproton radiography as a function

of the shift between the two images measured in voxel units for the 5 selected

regions shown infigure 17.

The voxel size of the proton image and the DRR was 2 mm, i.e. the position check pro¬

vided by proton radiographic images is better than 2 mm. We conclude that proton radi¬

ography is an adequate tool for verifying the position of the patient in proton therapy.
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3.6 Range uncertainties

Effects due to density inhomogeneities in the traversed material can influence the range

of protons. Neglecting them may result in a low dose being delivered to parts of the

target volume or an unintentional dose to critical structures distal to the target volume.

How the combined effect of multiple Coulomb scattering and density inhomogeneities

can influence the range of protons and their measurement with the proton radiographic

equipment is sketched in figure 19.

Patient

Proton beam

Detector

Range uncertainty

Figure 19 The range of protons entering and leaving the patient at the same

longitudinal coordinate can be different due to inhomogeneity interfaces

transverse to the beam.

A proton which passes close to an interface between a low density and a high density

tissue region in the patient can take, with a certain probability, either the path through

the low density material or through the high density material due to multiple Coulomb

scattering. In the absence of multiple Coulomb scattering, the inhomogeneities would

simply shift the range of protons by a distance equal to the integrated density along its

path. However, the effect of multiple Coulomb scattering leads protons which enter and

leave the sample through the same entrance and exit points, to follow different trajecto¬

ries and thus to cause range uncertainties. Similar range uncertainties are present also

for therapy and can produce significant errors in the dose distribution. Proton radio¬

graphs detect the range variations for the whole body and may be used as a warning to

change the direction of the field to be irradiated or for the determination of safety mar¬

gins around the tumour volume.

Urie et al. (1986) measured the shape of the Bragg peak of 160 MeV protons that had

passed through geometrical phantoms and behind bony structures of a water filled skull
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in order to study the degradation of the Bragg peak due to inhomogeneities. In addition

they used heavy ion beams (carbon and neon) to obtain the shape of the Bragg peak

behind the head and the abdomen of a patient. Their results show a broadening of the

distal fall-off (90 % to 20 % dose) of a modulated proton beam from 6 mm to over 32

mm. The heavy ions show similar behaviour. The neon Bragg peak was degraded at the

base of the skull from 3 mm to 15 mm and the carbon Bragg peak showed a broadening

in regions of the gastrointestinal tract from 12 mm to 32 mm.

Figure 20 Proton image created using the information of the width of the range

spectra in each pixel. Dark regions indicate critical situations where the

proton ranges are spread.

Here we report on studies of the 219 MeV proton beam in both tissue specimens and an

Alderson phantom. Proton radiographs created with the standard deviation c of the

range spectra were taken to study quantitatively the range variations of protons travers¬

ing inhomogeneities. The proton images were reconstructed in the middle plane half¬

way between MWPCl and MWPC2. In figure 20 a "a"-image of the Alderson phantom
is shown. The dark regions represent regions of broad range spectra. The three points

A, B and C indicate the transition of a bone structure to muscle tissue.

Figures 21 shows the corresponding range spectra at these points. Points A and C show

well defined tissues like muscle and bone structure respectively. The spectra have a

width of around 4.5 mm which is the expected width due to range straggling and taking
into account the initial momentum band. However the spectrum measured in point B,

which is at the interface of these two tissues, broadens to around 20 mm. It should be

noted that the range spectra were obtained from protons traversing the whole head

whereas in a treatment situation, one is interested in the range variation caused by pro-
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tons stopping in the head. Hence our measurements give an upper limit for the range

error which can occur during treatment.
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Figure 21 Range spectra for the three selected locations A, B and C labeled in figure
20. Regions A and B belong to pixels where the protons passed more or less

homogeneous material. Region C represents a pixel where the protons

traversed inhomogeneity interfacesparallel to the beam.

To identify those regions which cause broad range spectra and therefore dose errors fig¬
ure 30 shows, as a gray-scale image, the DRR of the Alderson phantom head. The col¬

ours (red: > 15 mm, 15 mm > blue > 10 mm, 10 mm > yellow > 5 mm) in the images
indicate the standard deviation of the range spectra. From the colours, we can distin¬

guish those regions with additional straggling caused by inhomogeneities. As can be

seen, range uncertainties of over 15 mm occur in regions where the protons passed
close to tissue characterised by a strong density gradient orthogonal to the beam. Criti¬

cal situations in the Alderson head are labelled in figure 22. In the region around point
A the critical structures are tissue interfaces between the oral cavity and the mandible

ramus (maximum variation = 25.6 mm, mean variation = 17.4 mm), B labels directions

where mastoid air cells and the sigmoid sinus (22.2 mm, 16.7 mm) are in the beam

path, C marks beam incidence with the frontal sinus (22.0 mm, 15.7 mm), D labels re¬

gions where the proton beam passed tangential to the skull (19.0 mm, 12.0 mm), E de¬

scribes areas where protons traversed mastoid air cells and bone brain interfaces (18.5

mm, 15.3 mm), F marks the beam direction where the protons traversed the sphenoid
sinus (18.2 mm, 12.5 mm) and G the maxillary sinus and the ethmoid air cells (16.8

mm, 13.3 mm). Such range variation measurements could be used as an estimate for the
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necessary safety margins around the target volume, especially if the tumour is located

behind such critical regions where big range variations can occur.

Figure 22 Radiography produced with the mean ranges of the proton spectra in each

pixel. The selected regions label situations where big range variations can

occur

Range variations can influence the dose distribution for proton treatments and proton

radiography can be used for measuring these uncertainties and may help to find optimal
beam directions.

Another way to get information on range uncertainties is to perform Monte Carlo simu¬

lations of the therapy dose distribution and the proton radiography in the region of the

patient to be treated. Experimentally obtained proton radiographics may be used to ver¬

ify the Monte Carlo calculations of proton radiographics and to give more confidence

in the results obtained for therapy conditions. At PSI a Monte Carlo Code is being de¬

veloped (Tourovsky et al. 1993), used to simulate proton radiographics and dose distri¬

butions for therapy.
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3.7 CT-Calibration and range measurement

3.7.1 The calibration of the CT data

Computer tomographic (CT) images of a patient represent the basic information for the

proton therapy treatment planning program. CT data are used to define the position of

the target volume and of the critical structures and to quantify the inhomogeneities
which are in the path of die proton beam. The CT-images are taken with photon beams

and are therefore images of photon attenuation data. The proton therapy treatment plan¬

ning software calculates the dose distribution on the basis of a range calculation for the

protons and therefore needs data which can be used to describe the interaction of the

proton beam with the patient's tissue. The photon attenuation coefficients of the CT

data have therefore to be converted into a water equivalent path length, the so called

relative stopping power, in order to provide the residual range for the proton beam.

This transformation is usually done by direct measurement of both the water equivalent

path length and the photon attenuation of different tissue substitutes (Chen et al. 1979,

Moyers et al. 1993) or by calculation (Mustafa and Jackson 1983). The relation be¬

tween stopping power and Hounsfield values is not unique. Due to the different chemi¬

cal composition of tissues, it is in principle possible to have different relative stopping

powers for the same Hounsfield value. This raises the question on how well one can

predict ranges using calibrated CT data in practice.

We measured the stopping power of tissue substitutes with our radiographic system.

The radiographic range measurement was done with the different samples immersed in

a 23 cm water bath. For the bone substitute HB/SR4 we calculated the relative stopping

power. In addition, the tissue substitutes were scanned in a GE 9000 scanner at 120

kVp to obtain the Hounsfield values. In table 4 the measurements of the relative stop¬

ping power and the Hounsfield values are listed together with model calculations for

real tissues (see Appendix B). In figure 23 the derived calibration curve is shown as the

solid line with the data points for the tissue substitutes (squares). The tissues with

Hounsfield numbers up to water are assumed to be a mixture of water with air. For

Hounsfield values greater than 1000 the tissue is assumed to be a mixture of bone min¬

eral and water (Chen et al. 1979).

All these approximations do not describe real situations well enough to be used for a

precise proton treatment. The first error to be considered is the precision of the CT data

itself. Errors of the measured Hounsfield values of the order of 1.5 % and of their posi¬
tion dependence of 3 % (Moyers et al. 1993) give rise to errors in the predicted proton

ranges. Moreover one can find cupping artefacts in CT data close to high-low density
interfaces. This effect manifests itself by a decrease of Hounsfield values extending
several pixels into high density tissue with a corresponding increase in the regions of

low density. Range calculations of beams parallel to this interface are correspondingly
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affected. It must also be remembered that the tissue substitutes are not real tissue, with

the oxygen often being replaced by carbon in such compounds.
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Figure 23 Calibration curvesfor the transformation ofHounsfield values into relative

proton stopping power. The solid line shows the tissue-substitute-calibration,

the dashed line the stoichiometric-calibration for biological tissues. The

squares represent results of the tissue substitute measurements and the

triangles are calculations based on the chemical composition ofreal tissues.

Previous work has been reported concerning the influence of all these errors. Chen et

al. (1979) measured the Bragg-peak-shift in one abdomen slice of the Alderson phan¬
tom and compared this result with the range calculation based on their CT calibration.

They obtained differences between measurement and calculation of about 5 % of the

traversed matter. However, the abdomen is not the most critical region. We expect big¬

ger errors, for example, in head regions where a lot of bone structures and high-low

density interfaces are present. Alpen et al. (1985) also measured the Bragg-peak-shift
of a neon and a helium beam in a frozen dog for seven selected target locations. They
obtained errors of up to 11 % between CT range and measured range. They concluded

that big deviations appeared where bone or air filled cavities were in the beam path.

In the next section we will present measurements of the proton range in biological tis¬

sue obtained using our radiographic equipment and will compare them with the calcula¬

tion based on CT calibration by tissue substitutes.
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3.7.2 Range measurements and calibration check

The sheep's head was scanned using the described radiographic apparatus and the inte¬

gral density of the matter traversed by the protons was measured experimentally. The

mean range in every pixel was calculated to be the 50 % fall-off of the integrated range

spectrum. For the corresponding range calculation, the calibrated CT data were inte¬

grated in the direction of the proton beam to produce projections transverse to the

beam. The DRR's are supposed to contain the same information as the measurements.

The algorithm used to compute the DRR's was the same as the one used in the PSI

treatment planning system to calculate the position of the Bragg peak for the dose cal¬

culation. The goal of these comparisons is to quantify the different sources of range er¬

rors.

-10 -5 0 5 10

Range difference [mm]

Figure 24 Histogram of range differences between DRR and proton radiography (Ar
~ rDRR

'

rradiography ^ ^e P^ot s^ows {^e number ofpixels as a function of
their range difference, the solid line for the tissue-substitute-calibration and

the dashed linefor the stoichiometric-calibration.

Figure 24 shows a histogram of the range differences between prediction and measure¬

ment (Ar) in the sheep's head using our tissue substitute calibration (solid line). The

proton image of the sheep's head is shown in figure 31. The different colours in this

figure indicate range differences (red: lArl > 7 mm, blue: 7 mm > lArl > 2.5 mm, yellow:
2.5 mm > lArl > 0.7 mm). As can be seen from figure 31, remarkable differences are

found in the regions containing bone structures, especially in the region of the mastoid

air cells (processus mastoideus, bulla tympanica) and the brain. Other problems are the

region around the eye, which produces stopping power higher than estimated by the
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calibration, and the region behind the tongue, which gives Hounsfield values like mus¬

cle tissue (999) but results in higher relative stopping powers.

To improve the range calculation, we varied the tissue substitute calibration of the CT-

data. From the known chemical composition of the tissue substitutes and the measure¬

ments of their Hounsfield values, we could parametrise the response of the CT unit by

fitting the dependence of the photon attenuation as a function of the atomic number of

the elemental composition of these materials (see Appendix B). Using this model and

tissue descriptions from Allisy (1988), Constantinou (1974) and Mustafa and Jackson

(1983) we determined then Hounsfield values for "real biological tissues" (table 4). The

corresponding relative stopping power was calculated with the Bethe Bloch formula

(28). A linear curve, shown as the dotted line in figure 23, has been fitted through the

calculated data points for brain, blood, soft bone, compact bone, hard bone and bone

mineral. The range differences between calculation and measurement for this "stoichio¬

metric CT calibration" are shown as the dotted line in figure 24. The maximum devia¬

tion could be reduced from 23 mm to 16 mm and the mean deviation from 3.7 mm to

2.7 mm. This result implies that a direct calibration based on measurements with tissue

substitutes is not appropriate for obtaining the best results.
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Figure 25 Different organ-calibrations from Hounsfield values to relative proton

stopping power. The solid line represents the calibration for the eyes, the

dotted line for brain tissue, the dashed line for non spongiosa bone, the

dashed-dotted line for the nasal cavity and the dashed-dotted-dotted line for
the region behind the tongue.
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One remaining problem is that different organs and tissues have different relative stop¬

ping powers for the same Hounsfield value in the CT-slices due to their different

chemical composition. This problem cannot be solved with a single calibration curve

for the whole body. A possible solution is to use different calibrations for different or¬

gans. To investigate this we segmented the CT-cube of the sheep into various organs,

like the brain, the eyes, the mastoid air cells with surrounding bone, the nasal cavity
and the region behind the tongue, and calibrated the voxels for different organs with

different calibration curves. Figure 25 shows these organ specific calibrations. The cali¬

brations for the eyes and the brain were produced by taking the corresponding calcu¬

lated values of the stopping power and mixing them with air to model different densi¬

ties in these organs. The mastoid air cells were modelled as a mixture of air and

calculated bone values. In the nasal cavity, bony structures are generally small and it

has been assumed that the voxel values here are a mixture between bone, nasal secre¬

tion which is mainly water, and blood. For the region behind the tongue the measure¬

ment shows a systematic shift compared to the calculation. We do not have an explana¬
tion for this behaviour and could solve this problem only by assuming a high stopping
power (= 1.45) for this region which corresponds to Hounsfield values comparable to

muscle (- 1000).

Table 1 Deviation between calculated DRR and measuredproton radiography in mm

for different organs.

Region of the sheep's
head

Maximum deviation in mm /

RMS deviation in mm

Tissue

substitute

calibration

Stoichiometric

calibration
Organ
specific

calibration

Total head 23.0/3.7 15.5/2.7 13.9/2.6

Brain 13.9/4.1 7.9/2.2 2.7 /1.3

Eyes 10.1/2.9 5.7/2.0 5.6 /2.0

Mastoid air cells and

surrounding bone 23.0/7.4 14.1/3.9 8.2 /2.6

Nasal cavity 13.0/2.9 5.6/1.9 5.6 /1.9

Region behind the tongue 8.8/6.0 9.7 / 7.3 7.3 /3.0

Lateral field for the

irradiation of a brain

tumour 13.1/3.2 6.8 /2.1 2.9/1.2

Homogeneous moulage
material

2.3 / 0.6 2.3/0.6 2.3/0.6

After this procedure, DRRs were again produced and compared to the measurements.

The deviations in the regions of the segmented organs were strongly reduced. The
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mean deviation in the region behind the tongue diminished from 7.3 mm for the stoi¬

chiometric calibration to 3.0 mm for the organ specific calibration. The region of the

brain improves from 2.2 mm mean deviation to 1.3 mm and the range error of the mas¬

toid air cells decreases from 3.9 mm to 2.6 mm. Table 1 summarises the different cali¬

brations and their range errors. We have also included in the table those values where

protons passed through homogeneous moulage material to get an idea of the precision
of the measurement.

It is important to note that in a practical situation, only the region covered by the inci¬

dent beam used for therapy is relevant for the precision of treatment. To simulate a

clinical situation we have chosen as an example a supposed brain tumour to be irradi¬

ated from the lateral direction. The chosen field is shown in figure 31. The range differ¬

ences corresponding to different calibrations are shown for the reduced region of the

field in table 1. From these, it is possible to calculate the deviation per mm through the

whole sample and hence calculate the deviation at any given depth. For a distal tumour

boundary with 100 mm distance to the surface, the maximum deviation using the tissue

substitute calibration is 10.3 mm and the RMS deviation is 2.5 mm. If the organ spe¬

cific calibration is used to calculate the DRR, the maximum deviation in the chosen

field is diminished to 2.3 mm and the RMS-value to 0.9 mm which is in the order of the

positioning precision.

Table 2 Deviation between calculatedDRR and measuredproton radiography in mm

for different organsfor voxels where the spectral range uncertainties are

smaller than 4.9 mm.

Region of the sheep's
head

Maximum deviation in mm /

RMS deviation in mm

Tissue

substitute

calibration

Stoichiometric

calibration
Organ
specific

calibration

Total head 11.0/2.0 6.9/1.8 6.9/1.7

Brain 4.2/1.9 3.2/1.7 2.1/1.1

Eyes 5.3/2.4 4.6/1.7 4.5/1.9

Mastoid air cells and

surrounding bone 5.8/2.4 4.0/2.5 2.9/2.1

Nasal cavity 6.2/2.0 4.6/1.7 4.6/1.7

Region behind the tongue 7.4/5.8 8.3 / 6.9 5.2/2.8

Lateral field for the

irradiation of a brain

tumour 11.1/2.5 6.0/1.9 2.3/1.0

Homogeneous moulage
material

2.3 / 0.6 2.3/0.6 2.3/0.6
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As we mentioned in the last section, irradiation fields should be chosen in such a way

as to have low range uncertainties in the field. The range uncertainties also affect the

precision of calculating the mean range. For wide range deviations the resulting spectra

becomes non-gaussian and thus measurements of the mean range become less precise.
Hence in table 2 the deviations of prediction and measurement are listed for those vox¬

els which belong to range uncertainties lower than 4.9 mm. The difference between

measurement and calculation shows the same behaviour as for voxels without range un¬

certainty limitation, i.e. the stoichiometric and the organ specific calibration represent

an improvement to the tissue substitute calibration.

We conclude that a precise check of the calculated range is important for precise proton

treatments. Proton radiography can help to find better calibrations for CT-data and so to

reduce errors in the calculated dose distributions for therapy. Clearly more experiments
have to be done in order to confirm the practical value of the solution proposed here as

a first result of these preliminary studies.

3.8 Discussion and outlook

It has been shown that proton radiography is a useful tool for quality control purposes

in proton therapy. The dose distribution for stopping protons, calculated on the basis of

range calculations, can be indirectly checked with range measurements of transmitted

protons. Measurements of range uncertainties due to inhomogeneities in the patient can

indicate critical situations. As a consequence, the angle of irradiation may be changed
or the safety margin around the target volume be defined on the basis of these measure¬

ments. To guarantee a very precise irradiation, the optimal strategy is to outline individ¬

ual organs in the CT data and apply organ specific calibrations to the data to eliminate

the effects due to different chemical compositions. This could be a reasonable approach
if organs are anyhow already outlined for performing complication probability calcula¬

tions of treatments. On the basis of these measurements the calibration from Hounsfield

values to relative proton stopping power can be verified and safety margins can be de¬

rived for each treatment field. In addition a positioning check with proton images is

possible.

Proton radiographics of each treated patient could be used as documents to prove the

accuracy of each individually applied proton treatment. Due to the low dose given with

proton radiography this could be done for each fraction and could be used to detect

changes of the anatomy during treatment, for example a decrease of the tumour vol¬

ume, loss of patient weight or similar effects.

The experimental set-up used for this feasibility study had the disadvantage of a low

data acquisition rate (1000 protons per second). This was not important for these pre¬

liminary studies but will be important for the use of proton radiography with patients.
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This low rate was due to three main reasons. Firstly the movement of the range shifter

is slow (-100 ms), secondly the Nal crystal is difficult to operate at MHz event rates

and finally the data transfer from the Starburst to the VAX station was slow (1 kHz).

As a next step, we plan to develop a fast radiographic system which can be used with

patients. For our future system we propose to measure the proton range with a range

telescope (a stack of plastic scintillators). With a resulting dynamic range of 20 cm the

range shifter has to be used very rarely. Since plastic scintillators have a fast rise and

fall time (~20 ns), rates in the order of MHz may be achieved. To accelerate the data

transfer we want to load the digitised signals into a digital memory. The acquisition rate

would be increased to between 100 kHz and 1 MHz in order to take images within min¬

utes.
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Appendix A. Estimation of the density resolution of the

system

The overall energy resolution (AE in MeV or AR in cm) of our proton radiographic ex¬

periments include detector resolution (AE^ or ARNaI), energy straggling of the in¬

itial beam due to its momentum band (AEmom or AR^y^) and energy straggling due to

the statistical energy loss of protons passing through matter (AEstr or ARsfr ). For the

following estimation of energy and density resolution we use a simple dependence of

energy and range (Leo 1994):

4

E = {aR + bf (30)

where E and R are energy and range of the protons in MeV and cm respectively and

a=405.53 and b=5.24 are constants determined by a fit of formula (30) to the Janni data

table (Janni 1982).

For stopping protons of a given initial energy the range straggling AR is a constant.

Range straggling due to energy loss is then given by:

AR^ = 0.33cm for EQ = 218.2 MeV (31)

where EQ is the initial energy of the protons. We assume that a change in range (R+AR)

corresponds to a change in the energy (E+AE) measured by the detector. Using formula

30 we get for the corresponding variations of the measured energy straggling in the de¬

tector

Ms* = Sl£4«ar = mE'^str s f*~*. <32)

where E is the residual energy measured by the Nal-crystal and cp contains all the en¬

ergy independent terms. Range straggling due to the momentum band of the beam is

determined from the uncertainty of the initial energy (AEQ):

*&mom =

WT
H P and AEmom=ARmom^\E * ££~* . (33)

dR\E0

The energy resolution of the Nal crystal is proportional to the square root of the resid¬

ual energy of the protons. Thus we get

1 5

AENaI = k E2 and ARNaI = vFA. (34)
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The total energy straggling is given by

AE = y/<p2E § + |2£ § + jc2£ (35;
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Figure 26 Plot of the error AE in the energy measurement as a function of the

measured residual energy E. The solid line is a fit to the measured values

(symbols).

With the knowledge of the initial beam energy and range straggling we calculate cp =

76.2. A fit of formula 35 to the experimental data (figure 26) yields the unknown con¬

stants ^ = 26.1 and k = 0.2 respectively. The determined constants correspond to a mo¬

mentum band Ap/p = 0.6 % (FWHM) and a detector resolution of 1.6 MeV for 60 MeV

residual energy. These values are close to the ones which can be found in the literature

(Leo 1994, Salmieri et al. 1986, Scheib 1994).
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Appendix B. Calculation of the CT numbers and relative

stopping powers

A CT image represents the spatial distribution of photon attenuation coefficients. The

scaled Hounsfield number is defined by

H = 1000 £ (36)
rw

where \i is the linear attenuation coefficient of the material and nw the coefficient for

water. There are two effects which lead to the attenuation of a photon beam for ener¬

gies up to 1 MeV energy (below the threshold of pair production), photoelectric absorp¬
tion and scattering. The cross section of scattering processes can be divided into that

due to incoherent scattering (compton scattering defined as free electron scattering) and

coherent scattering (Rayleigh scattering with a correction term to account for deviations

due to binding energy effects). The total attenuation coefficient can be written in the

form (Jackson and Hawkes 1981)

p = pNg(Z,A) {o** + <foh + o*""*} (37)

where pN is the electron density and cp
,
oco

,
o41100 the cross sections for photoelec¬

tric effect, coherent scattering and incoherent scattering respectively. An accurate para-

metrisation of those cross sections is given by Rutherford et al. (1976)

M = pNtfA) i^hE'3-2iz3-62 + rtr2.02zi.86 + oprytA (38)

where Kp and K are constants which characterise the different cross sections and
KN

Ge (E) is the Klein-Nishina cross section for photons of energy E. For a mixture of

elements the attenuation coefficient can be obtained by the following formula (Jackson
and Hawkes 1981)

M = pNg(Z,A) ilfhE'3-2SZ3-62 + K?ohE-2mZM + of*(E)\ (39)

where

l

z = [X>fZ--62]3'62 W
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A

z = 5>J
1.86

1.86

(41)

and

Ai ~

Ng
(42)

where N is the number of electrons per unit volume of the mixture given by

*-E*-*a£? (43)

where NA is Avogadro's number, Zj and Aj are, respectively, the atomic number and

atomic weight of the i-th element and (& is its proportion by weight.
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Figure 27 Experimental Hounsfield values versus calculated Hounsfield values with

formulae 39 and 36.

By making measurements of H for different tissue substitutes of known chemical com¬

position (table 3) with the fixed energy of 120 kVp (80 kV) we can determine from a

linear regression fit of the experimental data to formulae 39 and 36 the constants
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Kphand Kcoh to be 20.1 and 2.80 respectively. With the knowledge of these constants

and the chemical compostion of different biological tissues (Allisy 1983, Mustafa and

Jackson 1983, Kijewski and Bjarngard 1978) we can calculate their Hounsfield num¬

bers (table 4). The calculated ratios of stopping power to Hounsfield values for the real

tissues are lower compared to tissue substitutes due to the fact of higher carbon and less

calcium content in tissue substitutes.

One should bear in mind that the chemical composition of different tissues extracted

from the literature are just approximations and this inevitably induces errors in the

Hounsfields number and hence stopping power calculation.

Table 3 Chemical composition (percentage weights) ofvarious tissues and tissue

substitutes.

H c N 0 F Na Mg P s CI K Ca

atomic number l 6 7 8 9 n 12 15 16 17 19 20

atomic weight 1.0079 12.011 14.006 15.999 18.998 22.989 24312 30.973 32.064 35450 39.102 40.080

Material composition in % of weight

AP6 8-36 69.14 236 16.94 3.07 0.14

water 11.19 88.81

MS/SR4 9.5 70.25 3.48 15.15 0.08 0.02 0.18 050 0.12 030 0.01

IB/SRI 8.73 63.19 236 17.83 0.06 2.62 0.12 5.09

TSK/SR1 6.4 46.4 2.80 26.4 030 0.10 7.0 030 0.10 030 10.0

HB/SR4 4.45 29.09 3.88 31.93 0.06 031 10.0 032 0.06 1939

fat 12.21 76.08 11.71

lung 9.9 10.0 23 74.0 0.1 03

lung 2 9.7 70.26 2.8 163 0.17 0.01 032 032 0.11 039 0.01

muscle 10.2 123 3.5 72.9 0.08 0.02 03 05 03 0.007

soft bone 8.67 13.0 3.6 66.4 0.08 0.06 2.43 0.46 033 4.96

compact bone 6.4 27.8 Z7 41.0 03 7.0 03 14.7

hard bone 339 15.5 3.97 44.1 0.06 031 103 031 223

teeth 23 93 2.8 413 0.008 0.7 135 283

brain 11.07 1234 133 73.78 0.18 0.015 035 0.18 034 031 0.009

blood 10.2 10.0 3.0 763 0.19 0.04 0.19 036

bone mineral 0.2 414 185 39.9
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The stopping power was calculated according to Bethe-Bloch's formula (28). The ioni¬

sation energy Ij for each element was taken from Janni (1982) and the mean ionisation

energy for a mixture was calculated using the Bragg additivity rule

ln/OT =

2^ a,.

(44)

The results are shown in comparison to the experimental values in table 4.

Table 4 Measured and calculated Hounsfield numbers and stopping powersfor

different materials.

Material Density
In

gem"3

relative

electron

density

Hounsfield

number

experlmenta

Hounsfield

number

theorical

relative

stopping
power

experimental

relative

stopping
power

theoretical

AP6 0.91 0.885 856 865 0.87 0.90

water 1.00 1.00 1000 1000 1.00

MS/SR4 1.07 1.049 1027 1029 1.07 1.08

IB/SRI 1.15 1.123 1214 1179 1.14 1.14

TSK/SR1 132 1359 1466 1440 137 136

HB/SR4 1.48 1386 1783 1791 135

fat 0.91 0.918 906 0.95

lung 030 0388 288 039

lung2 0.41 0.404 395 0.42

muscle 1.0 0.991 993 0.99

soft bone 1.12 1.093 1171 1.09

compact bone 1.7 1.623 1958 1.60

hard bone 1.85 1.715 2282 1.65

teeth 2.17 1.950 2806 1.85

brain 1.03 1.028 1031 1.03

blood 1.06 1.051 1051 1.05

bone mineral 33 2.869 4649 2.66
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Appendix C. Reconstruction of the images

C.1 Fast reconstruction

For the calculation of the pixel addresses of images located at different depths, first the

proton entrance (xj,yj) and exit (x2,y2) coordinates for each proton were measured by
the MWPCs. Four coordinates are available to reconstruct the two coordinates for the

image pixel address (x^y^. The calculation of the pixels is depicted in figure 28. For

each entrance and exit coordinate the most probable proton trajectory was calculated

Figure 28 Scheme of the reconstruction of pixel addresses in different depths of the

patient. At five depths between the two multiwire proportional chambers the

pixels addresses were calculated with the knowledge of the most probable
proton trajectory (dotted line) which is an approximation to the real proton

path (solid line).

with formula 23. The intercept coordinates of the proton trajectory with 5 equally

spaced parallel planes between MWPCl and MWPC2 were used as pixel addresses of

the image reconstructed at different depths. This reconstruction was done to better re¬

solve structures located at the depth of the calculated image.

The residual energy of the protons was added to the histogram of energies for each

pixel. After this was done for all protons, the energy (or range) spectra of each pixel
was evaluated in different ways. The pixel value may be determined for example by
simply averaging the energies (or ranges), by fitting a Gaussian to the spectra or by in¬

tegrating the spectra and taking the 50 % fall off as the resulting pixel value for the

images to be reconstructed. The last method was chosen for the presentation of the re¬

sults of this experiment.
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C.2 Backprojection algorithm

Another possibility to reconstruct the images in different depths is to use an iterative

backprojection algorithm. Again the most probable proton trajectory with intercepts

(xp v{V) is calculated for each proton. We assume that the five planes contain the density
information for a layer at that depth. We determine then the difference between the

measured residual energy E of the proton and the sum of the pixel values of image I.m

of the last iteration over this track (Xpy.). This difference is equally distributed among

the involved pixel addresses (Xpyt) and written to a correction matrix Cp, for each plane
to be reconstructed:

Cfic^ = ±\E- £jTCVi>J . (45)

where k is the number of planes, i denotes the i-th plane and m the m-th iteration. These

corrections are cumulated for all protons. The image for the next iteration step is then

created by adding the correction matrix normalised to the number N of protons which

are contained in the spectra of each pixel (x,y):

fn+1 _ ft Cficy)

The advantage of this method compared to the fast reconstruction is an improved spa¬

tial resolution since this algorithm focuses simultaneously objects lying at different

depths in one image. Unfortunately the images reconstructed in this way are corre¬

spondingly more noisy. This is probably due to the fact that the computer algorithm has

more degrees of freedom to distribute individual event fluctuations into a larger number

of pixels.

To illustrate the properties of the different reconstructions methods a Monte Carlo

simulation of a proton radiography of a geometrical phantom was done (Tourovsky et

al. 1993). Two thin plates (1.7 mm) of very dense material were simulated in a homo¬

geneous water bath, one plate located in the entrance plane and one in the exit plane.

Figure 29 shows the reconstructed images of a simulated radiography taken in a direc¬

tion perpendicular to the two planes. Images A, B and C were created with the fast re¬

construction algorithm and image C with the backprojection algorithm, respectively.
Image A is the reconstruction in the front plane of the phantom. As we expect, this im¬

age shows the front plate with sharp edges and the rear edges become blurred. Analo¬

gous, image B, which was reconstructed in the rear plane, shows the opposed behavior.

Image C is the average of A and B, which shows the rear and the frontal plate with an

average spatial resolution. However, the backprojection algorithm, which was used to

create image D, focuses simultaneously the two plates but has the disadvantage of more

noise.
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Image B

Image C Image D

Figure 29 Illustration of two different methods of image reconstruction. The images
show two thin plates of dense material immersed in the front (top right of the

image) and the rear (bottom left ofthe image) ofa water bath. The images A,B
and C are the result of the fast reconstruction; A is focused in the front plane,
B in the rear plane and C is the average of images A and B. Image D is the

result ofthe backprojection reconstruction.

As the images presented in this preliminary study were produced with a small number

of protons, and since the backprojection algorithm produces only the image of the mean

ranges and not of the range uncertainties, we decided for this work to use the fast re¬

construction method.

More work should be spent in the future in the investigation of reconstruction algo¬
rithms in order to be sure that the information contained in the radiographic data is opti¬

mally used.
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Appendix D. Colour images

Figure 30 DRR image of the Alderson head. The colours indicate range uncertainties

of the protons (red: > 15 mm, 15 mm > blue > 10 mm, 10 mm > yellow > 5

mm).

Figure 31 Proton range image of the sheep's head. The colours indicate range

differences between calculated DRR and experimental proton radiography

(red: lArl > 7 mm, blue: 7 mm > lArl > 2.5 mm, yellow: 2.5 mm > \Ar\ > 0.7

mm). The white rectangular labels afield to be irradiatedfor a brain tumour.
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neuen Gebiet der Teilchenphysik lernen musste. Er leihte mir viele Teile meiner Appa-
ratur. Die eifrigen Diskussionen mit Dim, und das Verzehren von Weisswtirsten und

Weissbier hielten mich, auch in den schwierigen Phasen, iiber Wasser.
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gegangen. Seinem Enthusiasmus verdanke ich, dass alles mit der Datennahme geklappt
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Ein besonderer Dank gilt Hansueli Stauble, der immer gewusst hat wo man welches
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Herzlichen Dank an die britische Vertretung in der Strahlenmedizin, Dr. Tony Lomax

und Andrew Fielding fur ausfuhrliche Nachhilfen in der englischen Sprache ("Manco-
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Und natiirlich auch Dank an die "PSI-Bayern", Dieter, Reinhold, Horst, Wolf-Dietrich
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sen.

Alle meine Mitarbeiterinnen und Mitarbeiter in der Abteilung fur Strahlenmedizin, die
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Zu guter Letzt alien Dank, die mir den Aufenthalt in der Schweiz schon gemacht ha¬

ben; ganz besonders meiner Gabriela.
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