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I OVERVIEW

The main task of the multidisciplinary Life Science
Department (i.e. medical radiobiology, radiation
medicine, radiopharmacy, PET, radiation hygiene) is
to perform high-standard basic biomedical research,
in particular by studying the interaction between ioniz-
ing radiation and biological structures, in close coop-
eration with the technical facilities at the PSI and in
collaboration with national and international centers of
medicine and bioscience. The development of bio-
medical research is closely bound up with the prog-
ress in technology available at PSI (e.g. proton ther-
apy, SINQ, SLS) and with the advancements in tech-
niques of bioscience (e.g. molecular biology, structural
biology, spectromicroscopy, computational modeling).
The actual era of limited resources combined with the
need to shift manpower within the PSI for building-up
the new SLS-team is an additional relevant factor
which forces us to review and renew the strategy of
our department.

These facts are reflected in the new guidelines of our
department which define the two major topics for the
next few years:

• Cancer research from molecular mechanisms of
induction to accelerator-based medical treatment

• Structural biology research, in particular crystallo-
graphy of macromolecules.

Research in neurodegenerative diseases is rated as
secondary priority.

Some major events have taken place in 1996 at the
PSI which are cornerstones on the path of our de-
partment to the near future.

The audit of the Life Science Department organized in
April 1996 at the PSI was a highly relevant event. A
group of 10 invited, internationally recognized experts
assessed during 3 days the organization and scientific
quality, coherence and relevance of ongoing and
planned research projects according to international
standards and in relation to the available and planned
technical facilities of PSI. This highly productive, com-
petent evaluation resulted in a list of recommenda-
tions which have considerable impact on our future
strategy and which are included in part in our over-
view.

A highlight in 1996 was the inauguration ceremony of
the Gantry (i.e. Radiation Medicine), celebrated in
January 1996 with a symposium on proton therapy
and with national and international participation of
many experts and guests. Following some adapta-
tions of the Gantry according to an international safety
review committee in June 1996 (suggested by the
Audit), the first human patient was irradiated success-
fully in November 1996. Because of the strong link of

proton therapy to the technical facilities of PSI, the
evaluation of this highly ambitious biomedical therapy
project, in close collaboration with the Swiss Proton
User Group, will probably remain the only clinical re-
search project of F2 for which a spin-off to clinical-
University Centers within the next decade is unlikely.

This is in contrast to the ongoing spin-off of clinical
research programs from PSI to the University Hospital
Zurich (USZ) regarding Radiopharmacy and PET. At
the Clinic of Nuclear Medicine USZ a "baby"-cyclotron
has been installed for the production of routine radio-
tracers (with the know-how of PSI/Radiopharmacy)
and a modern camera is available for PET research.
In 1996 a network of treaties has been worked out
between PSI, USZ (Neurology, Nuclear Medicine),
University and ETH (Department of pharmacy) to
transfer (and regulate) clinically related programs of
PSI to the USZ for the optimal use of synergies. Ra-
diopharmacy and PET at PSI will focus their scientific
efforts on the development, production and evaluation
of new and sophisticated radiotracers.

The Institute of Medical Radiobiology (IMR) is a joint
institution between PSI and University of Zurich
(Medical Faculty).

A highlight in 1996 was the 7th International Congress
on Neutron Capture Therapy for cancer held at the
ETH in September, which was organized successfully
by Prof. B. Larsson. A large group of experts from all
over the world attended this meeting and assessed
the present state of knowledge in theory and practice
of this technique.

In August 1996 J. Jiricny was appointed as professor
for molecular radiobiology at the Medical Faculty and
Prof. B. Larsson generously agreed to hand over the
direction of IMR to him (2 years before his retirement
in 1998). The planning of reorganization of the IMR in
association with a marked reduction of manpower
(50 %) is the first challenging task for the new direc-
tor. Plans are in progress and imply a reorientation of
the bioscience program (e.g. primarily based on mo-
lecular biology) in close cooperation with the other
divisions of F2.

Some recommendations of the audit have been real-
ized in 1996 as mentioned above. Other recomenda-
tions are in a phase of planning in particular the
search of a strong visionary leader, a biomedical sci-
entist effective in working at a) the interface of mod-
ern molecular biology and clinical application and
b) the interface of bioscience and physical science
and technology. The leader needs to be delegated the
responsability to control the departmental research
resources and to be accountable for departmental
performance. An agreement has been reached



between the presidents of ETH and PSI that this
candidate should become a professor at the ETH and
a mixed ad hoc sub-commission of experts of PSI and
ETH had a first session in November 1996 to realize
this postulate.

Prof. B. Hirt, (former president of the ISREC,
Lausanne) and member of the audit agreed to be-
come president of the new research committee for F2
at the PSI which will be installed in 1997 and is ex-
pected to be a competent advisory board both for the
new head of F2 and the director of PSI.

Synchrotron biological structure analysis should be
centered, according to the Audit, in the Life Science
Department, where relevant PSI research can be
performed with this highly promising novel bioscience
technology and which can serve as a contact site for
external users of such research. First contacts with
the SLS-Team of PSI and the Life Science Depart-
ment took place in December 1996 and realization of
this project is to be planned in close collaboration.

Finally, I thank in particular the F2-staff, but also
many persons outside the department, for their valu-
able support and continuous contribution to biomedi-
cal science despite the dynamic changes of our envi-
ronment. Last not least, I gratefully acknowledge the
excellent collaboration between Dr. R. Andres head of
the Division of Radiation Hygiene and deputy depart-
ment head) and myself (with 40 % committment since
May 1996) in the strategic and operational manage-
ment of the Life Science Department during this year.

Rudolf W. Ammann

Emeritus professor of gastroenterology, USZ
and Department Head ad interim of F2
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1996 - AN EVENTFUL YEAR

G. Munkel

INTRODUCTION

After several years of planning, building and installing
Europe's first gantry for proton radiotherapy at the
Paul Scherrer Institute, the first treatment of a human
patient took place at the end of November 1996. Ex-
tensive preparations had been done throughout the
year in order to make this important step successful
and safe.

THE MAJOR EVENTS

The facility was officially inaugurated on January
10, 1996. This day was celebrated with a plenum
meeting of the Swiss Proton Users Group in the
morning. The national and international radiation on-
cologists and medical physicists got together in order
to hear about the detailed status of the facility and to
discuss the medical activities of the first months and
years of the project. Professor Herman Suit, Chair-
man of the Department of Radiation Oncology at the
Massachusetts General Hospital in Boston and of the
Proton Therapy at the Harvard Cyclotron, gave a
challenging lecture about the benefits and possibilities
of proton radiotherapy. The afternoon was dedicated
to the presentation of the project to the public. The
interested audience, including the press, learned
about the characteristics of radiation treatment and
proton therapy in particular. Prof. Michael Goitein,
director of the Northeast Proton Therapy Center in
Boston and co-pioneer in the field of proton therapy
together with Prof. Suit, gave an instructive lecture.
The response to the inauguration ceremony was a
strong, nationwide and international interest in the
possibilities offered by the new PSI facility.

The medical activities at PSI are embedded in the Life
Science Department F2. From April 1 - 4, 1996, all
projects of this department were audited by an inter-
national committee. The proton therapy projects -
OPTIS = proton irradiation of ocular melanomas with
the 70 MeV beam of the injector I cyclotron, and the
gantry project - received a high score and priority.
However, the committee suggested a safety hearing
by external experts, as the technology of the PSI spot
sannning gantry is entirely new, the safety issues
crucial and the public attention very close.

From June 9 to 12, 1996, a safety committee re-
viewed the proton project, based on written material,
mainly the PSI safety report submitted to the Swiss
Health authorities, and on detailed technical presenta-
tions on the spot. All members of the committee were
experts in the field of particle therapy and its related

specialties. The safety hearing lasted three days,
ending with a preliminary verbal judgment and final-
ized with a much extended and carefully written re-
port, categorized into primary, secondary and tertiary
recommendations.

Beside our own requirements for safe and reliable
functioning of the gantry, we worked intensively on the
realization of the safety committee's recommenda-
tions.

Besides the daily preparatory work for the first human
patient, we organized, together with the TERA Foun-
dation, the PTCOG XXV meeting at PSI. The PROTON

THERAPY CO-OPERATIVE GROUP, a worldwide com-

munity of particle users in medicine, partook in 3 days
of discussion, producing valuable contributions and
took the opportunity to visit the PSI gantry. The
meeting was continued as the Second International
Meeting on Hadron Therapy with two lecture days at
CERN in Geneva. International experts in the fields of
oncology, biology, physics, technology and computing
reported on the state of the art of their science with
respect to the interest of the audience.

In November the facility was ready for the irradiation
of the first human patient. The category one recom-
mendations of the safety committee had been fulfilled
as well as our own requirements for a reliable opera-
tion of the complete system. The tumor site was se-
lected according to the technical possibilities and the
available proton energy of 177 MeV. The patient suf-
fered from a metastasizing melanoma and was re-
ferred by the Departments of Neurosurgery and Ra-
diation Oncology of the University of Zurich. The
treatment was a boost, a local dose supplement, to a
brain metastasis after previous whole brain irradiation.
The proton boost was applied in four fractions within
one week, during which the patient was hospitalized in
the Regional Hospital in Brugg.

After the winter shutdown of the PSI accelerator pa-
tient treatments will continue from late April on. The
referral will be organized in collaboration with the
Proton Users Group according to the medical proto-
cols.

A final step into the future research activities of the
Life Science Department was taken by creating a new
program for Tumor Therapy Evaluation, TTE, which
will focus on new kinds of cancer treatment. This will
be an important contribution to the general focus of
the department's research projects.
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PROTON THERAPY PROJECT STATUS

E. Pedroni, A. Bevan, H. Blattmann, T. Bohringer, A. Coray, E. Egger, M. Emmenegger, M. Grossmann,
A. Lomax, S. Lin, G. Munkel, B. Schaffner

The main activities of 1996 have focused on the commissioning of the facility, the debugging of the soft-
ware for the steering system (therapy controller and dose controller computers) and the development of
the dosimetry for the verification of three-dimensional conformal dose distributions. The safety aspects of
the spot scanning technique have been inspected during a safety hearing with international experts. In
November the facility was finally ready for the treatment of the first human patient on the PSI gantry.

INTRODUCTION

The spot scanning technique was used successfully
on the proton gantry in 1995 for the treatment of vet-
erinary patients. Based on this experience, our origi-
nal plans were to start treatments of human patients
in May of 1996.

The decision of PSI in April 1996 to submit all safety
aspects of the spot scanning technique to a hearing
with international experts had practical consequences
for the commissioning of the facility, which finally de-
layed the start of the first medical treatment until the
25th of November.

MAJOR EVENTS OF 1996

On January 30th the proton facility was inaugurated
with an official ceremony, with lectures from speakers
known to have pioneered the field of proton therapy in
the past. This event, which attracted the attention of
the press more than expected, marked the conclusion
of all major installations of the project.

In April the scientific values of the projects of the Life
Science Division were analysed by an international
scientific committee. The results of the F2-Audit were
very positive for the proton therapy project. It was
however suggested by the committee that, as the
proton therapy project has a "high visibility" outside of
PSI, a safety hearing on all safety issues of the proj-
ect should be performed.

A safety review committee, with specialists in the field
from Boston (chair), Berkeley, Seattle and Darmstadt,
met at PSI on June 9-12. After three days of intense
examination, a verbal list of recommendations was
presented at PSI. The final report of the committee
was sent on July 18. Most of the beam time between
June and October of 1996 has been used for the re-
alisation of the committee's recommendations and for
further commissioning of the facility.

In September our group hosted the XXV PTCOG
meeting at PSI. This organisation brings together all
centres world-wide working in the field of charged
particle radiation therapy. The 3-day meeting was
continued in the second half of the week at CERN in
Geneva.
During 1996 three more dogs were treated in the
proton therapy facility. The total number of dogs
treated on the gantry is now 7.

On November 25 we were finally ready to start with
the treatment of the first human patient. The 4 frac-
tions of a boost treatment (an addition to photons) in
the brain were applied without problems. We are now
waiting to restart in April 97, after the usual winter
shut-down of the accelerator.

THE SAFETY
TIONS

COMMITTEES RECOMMENDA-

It is known from experience in other fields, that abso-
lute safety does not exist. The question of whether
certain safety measures are more appropriate than
others, or if a system provides sufficient redundancy,
becomes for very low probabilities of risk, a matter of
opinion. If one reads carefully the safety committee's
report, one can recognise that no real mistakes were
found in the original safety concepts of the PSI proj-
ect.

However, the report presented a substantial list of
recommendations, which should be realised before
starting patient treatments. It was agreed in our group
to satisfy as quickly as possible all points, without
embarking on a sterile debate on the real necessity of
the suggestions since, at the end, the realisation of
the committee's recommendations will add value to
the quality of the project.

The most important points in the report regard the
general organisation of the project, its leadership and
the assignment of specific responsibilities. An impor-
tant point was the recommendation to increase the
manpower in order to avoid stress situations and to
guarantee a safe operation of the facility. One techni-
cal issue discussed was the necessity of the shielding
of the bunker door during patient treatments. Recent
measurements of the neutron background in front of
the door showed that this is not necessary. Despite
the fact that our interlock system has twofold redun-
dancy, we had to replace part of its logic from
EPROM to a hardwired circuit. In addition to the
switching-off of the beam with the Fast Kicker Magnet
and the mechanical beam shutters BD1 and MDF1 in
the event of an interlock, another fast magnetic beam
switch-off at the ion source of the accelerator was
added to the safety chain. This additional fast protec-
tion for the patient is activated in case of failure of the
Fast Kicker or in case of the malfunctioning of the
electrostatic splitter (when a high intensity beam could



be deflected into the proton therapy beam line). Other
recommendations were already planned by the PSI
group but not completely realised at the time of the
meeting. An example is the device for the rescue of
the patient in case of failure of the motors of the gan-
try. A remaining major task for the next years is to
provide spare parts and a more professional docu-
mentation of the project.

In conclusion, the safety hearing has been an impor-
tant step to providing the confidence to start human
patient treatments with the spot scanning method.

TECHNICAL DEVELOPMENTS

From the beginning of the beam period, most of the
work was spent debugging the communication prob-
lems between the RTVAX therapy controller computer
and the OS9 system, which controls the motors of the
gantry. These problems, caused by the choice of dif-
ferent operating systems, are now under control.

A major development over the year has been the de-
bugging of the dose controller software. This system
is essential for the safety of the spot scanning tech-
nique. The dose controller checks the execution of the
treatment independently of the therapy controller,
using different methods of measurement of the pa-
rameters of the scan.

A real break-through was achieved with the implemen-
tation of the checks of the position and width of the
beam during scanning at each spot with the strip
monitor system. The problems of electronic noise in
the signals of the strips were solved by implementing
improved electronics which uses opto-couplers to
avoid ground loops.

The dosimetry of 3-dimensionally shaped dose fields
is a conceptually simple but practically very difficult
task. We adopted the provisional solution to collect
the charge from 10 ionisation chambers using con-
densers and to read them by multiplexing the signals
in a precise electrometer.

We have performed dosimetry experiments in the
Rando phantom under conditions similar to those
used for the first patient, to check the effect of body
heterogeneities on the dose distribution. We gained
also interesting results on the precision of the calibra-
tion of the CT-data from Hounsfield number into pro-
ton stopping power, obtained by measuring the range
of protons in animal tissue samples.

Another important result is the excellent reproducibility
of the measurements for the daily test procedures.
The implementation of check lists (daily checks, inter-
lock tests,interlock diagnosis etc.) directly in the com-
puter is our preferred strategy for increasing the
safety and the efficiency of the beam delivery system.

COLLABORATIONS

The number of collaborations with external institutions
is steadily increasing. We mention here the develop-
ment of proton radiography with the University of Mu-
nich, the collaborations with the Italian project Tera
(alanine dosimetry at the university of Rome, Monte
Carlo calculations in Milan, treatment planning trans-
fer on a UNIX platform in Geneva and Rome). Other
examples are the dosimetry tests performed at PSI by
the colleagues of the Dutch university of Groningen.
Their 2D-dosimetry system based on a scintillation
screen viewed by a CCD-camera is probably the fu-
ture solution for the routine verification of conformal
dose distributions applied with scanning beams. Fig-
ure 1 shows as an example a picture taken by scan-
ning the beam of PSI in a rectangular pattern whilst
changing the proton range by addding a range shifter
plate at each scanned line. As opposed to the usual
film dosimetry, where the Bragg peak is strongly sup-
pressed, the Bragg peak region can clearly be seen in
this picture.

CONCLUSIONS

All necessary tests and procedures needed to start
with very simple treatments were developed in 1996.
In 1997 we shall continue to optimise our treatment
procedures and increase the reliability of the compo-
nents of the system. The commissioning of the Top-
Rotation support and the problem of organ motions for
treatments in the trunk are just two examples of the
large amount of technical work which remains to be
done. This process toward high precision therapy with
protons will require another 2-3 years of exciting
medical physics developments.

Fig. 1: CCD image of a scanned proton beam with
varied proton range (see also text). Courtesy
of J.M. Shippers.
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PRECISION MEASUREMENTS OF PROTON STOPPING POWERS FOR TISSUE
SAMPLES

B. Schaffner, E. Pedroni

The major advantage of proton therapy against conventional photon therapy is the precise conformation of
the dose distribution to the target volume. The distal fall off of the proton dose is very sharp. To control
the exact position of the Bragg peak in the patient is therefore of crucial importance. We calculated the
relation between CT Hounsfield units and proton stopping powers for different biological tissues.

DEFINITION OF THE CALIBRATION CURVE

The calibration curve to convert CT Hounsfield units
(HU) to proton stopping powers (SP) has been de-
fined using the theoretical approach for a stoichiomet-
ric calibration described in more detail in Ref.[1]. HU
of biological tissues are derived from measured HU of
tissue-equivalent material of known composition and
the composition of the biological tissue using
ICRP 23. Fig.1 shows that a good calibration for bio-
logical tissue can be achieved with a multilinear ap-
proximation.
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Fig. 1: Theoretical values for HU vs. SP based on
two different values for the ionisation potential
of the elements with mean calibration curve.

RANGE MEASUREMENTS

To get experimental SP data of true biological probes
we measured the range loss of the protons passing
through animal tissue samples. The samples were
positioned in a perspex box with a flat surface in order
to maintain a sharply defined Bragg peak and to
simulate some surrounding tissue (this can affect the
value of the HU). The range of the incident protons
was varied with the range shifter in steps of about
2mm. On the exit side of the sample the integral dose
over the whole spot was measured with a large paral-
lel plate ionisation chamber. The integral dose plotted
against the number of range shifter plates shows a
characteristic Bragg curve. The shift of this curve
compared to water gives directly the relative SP of the
tissue. With homogeneous samples this method al-
lows SP measurements accurate to 0.2%. For inho-
mogeneous tissues like lung or bone an unavoidable
degradation of the Bragg curve occurs. For these

cases the expected range error was obtained through
integration of the calibrated CT images.

RESULTS AND CONCLUSION

Fig.2 shows the theoretical calibration curve plotted
against the measured data points in the area of the
compact tissues. The maximal deviation between
measured biological tissue sample and the calibration
curve is 1.5%. This implies a maximal 1.5% error in
the range of the protons due to the calibration or a 1-
3mm error of the position of the distal dose fall off,
depending on the depth of the tumor.
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Fig. 2: Measured HU - and SP-data for biological
tissues and two bolus materials

We also measured two bolus materials in the same
way. Their values do not match the curve so well.
With a combination of the two however we can
achieve a good range control.

Over all we do not expect the errors due to the cali-
bration to be larger than ± 1%. For the first patient
treated this year the total range to the distal edge of
the tumor is about 15cm. Consequently the range
error is believed to be less than 1.5mm. This is a
small contribution to the overall error compared to
other errors like position resolution of the CT, the
resolution of the treatment planning and especially the
positioning of the patient itself.

REFERENCE

[1] U. Schneider, E. Pedroni, A. Lomax "The Cali-
bration of CT Hounsfield Units for Radiotherapy
Treatment Planning", Phys. Med. Biol. 41 (1996)
111-124
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DEVELOPMENT OF AN IONISATION CHAMBER ARRAY FOR USE ON THE
PROTON GANTRY

A. Bevan (PSI prakticant/undergraduate at the University of Surrey), E. Pedroni, S. Lin, H. Blattmann,
T. Bohringer, A. Coray, Ft. Hugi, A. Lomax, B. Rohrer, B. Schaffner, H. Stauble

An ionisation chamber array based on charge integration using capacitors has been realised for use on
PSI's proton gantry. Details of the chamber array and its performance are given and some speculations
for further development are presented.

THE CHAMBER ARRAY

The ability to make many simultaneous dose meas-
urements on PSI's proton gantry is a desirable goal.
An array of 10 ionisation chambers was realised for
this purpose, where current from each ionisation
chamber is integrated on a capacitor during a dose
field application (typically 6 minutes). The voltage
across a given capacitor is measured using a high
input impedance electrometer and this is converted to
a dose. A Honeywell 621024 mutiplexer is used to
switch between different capacitors. The ionisation
chambers used have a cavity diameter of 5mm and a
volume of 80 mm3.

The array channels are calibrated relative to meas-
urements made using a commercial chamber (Exradin
T2 chamber) in a 6 x 6 x 6 cm 2 Gy box irradiation
used for the daily check [1]. A 4 cm region about the
isocentre of this box is assumed to be flat and the
measured dose assumed was 2.03 Gy ± 1 % which is
slightly higher than that calculated and corresponds to
measurements made in the daily check.

PERFORMANCE OF THE ARRAY

The uncertainty of a measurement is ± 1 mm for spa-
tial co-ordinates (due to the set up procedure) and
±1.0 % for dose (as the assumption that the box is
flat is not entirely accurate, this increases the dose
uncertainty). Figure 1 shows a graph of measured
and calculated dose for the daily check box.
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This array has been used in the verification of many
dose fields including those of 2 of the dogs and the
first human patient [2] treated this year. Figure 2
shows several measurements for the human patient
compared to calculated dose. 270 dose measure-
ments were made using the chamber array and 29
other measurements were made with 2 different types
of commercial ionisation chamber before treating the
patient, this verification took only 8 hours including set
up. One can see the resolution of dose inhomogenei-
ties (dependent on the ionisation chamber size) of the
profile which result from measuring in a uniform
Plexiglas phantom.
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Fig. 2: One of 10 profiles of chamber array meas-
urements for the patient treated during 1996.

Fig. 1: Array measurements of the daily check box.

FURTHER DEVELOPMENTS

The next step in developing this system is to construct
an array of a more useful size, up to 50 chambers for
use during the next beam period. Work has been
done using relay switches that have a performance
comparable to the multiplexer used. It is suggested to
construct a larger array using these as opposed to the
multiplexer.

REFERENCES

[1] T. Bohringer et al., "Quality assurance proce-
dures for the PSI proton therapy project." (this
newsletter)

[2] G. Munkel et. al., "The first human patient treat-
ment on the psi spot scanning gantry." (this
newsletter)
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BEAM POSITION AND SHAPE MONITORING

S. Lin, A. Coray, E. Pedroni

A position sensitive strip ionization chamber and its measuring and data taking system have been devel-
oped in order to control the position and shape of the proton pencil beam during the patient treatment.
The sum of the strip outputs provides an additional dose measurement.

CHAMBER CONSTRUCTION AND ELECTRONICS

The chamber is located in front of the patient and
consists of two signal planes which are made of kap-
ton foils (19|um thick) glued with 0.444 cm wide alu-
minium strips (1 (im thick). One of the planes has 48
strips and covers the full beam scanning field ( U di-
rection ). The 48 strips are divided into 4 groups con-
nected cyclically, i.e. every strip is connected to its
corresponding elements in the other three 12 strip
groups to give a single measuring channel. The other
signal plane has 6 strips (vertical to the beam sweep-
ing: T direction).
The output ionization currents from the strips vary
from several nA to 20 nA. With our spot scanning
technique, the data taking time for one spot is in the
order of a few ms to about 100 ms. An 18 channel
current-to-frequency converter, with a converting gain
of 2MHz/150nA ( equivalent to 7.5 x 10"4 pA/Hz, with
a precision of better 0.5% ) has been developed,
which fulfills the requirements of our dynamic appli-
cations. Optocouplers are used for the digital signal
transfer. The noise caused by the ground loop from
the long cables is therefore greatly reduced.

U Direction

20 40

Slrip monitor channel number
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Fig. 1: The beam profiles in U direction measured
with the strip chamber and a chamber array
positioned on the patient table. The chamber
array has 9 chambers and the spacing be-
tween the chambers is 0.4 cm. The distance
between the strip chamber and the array is
40 cm.

RESULTS OF MEASUREMENTS

Figure 1 shows the results of a measurement ob-
tained by sweeping the beam with steps of 2 cm. The
results from the chamber array measurement repre-

sent the positions and the profiles of the beam applied
to the patient. The relations between the data ob-
tained from the strip monitor and the chamber array
provide a look-up table for the treatment planning.
The strip monitor can, therefore, check the position
and the width of the beam send to the patient.
In figure 2 we present our measurement results of
beam positions and widths as a function of the spot
time. The beam is tuned to be located near the centre
of the field. By turning on and off the fast kicker, the
beam spot time is steered from 2 ms to 140 ms. The
data shown in figure 2 prove that, even with a spot
time of about 2 ms, the deviation of the measured
beam position is less than 0.2 mm, and the deviation
of the measured beam width is less than 0.7 mm.
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Fig. 2: The beam positions and widths measured
with the strip monitor versus the beam spot
time.

CONCLUSION

The above results indicate that the strip monitor sys-
tem should be able to control the beam position with a
precision of about 0.5 mm, and the width about 1 mm.
The beam position is monitored additionally by meas-
uring the magnetic field in the sweeper magnet with a
Hall sensor.
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MONITORING OF BEAM PARAMETERS IN SPOT SCANNING

M. Grossmann, T. Boh ringer and A. Coray

Beam parameters are routinely monitored during a scan and can be analysed in a very flexible way. This
monitoring provides a tool to investigate the beam in a dynamic situation and serves as a protocol for the
scan.

STEERING AND CONTROLLING A SPOT SCAN

The treatment of tumours in the PSI gantry is based
on the fast spot scanning technique which applies a
sequence of discrete irradiations at defined positions
(spots). The sequence of spots is defined in a data
table (steering file) which is the result of the treatment
planning. The task of the gantry steering and control
system is to ensure the treatment proceeds according
to this plan. A treatment plan typically consists of sev-
eral thousand individual spots.

The steering and control system is based on two in-
dependent frontend computers: the therapy controller
reads data from the steering file and sets the active
components of the gantry (beam shutter, magnets,
range shifter and the patient table). The dose control-
ler continuously checks the agreement between the
status of the machine and the treatment plan. Should
any discrepancy occur, it generates an interlock which
immediately shuts off the beam.

TREATMENT LOGFILE

Among the values checked by the dose controller are
the beam parameters like its position (in the trans-
verse coordinates u and f), its width and the effec-
tively applied dose. For each spot these values are
measured with the strip chamber monitor and com-
pared to expected values. The dose controller writes
these data along with other information like settings of
beam line components to a logfile which documents
in great detail how the treatment was realized.
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Figure 1

VISUALIZATION

The software package PAW (developped at CERN)
provides an easy and flexible way to analyze the data
contained in the logfile. The figures presented here
are two examples from a scan in November 1996.

Figure 1 shows the beam width as calculated from the
profile measured at each spot by the monitor cham-
ber. It is evident that the beam profile is sufficiently

-10 0 10 20
position of spot [mmI

Figure 2

stable since only small variations around the mean
value of 13.5 mm for the FWHM are observed. This
distribution (and other similar ones) are used to define
the tolerances allowed by the dose controller before
signalling an interlock condition.

Figure 2 shows the deviation of the measured beam
position from the expected position (u coordinate) as
a function of the beam position. Each data point cor-
responds to a different spot in the scan. The deviation
at each beam position variies by only a few tenths of a
millimeter. This good reproducibility is essential for the
spot scanning. The absolute difference (up to 2 mm in
this plot) will be reduced by a more accurate calibra-
tion of the beam steering elements.

The logfile and a number of standard plots for impor-
tant distributions will become part of the treatment
protocol in a patient's file.
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VERIFICATION OF TREATMENT PLANS

A. Coray, A. Bevan, T. Bohringer, S. Lin, A. Lomax, E. Pedroni, B. Schaffner

Each treatment plan is applied to a phantom prior to the patient irradiation. The dosimetric measurements
in these verification runs show a good agreement between expected and calculated doses.

INTRODUCTION:

Before starting the first irradiation on the patient the
treatment planned is applied to a homogeneous per-
spex phantom. Using the same steering data as used
for the patient irradiation, the dose distribution is
measured with films and ionisation chambers. The
expected dose in the phantom is calculated by the
treatment planning system and compared to the
measured values. This verification method has been
checked with measurements in anthropomorphic
phantoms. In the future, whenever possible, in vivo
dosimetry will be done to measure the applied dose
directly.

METHOD AND RESULTS:

The measurements were performed using single
Exradin T2 and T1 cylindrical ionisation chambers and
a linear array of 10 graphite wall chambers
(0.080 ccm). The chamber array is described in sec-
tion 4 on page 11 by A. Bevan.
The absorbed dose was calculated in accordance with
the ICRU Recommendations on Proton Dosimetry,
Draft 6.6 of January 17. 1996.

During the beam period 1996 three dogs with nasal
tumours were treated. Two of them, having target
volumes of 271 and 323 ccm, were irradiated with a
single vertical field of 3.2 Gy. One dog was irradiated
with a vertical field of 1.62 Gy and a 45 degree field of
1.60 Gy, (10.3 ccm).

0 2Q 40 60 80 100

5 60
Q

D96003 Verificalion

Mean: 0.31 %. SD: 4.0 % n: 229

0 20 40 60

Calculated Dose [ % ]

Fig. 1: Collected verification measurements with
ionisation chambers for the dog D96003.
Normalisation Dose : 3.21 Gy.

The shapes of the target volumes were qualitatively
checked by irradiating a stack of films with 1 cm inter-

val in depth and compared with the corresponding 2D
dose distribution.
To get a quantitative 3D verification, the chamber
array was placed in both orthogonal directions to the
incoming beam and the measurements were then
repeated at several depths.
The dosimetry results for one of the dog treatments is
shown in Figure 1. The main contribution to the scat-
tering of the results came from problems with the set-
up procedure on one hand, and from instabilities of
the ionisation chambers and the electronic equipment
on the other hand.
At the end of the beam period a patient with a solitary
brain metastasis was treated using a single field. Fig-
ure 2 shows a scatter plot of the dosimetric meas-
urements. Mean and standard deviation are very low
considering the fact that the dose gradients can reach
up to 10 % per millimeter.

P96001 Verification

Mean: 0.32 %, SD: 2.8 %. n: 227

Calculated Dose [ % j

Fig. 2: Collected verification measurements with
ionisation chambers for the first patient
treated. Normalisation Dose : 2.27 Gy.

CONCLUSION

Our verification procedure is presently time consu-
ming and still far from routine. The most important
improvements planned for the next beam period are:

- Use of a water column which enables changing
of the depth of the dosimeters remotely.

- Improve the ionisation chamber array system.

- Introduce 2D dosimetry using a scintillator screen
with a CCD camera.

- Quantitative evaluation of irradiated films.
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QUALITY ASSURANCE PROCEDURES FOR THE PSI PROTON THERAPY
PROJECT

T. Bohringer, A. Coray, S. Lin, A. Lomax, E. Pedroni, B. Schaffner

Quality assurance procedures, with the aim of insuring the readiness of the PSI proton therapy unit and
the safety of the daily patient treatments, are described in the following report.

INTRODUCTION

The goal of the quality assurance procedures is to
ensure that the proton therapy beamline and gantry
devices are setup, checked and ready for the day's
therapy activities. One can distinguish daily, weekly,
monthly and yearly checking procedures. We will con-
centrate in the following on the daily check procedure.

DAILY CHECK PROCEDURE

a. Devices setup:
(1) Set the beamline devices to a reference energy
tune.The dipole magnets are ramped to account for
hysteresis effects.

(2) Set and check the monitor 1 parallel plate ionisa-
tion chamber amplifier system. The gain slope and
offset are measured, and checked against reference
values.

(3) Get the sealer no-beam offsets for monitor cham-
bers 1,2 and upstream. Determine the n.t.p. correc-
tion factors for later application to the dose measure-
ments.

b. Beam energy, position and intensity checks :
(1) Check the beam centering and size visually, as
well as numerically with a strip chamber monitor sys-
tem.

(2) Check the beam intensity rates from monitor 1,2
and upstream, as well as ratios between the different
monitor rates.

c. Sweeper magnet functional test:
Displacement of the beam with the sweeper magnet.
Checks also the strip chamber monitor system.

d. Range shifter functional test:
Puts the range shifter plates successively into the
beam. Also measures and checks the Bragg peak in a
perspex phantom.

e. Interlock test:
This test checks the correct operation of safety-
essential interlocks.

f. Dosimetry check:
A 6 x 6 x 6 cm3 regular field with a prescribed dose of
2 Gy is applied to the inside of a perspex phantom,
and the dose measured in the middle of the SOBP
with a 0.5 cm3 ionisation chamber and at the distal
edge with a 0.05 cm3 ionisation chamber.

Fig. 1 shows a compilation of the results achieved this
year. One sees the 1% reproducibility of the dose
measurement in the SOBP, and the 10% reproducibil-
ity achieved in the fall-off at the distal edge.

2 0 -

O 1 0
Q

0.5 -

SOBP mean : 2 026 Gy, SD : 0 022 Gy

Distal edge mean : 1 .217 Gy. SD 0 1 3 6 Gy

0 . 0
0 2 . 0 5 . 9 6 2 1 0 6 9 6 1 0 . 0 8 9 6 2 9 0 9 9 6 1 8 1 1 9 6

Beam period 1996

Fig. 1: Results of the dose measurements in a regu-
lar volume.

The irradiation of this regular volume is done using the
whole steering system apparatus, with all safety
checks and watchdogs in function, as if one would
treat a patient.

CONCLUSION

As we have seen, the regular execution of our quality
assurance procedures gives us confidence in our
capability to perform safe and accurate patient irra-
diations.
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THE FIRST HUMAN PATIENT TREATMENT ON THE PSI SPOT SCANNING
GANTRY

G. Munkel, A. Bevan, H. Blattmann, T. Bohringer, A. Coray, E. Egger, S. Lin, A. Lomax,
E. Pedroni, B. Schaffner

INTRODUCTION

In November 1996, the first human patient was irra-
diated with protons on the new PSI facility. The tech-
nical and physical reliability of the device had been
reviewed and tested extensively; in addition, several
animal patients with spontaneous tumors had been
treated before and followed up carefully in order to
have a biological control and an early warning system
for unexpected radiation effects. The first human pa-
tient received a boost therapy for a brain metastasis
of a malignant melanoma.

CONDITIONS

As the beam time at the end of the year was limited
due to the winter shutdown of the main accelerator,
we agreed in planning the first human patient for a
boost treatment of only a few fractions. The goal of
this therapy was to deliver a senseful, medically justi-
fied and technically satisfying irradiation to a carefully
selected patient and to operate our equipment under
,,normal" conditions where a patient was, as usual in
radiotherapy, awake and actively cooperating. This is
one of the major differences between the therapy in
dogs and humans, as the animals have to be anaes-
thetized during the single sessions.

TREATMENT

Our patient was referred by the Departments of Neu-
rosurgery and Radiation Oncology of the University of
Zurich. He was suffering from a metastasizing mela-
noma of the skin, which had been undiagnosed and
untreated for probably two years. Early in 1996 the
patient, who had lived for 30 years in Costa Rica,
showed neurological and intellectual deficiencies,
which led to the diagnosis of a left side thalamic le-
sion. The histological verification of a metastasis of a
melanoma and extirpation were done in Switzerland.
After the surgical intervention, the patient underwent
whole brain irradiation in order to consolidate the sur-
gical result. In the fall a regrowth of the thalamic le-
sion was diagnosed, based on neurological signs and
computer tomography. A localized irradiation focused
on the lesion was discussed, proton therapy at PSI
was considered the alternative to a stereotactic treat-
ment with photons. The proton therapy was planned
as fractionated treatment with 4 x 2.5 CGE (Cobalt
Gray Equivalent, using a radiobiological equivalent of
1.1 for protons compared to photons).

The high precision, with which the proton dose is de-
livered, requires a precise positioning of the patient

and the tumor relative to the beam during every
treatment session. During his first visit to PSI, we
fabricated a whole body mold for our patient, using a
specially designed vacuum mattress. This allowed for
a comfortable and reproducible supine body position.
The head was, as usual in conventional radiotherapy,
positioned on a neck rest and fixed with a mask which
covered the whole head excluding the eyes, nose and
lips. The body mold and head fixation part were per-
manently connected by the construction of the PSI
positioning device. In order to improve the proton
dose distribution in the brain, we added a 4 cm water
equivalent bolus to the left side of the head mask,
fixed by heat on the mask material itself. Several lead
markers for the positioning control were also fixed on
the immobilization device, but outside the treatment
area in order to avoid artifacts in the CT numbers and
dose calculation. The patient then underwent a CT
examination in his complete immobilization device.
The CT of the brain was done in slices of 2 mm thick-
ness without spacing. In addition, topograms (scout
views) were taken with orthogonal positioning of the x-
ray tube as a reference for further positioning controls
before each treatment.

After this preparatory day the patient went home for
five days, during which we performed a careful treat-
ment planning and dosimetry. Based on previous
animal treatments and dosimetry we were able to
apply the radiation dose using more than one field.
The options in this particular case with a round, near
centrally situated tumor of a few centimeters of diame-
ter were two angles of 90° lateral and about 45° an-
tero-lateral respectively or just one beam entrance
angle. With regard to the previously given dose of
46 Gy to the whole brain we decided for one beam
angle at 50° antero-lateral. Considering the histologi-
cal uncertainty of a brain metastasis and the uncer-
tainties due to system inaccuracies and positioning,
we calculated a safety margin of 10 mm for this par-
ticular tumor situation. The dose calculation was done
with the PSI planning program. The dose verification
was performed by extended dosimetry, measuring
dose points and profiles in different axes and taking
films at different depths in a perspex phantom.

The actual patient treatment took place on four days
(Monday, Tuesday, Thursday, Friday) of the last week
in November. For every session the patient was setup
in his mold and head fixation on the CT scanner for
orthogonal scout views. This information, showing the
bony head structures and the markers on the fixation
device relative to the CT and gantry coordinates, was
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each time compared with the first examination. On
day one and three we had to reposition the patient's
head for a precise treatment. After the CT control the
patient was taken in his mold to the gantry, the trans-
port being performed on a special cart which takes the
patient couch from the CT scanner to the gantry with-
out moving the patient himself. To assure the still
correct position, orthogonal x-rays were taken every
day on the gantry. The film cassette has a reference
grid, which allows for a precise check of the bony
landmarks and external markers relative to the refer-
ence points and the central beam axis. Repositioning
on the gantry was not necessary, the transport from
the CT to the treatment room had not caused a mis-
positioning of the patient's head. A film was fixed on
the mask for every treatment in order to show the
shape of the field. These films were compared to 1:1
printouts of the planning computer and showed the
expected correlation of the dose fields on the films
with the calculated shape.

During irradiation the patient was supervised by video
cameras and a microphone, both connected to the
control desk outside the treatment room as well as to
the operator's desk. The treatment itself was con-
trolled by the steering and control software and went
without technical complications. The physicists and
operators supervised the therapies and matched the
physical and technical details to the protocol. Short
interruptions of the beam coming from the main ac-
celerator did not exceed a few minutes. The patient
tolerated the whole procedures well, though, of
course, being fixed in a head mask is not the most
comfortable situation. The setup time was, including
the CT and x-ray control, about 40 minutes on the first
day and 20 minutes on the fourth day. This proves the
learning effect for the involved personnel as well as
for the patient. Our equipment was functioning well,
though we realized that changes e.g. of the molding
technique have to be done during the shutdown.

The clinical status of the patient was mainly character-
ized by deficits of the short term memory and a
slightly anxious attitude towards new situations. Nev-
ertheless the hospitalization in the nearby regional

hospital in Brugg and the four visits and treatments at
PSI were amazingly well tolerated. The patient was
fully informed about his disease and the therapeutic
concept, he showed a positive interest in the new
therapy modality and was very cooperative during the
whole preparation and treatment sessions. His physi-
cal status was only moderately compromised, mainly
by disturbance of the fine motor activity of the hands.
He was up and walking around during day time. Sei-
zures did not occur under adequate medication, nor
did we see symptoms of increased intracranial pres-
sure under steroid medication. The patient had a rela-
tively strong tendency to move his head to the right
side when lying down. This had to be taken into ac-
count when he was positioned in his tight head mask.
This procedure was in general the most time consum-
ing part of the positioning, it had to be done with care
in order to avoid uncomfortable pressure by the mask
material and tension in the cervical spine.

After the last treatment session the patient went back
home to his family who have taken care of him since
then. His clinical status is stable, a CT control is
planned for January 1997. The overall prognosis for
this situation will probably depend on the further gen-
eralization of the melanoma. The family and the pa-
tient had known about this precondition before the
proton therapy. We hope to have stopped the local
progression of the thalamic metastasis in order to
provide an improved quality of life.

FUTURE

The winter shutdown of the PSI main accelerator will
last until April. New patient treatments will be possible
from late April on. Referrals will be organized in close
collaboration with the Proton Users Group according
to the medical protocols. The gantry system will un-
dergo further developments and commissioning; the
indications for irradiations have, during the first full
beam period, to be adapted to the physical and tech-
nical properties of the device.
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MULTIPLE FIELD OPTIMISATION FOR PROTON THERAPY

A. Lomax

Intensity modulation in radiation treatment planning for photons has great potential for tailoring dose dis-
tributions in particularly challenging cases. Here we describe some preliminary work into the application of
such methods to proton therapy.

INTRODUCTION

For many years, proton therapy has led the way in
delivering precise, conformal radiation therapy and
varying degrees of intensity modulation are, in fact,
inherent in its delivery. As an example, for the delivery
of proton therapy on the PSI gantry, which came into
operation this year, we routinely deliver many hun-
dreds of individually weighted Bragg peaks [1]. How-
ever, the calculation of Bragg peak intensities is pres-
ently performed for single field directions and such
that the dose to the target volume is homogenous [2].
Recently, it has been shown that for photon therapy,
the delivery of a number of angularly spaced, indi-
vidually inhomogenous fields can produce a homoge-
nous dose across the target volume and reduce the
dose to neighbouring organs at risk when these fields
are combined [3]. Inspired by this work, we have
developed methods for the simultaneous optimisation
of Bragg peaks from multiple field directions and have
investigated the effects of varying peak intensities in
either two or three dimensions.

METHODS

For both 2-d and 3-d optimisations, our starting point
is a set of Bragg peaks distributed in space such that
the target volume is completely covered. These
peaks may come from a variety of different field direc-
tions and are spaced regularly in water equivalent
space for any one field direction. Initially, weights are
assigned using a pre-determined weighting scheme in
which all peaks lying at a given water equivalent depth
are assigned the same weight. The weight is varied in
depth in such a way as to produce a flat distribution.
For 2d optimisation, this relative weighting in depth
remains unchanged throughout the optimisation pro-
cedure, with only the weights of the beams in the
plane orthogonal to the field direction being modified.
In essence, this is the proton equivalent of the ap-
proach taken for photon intensity modulation de-
scribed in [3]. In contrast, for the 3d approach, a free
optimisation of all individual Bragg peaks is per-
formed. The calculation of dose for both cases is
performed using pre-defined dose kernels, calculated
in water. These take into account both the effects of
multiple Coulomb scattering in the water and the initial
phase space of the beam. Inhomogeneities within the
patient are modelled from the patients CT and are
taken into consideration by transforming each Bragg
peak and dose grid point into water equivalent space.
An iterative least-squares optimisation algorithm has
been used for both cases [2], which is based on an

algorithm described by Pedroni for dynamic pion ther-
apy [4] and is similar to the more recently reported
technique of Bortfeld [3]. The cost function for this can
be defined as

where Pj is the prescribed dose to dose grid point i, D,
is its calculated dose, g, is a weighting factor for the

grid point and there are N such grid points. From this,
the weight for an arbitrary pencil beam, j , after the
k+1th iteration can be calculated from

where the damping factor, f,: k, has the form

r —

j : is the un-weighted dose contribution of spot j
to dose grid point i. Interestingly, in contrast to the
technique described by Bortfeld, we have found that
the damping factor f,; is necessary to ensure conver-
gence.

RESULTS AND FURTHER WORK

We have applied both 2-d and 3-d optimisation to a
number of different treatment geometries applied to a
nasopharyngeal tumour and examples of the resulting
individual fields and combined dose distributions are
shown in figures 1 and 2. The initial results look very
promising and we aim to develop the methods further
to model more accurately the PSI delivery system and
to investigate the feasability of delivering such treat-
ments in practice.

REFERENCES

[1] E. Pedroni, R. Bacher et al.: 1995 Med. Phys 22
37-53.

[2] A.J. Lomax, E. Pedroni et al.: 1996 accepted by
Br. J. Radiol.

[3] T. Bortfeld, J. Buerkelbach et al.: 1990 Phys.
Med. 8/b/. 35 1423-1434

[4] E. Pedroni: 1981 In: "Treatment planning for
external beam therapy with neutrons", (Munich
Urban and Schwarzenberg) 60-69



19

OPTIS

CH9700376

E. Egger, L Zografos*, G. Munkel, T. Bohringer, L. Bercher*, L. Chamot*, A. Schalenbourg*

'Hopital Ophtalmique Jules Gonin, Avenue de France 15, 1004 Lausanne

INTRODUCTION

The OPTIS treatment continued through 1996. The
total number of patients treated now at OPTIS is
2261. This year, the worldwide largest number of pa-
tients ever treated by a single group in one year was
irradiated at the OPTIS facility: 236 patients. This
number demonstrates the efficiency obtained by the
OPTIS group compared to other groups applying the
same treatment, yet treating only approximately 140
patients per year with twice the manpower available in
the OPTIS group. However, the very restricted staff is
strongly absorbed by the treatment of the patients, so
that other tasks, such as analyses of our results and
their publication is treated only in second priority,
when time is left for this work.

SUMMARY OF THE ACTIVITIES OF 1996

Beside the patient treatment, the main effort was
spent in updating our patient data base in order to
have as accurate data as possible for the analysis
planned for 1997. We had, in fact, found that most of
the patients regularly go to the University Eye Clinic in
Lausanne for their follow - up examinations during the
first three years following the treatment, but then ne-
glect to keep us informed about their status. A very
large amount of work was done in order to find out
how the patients did, who failed to come back for a
follow - up examination for many years.

Another important activity done during the past year
was realized in collaboration with Dr. Walter Burkard
from the Institute of Medical Radiobiology. We sus-
pected that the relative biological effectiveness (RBE)
of the modulated proton beam used for patient treat-
ment was not constant over the whole range. To con-
firm this, V79 cells were irradiated at different posi-
tions within the proton beam. These experiments con-
firmed our suspicion, that the RBE increases with
depth.
Another main activity of the past year was the analy-
sis of the complications following proton radiotherapy
of uveal melanomas. It turned out that the complica-
tion rate following proton radiotherapy in cases of
large tumors (tumor thickness larger than 8 mm) is
rather high and that these eyes have an increased

risk of requiring an enucleation because of loss of
vision and painful complications such as neovascular
glaucoma. Tumors located close to the optic disc,
where the optic disc and part of the optic nerve has to
be irradiated in order to ensure local tumor control,
also induce a large number of optic nerve atrophy
leading to a severe loss of vision. Only 35 % of these
patients retain a useful vision 5 years after the treat-
ment. A proposal has been prepared in order to mod-
ify the treatment scheme so as to reduce the compli-
cation rates following proton radiotherapy: Tumors
which are expected to lead to a high degree of com-
plication will be randomized in a three arm study as
follows: one arm will be the standard treatment
scheme, 4 fractions within 4 days with a total proton
dose of 54.56 Gy, the second arm will be 8 fractions
within 4 days with a total dose of 59.44 Gy. In both
cases the dose will be applied homogeneously to the
target volume. In the third treatment scheme, 4 frac-
tions will be applied within 4 days, the total dose to
the optic nerve will be limited to 42 Gy, while the tu-
mor will receive 54.56 Gy. With these new treatment
schemes, we expect to increase the number of pa-
tients keeping a useful vision from 35 % to 50 % or
more.

OUTLOOK TO THE FUTURE

The randomized study is supposed to start in March
1997. 120 patients will be assigned to each treatment
group, so that the study is scheduled to end in the
year 2002.

A collaboration between the OPTIS group, the Insti-
tute of Biomedical Technique of the Federal Institute
of Technology in Zurich and the y-knife unit of the
Klinik im Park in Zurich will investigate the differences
between both techniques in terms of treatment plan-
ning for the uveal melanomas. The goal of this study
is to answer the question of whether y-knife treatment
of ocular tumors is reasonable or not from the dose
distribution point of view.

The data of the proton treatment will be analyzed in
extenso and published.
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TUMOR THERAPY EVALUATION

H. Blattmann, B. Kaser-Hotz (UniZH), A. Parvis (Uni ZH), B. Klink (Uni ZH), D. Ruslander (Uni ZH),
U. Schwyn (UniZH), O. Gardelle (UniZH), B. Hauser (UniZH), I. Cordt (UniZH), A. Coray,
T. Bohringer, N.E.A. Crompton, K.L. Leenders, S. Lin, A. Lomax, S. Minohara, G. Munkel,

E. Pedroni, U. Roelcke

The aim of this program is to acquire data in order to evaluate the advantages of the proton spot scan
technique compared to other forefront radiotherapy procedures, and to integrate the diagnostic and thera-
peutic possibilities of the life science department for human cancer therapy by testing it in veterinary ra-
dio-oncology.

INTRODUCTION

In September 1994 the first dog patient was treated
with protons on the gantry within the framework of the
experimental tumor therapy program. In the two years
since then 7 animals had been irradiated in total, be-
fore the first human patient was irradiated in Decem-
ber 1996. Six of these animals are still alive. One of
the nasal tumor cases recurred and had to be eutha-
nized after 15 months. Another one is still living with a
relapse.

In parallel to the PSI treatments, irradiation of pet
animals on the betatron at the Institute of Medical
Radiobiology (IMR) has been continued. The referral
rate at present is fairly constant (Fig. 1) due partly to
the limited capacity of the group and the logistical
difficulties in connection with the electron therapy
facility. This referral rate is sufficiently high to offer the
necessary selection of cases for studies at the proton
gantry.

Determination of tumor characteristics has been con-
tinued with flow cytometric measurements of single
cells as well as at the tissue level by PET imaging.
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Fig. 1: Referral rate of dogs and cats in animals per
month to the spontaneous animal tumor pro-
gram at the veterinary clinic in Zurich.

METHODS AND MATERIALS

The last two years were characterized by extensive
testing of the spot scanning technique. The selection
of cases was primarily governed by the desire to

visually inspect the entrance region of the proton
beam as well as the distal fall off.

The goal of this initial phase was to test the feasibility
of the entire procedure. All but one of the dogs were
treated with a single vertical beam with an energy of
177 MeV. One dog (pituitary adenoma boost) was
treated with two ports as a preparation for a possible
two port irradiation of the first human patient. To
minimize the beam time necessary on the gantry only
five of the eleven fractions of this dog were given with
protons, the others with electrons.

A main area of testing was the positioning and fixation
of the patient (table 1). By 1996 it was possible to
position the patient in the preparation room, check the
positioning on the computer tomograph (CT) and then
transfer the patient on the moulage into the treatment
room. The positioning was verified on the gantry using
lasers and taking radiographs. Port films were used to
document the irradiation for each fraction.

Tumor doubling times in cats and dogs were investi-
gated using non-radioactive bromodeoxy-uridine
(BrdUrd) administered intravenously 4-6 hours prior to
tumor-biopsy excision. Tumor cells in S-phase (the
period of DNA synthesis) of their growth cycle incor-
porate the thymidine analogue, BrdUrd, into their
DNA. The technique involves determination of both
the fraction of tumor cells replicating their DNA
(labeling index) and the average length of the S-phase
(Ts). From these two parameters, the potential dou-
bling time (Tpot) of the tumor can be determined. Fast
Tpot values are associated with poor clinical response
due to excessive tumor growth even during fraction-
ated radiotherapy. For six patients, in addition to the
analysis of the mitotic activity in biopsies, a positron
emission tomography (PET) study was performed with
76BrdUrd to determine the spatial distribution of the
DNA synthesizing cells before proton radiotherapy,
U. Roelcke et.al. The values will be compared with the
flow cytometric measurements made on the biopsy.

RESULTS

All except one of the planned proton treatments could
be given. One animal (No. 82) had to be given one
fraction by electrons due to accelerator problems.
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Table 1: Patient selection oncology, giving an early warning if these tissues are

Pat.

36

71
82

107
173
178
184

The

No. Location

left distal hind
limb
left perianal
left upper jaw
right nose
left nose
brain (pituitary)
left nose

fixation and

Histology

infiltrative lipoma

myxo-fibrosarcoma
fibrosarcoma
undifferent.sarcoma
carcinoma
none
squamous cell ca.

Tpot

30.67 d
18.42 d

-
2.42 d

-
62.05 d

positioning of the patients has

^v ^ ^ ^J ^ ^ • I I I

Table 2

Pat.No.

36
71
82

107
173
178
184

: Treatment parameters

Start Duration

29.8.94
27.3.95
15.5.96
21.8.95
31.7.96
16.9.96

14.10.96

days

16
26
26
26
27
22
26

No. of
P

10
11
11
13
14
5

14

e

1

6

fx
total

10
11
12
13
14
11
14

Total dose
CGE

36.0
40.5
42.0
45.5
49.0
38.5
49.0

gradually improved. Great progress has been
achieved by using a bite block for patients treated for
tumors in the head.
Problems were encountered with in-vivo dosimetry.
lonization chambers were often too large to be posi-
tioned in the target area, which frequently was the
nasal cavity. Thermoluminescent dosimeters (TLD)
were tested for their ionization density dependence at
the end of the proton range as well as for the repro-
ducibility of their reading. Problems were encountered
with the calibration factor which was history depend-
ent, and made the in-vivo readings unsatisfactory.

The setup procedure for proton therapy is still time
consuming, which is reflected in the long anaesthesia
periods for each fraction, which varied for the last
animal in 1996 between 50 min. and 170 min. with an
average of 81.5 min. for a net treatment time of ap-
prox. 8 min.

None of the dogs developed severe late reactions
during the observation period. The reactions of the
skin and the mucosa, in the proximal and distal region
of the treatment volume, did not indicate a signifi-
cantly different relative biological efficiency (RBE) for
stopping protons delivered with high dose rate.

Two of the dogs displayed relapses in the treatment
volume. This was not unexpected as the tumor doses
were well below the doses given in human radio-
oncology for comparable indications.

The program was started with a low dose of 36 CGE
(Cobalt Gray equivalent), table 2. A dose escalation
program has been initiated as no indication of unto-
ward reactions have been observed. The skin reaction
observed on the first animal as well as the skin or
mucosa reactions of the later patients did not indicate
that the doses were close to tolerance. For compari-
sons with human radio-oncology, using 2 Gy per frac-
tion (fx), the linear quadratic model was used with
values for a/fi of 10 for tumor and acute responding
normal tissues and 2 for late normal tissue reaction.
The tumor doses given translated to a range of 39 to
55 Gy, which is low compared to 60 Gy and more
usually given for curative therapy. For late normal
tissue reactions the doses given correspond to 57 to
80 Gy which is at the higher end in human radio-

A large spectrum of Tpot values were observed for
epithelial and mesenchymal tumors in both cats and
dogs. No significant trend between Ts and Tpot was
observed. However, a highly significant trend was
observed between the labeling index and the Tpot.
These findings suggest alternative approaches to
tumor growth-rate determinations based on non-
invasive methods of measuring labeling index are
feasible, such as PET examinations of tumors incor-
porating positron-emitting radiolabeled thymidine
analogues. The last dog treated in 1996 with protons
on the gantry (No. 184) was the first to have com-
bined labeling index, Tpot and PET before radiother-
apy.

OUTLOOK

The dose escalation program for nasal tumors is a
model to determine the advantage of three dimen-
sional proton radiotherapy in treatment of these tu-
mors. In the frame of a veterinary doctoral thesis dose
distributions for protons and photons are compared.
On the basis of model calculations of normal tissue
complication probability (NTCP) and tumor control
probability (TCP) the optimal dose to the target vol-
ume is determined. The calculations will be compared
to the results of the dose escalation program. The
experience gained in this study will serve as a basis
for the planning of dose escalation programs for hu-
mans. The nasal tumors in dogs are considered an
ideal model for this test, as with photons it was not
possible up to now to deliver a high enough dose to
the tumor tissue without severe normal tissue reac-
tions, mainly brain necrosis (Thrall 93).

REFERENCES
[1] U. Roelcke et al.: "In vivo measurement of tumor

cell proliferation using positron emission tomo-
graphy (PET) and radiolabeled deoxyuridine"
(this Newsletter)

[2] D.E. Thrall, M.C. McEntee, C. Novotney, M.L.
Hauck, R.L. Page: "A boost technique for irradia-
tion of malignant canine nasal tumors". Veteri-
nary Radiology & Ultrasound, 34, 295-300, 1993

Supported by the Swiss National Science Foundation
Grant 31-40482.94, by the Sassella Foundation and
the Wolfermann-Nageli Foundation.
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FAST PROTON RADIOGRAPHY ON THE PSI GANTRY {FROG)

P. Pemler'", M. Moosburger'1, E. Pedroni1", U. Schneider'"', C. Gahn"", J. Besserer'",
H. Stauble "" and J. de Boer"

(a) Ludwig-Maximilians-Universitat, Munchen, (b) Paul Scherrer Institut, Villigen,
(c) Stadtspital Triemli, Zurich

INTRODUCTION

We have developed a detector system for proton ra-
diography (PR) which will allow for the data taking of
one 20 cm x 20 cm radiograph within 20 seconds in
conjunction with a low dose delivered to the patient.
PR will be used as a tool for quality assurance for
proton therapy on the PSI gantry [1].
For recording a PR, high energy protons (up to
270 MeV) are transmitted through the patient. For
each single proton the coordinate before and after the
patient are determined in coincidence with the resid-
ual range of the proton having passed through the
patient. One dimension of the picture is given by the
deflection of the beam with the sweeper magnet, the
other by moving the patient table.

THE SYSTEM
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Fig. 1: Schematic view of the radiography system

Fiber hodoscopes consisting of scintillating fibers with
a 2 mm x 2 mm cross section and an overall sensitive
area of about 20 cm x 3 cm have been designed to
determine the coordinates of the protons. By overlap-
ping two layers with a displacement of half a fiber
width, a spatial resolution of about 1 mm may be

achieved. The residual range of the protons is meas-
ured with a range telescope consisting of a stack of
plastic scintillator plates, each one 3 mm thick, and is
read out by wavelength shifting fibers which are in-
serted into grooves in the plates. The fiber ends of the
hodoscopes are arranged on the photocathodes of
multichannel photomultipliers in such a way (see fig-
ure 1) that the (x,y)- coordinates can be reconstructed
by a homemade priority decoding logic. With this
method the number of channels is reduced signifi-
cantly from 576 to 160. The output of the logic units
which combine the 160 ECL input signals coming from
VME discriminators into a 32 bit event record is fed
into a high speed 32 bit (ECL in, VME out) memory.
This memory is read out by a VME processor which
preprocesses and stores the data.

FIRST RESULTS AND OUTLOOK

The feasibility of the chosen detector technology was
investigated in first measurements. It was found that
the light output is high enough to separate clearly the
signal from noise (figure 2).

500
W>C channel numoer

Fig. 2: ADC spectrum for the light output of a hodo-
scope fiber in a 177 MeV proton beam

Furthermore the results obtained for the different de-
tector components as well as for logic modules for
signal reduction were in full agreement with expecta-
tions. First 10 cm x 10 cm radiographies with a proton
rate of 300 kHz have been recorded within 10 sec-
onds. The system has been connected successfully to
the steering system of the gantry and the permanent
installation of the detector system on the gantry is in
progress.

REFERENCE

[1] U. Schneider: "Proton radiography, a tool for
quality assurence in proton therapy", PhD The-
sis, 1994.
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FAST 2D DOSIMETRY AT A SCANNING PROTON BEAM

J.M. Schippers(a>, S.N. Boon<a>, P. van Luijk<a>
E. Pedroni&K A. Coray<b)

(a) Kernfysisch Versneller Instituut, 9747 A A Groningen, the Netherlands
(b) Paul Scherrer Institut, Villigen, Switzerland

For the verification of the dose distribution from a
scanning proton beam in a phantom, the development
of special dosimetry instruments is a prerequisite,
since conventional dosimetry systems are not suitable
for this purpose. We are developing a two dimensional
position sensitive dosimetry system [1], based on a
scintillating screen ("lanex") mounted on the beam exit
side of a water equivalent phantom (see fig. 1).

^ tissue
equivalent
phantom
material

Fig. 1: The principle of 2D phantom dosimetry with a
scintillating screen

The screen is observed by a low dark-current CCD
camera with an adjustable integration time (from a few
milliseconds up to several minutes). This allows the
integration of the complete dose distribution gener-
ated within a single portal so that all effects of the
scanning beam are recorded. The sensitivity of the
system is well matched to clinical doses (0.1-2 Gy).

The major aim of this experiment, performed with a
beam of 177 MeV protons at PSI, was to determine if
the system response would depend on the method of
dose delivery: scanning beam versus scattered beam.
Since proton-range variations are not important in this
case, the measurements were performed in the pla-
teau of the-mono-energetic Bragg peak, at 9 mm
depth.
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Fig. 2: Image of the cross section of the pencil beam

In Fig. 2 the dose distribution from a single pencil
beam is shown. It can be seen that the pencil beam is
slightly asymmetric, with FWHM=:8 mm.

The light yield as function of the applied dose can be
derived from fig. 3. This image shows a scanning
pattern in which the dose per spot was kept constant
in each row (horizontal line), but varied linearly with
the table position. The profile along a column in the
image shows the good linearity of the total system.
The measured light yield per dose unit corresponds to
the calculated value for lanex within 4 %, which is
very satisfactory considering the model uncertainties

[1]-
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Fig. 3: A 2D dose distribution with varying dose

A big difference with a scattered beam is the local
dose-rate during dose delivery. In a scattered beam,
the beam irradiates the total volume with more or less
constant dose rate during the radiation time (typically
1-2 min). A scanning beam is aimed at a certain posi-
tion in the phantom, delivers the total dose within 10-
50 ms, and does not come back to this position.
Therefore locally 200-400 times larger dose rates may
occur in scanning beam systems. Despite this differ-
ence in dose rate, we have found that the measured
light yield agrees within 1% with values measured with
a scattered beam of 175 MeV protons at the The
Svedberg Laboratory, Uppsala [1]. This implies that
the observed quenching of the light yield in the Bragg
peak, observed in previous experiments [1], is indeed
solely due to a high LET which causes saturation of
light emission centers.

We conclude that this system has shown to be very
reliable and accurate for position sensitive, 2D relative
dosimetry in a phantom and that it is especially useful
for dynamic treatment modalities.

REFERENCE

[1] S.N. Boon et al, submitted to Medical Physics.
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OVERVIEW

P.A.Schubiger

Last year saw an event which was to have great impact on the division of Radiopharmacy - the
international AUDIT of our research activities in spring 1996. Although predominantly favourable in its
conclusions, the detailed comments helped us to identify our weaknesses and strengths and led to more
focused research goals for the bioscience department and its divisions. As a consequence our research
activities will continue to concentrate on targeted radionuclide diagnosis and therapy of cancer and on the
development of novel radiotracers to investigate highly relevant medical hypotheses concerning specific
diseases. In this context we can report some interesting new research results:

One hypothesis of great interest to neurologists states
that the glutaminergic NMDA-receptor complex plays
an important role in neurological diseases such as
those following head or spinal cord injury, stroke,
perinatal ischemia as well as in hypoglycaemic
conditions, or in epilepsy, Alzheimer's disease and
Huntington's chorea. Last year we reported the
synthesis of a novel NMDA-receptor antagonist 18F-
memantine. This year we present the encouraging in
vitro and in vivo results of the ongoing validation of
this tracer. The desire to better understand the
determining parameters underlying Parkinson disease
is the driving force in the quest for more specific
tracers of the dopamine transporter. Synthetic work
focused therefore on degradation-resistant cocaine-
analogues. Psychiatrists are in desperate need of
means enabling them to look for possible "biological"
reasons for behaviour disorders. Of great interest in
this respect is the nicotinic receptor agonist 11C-
epibatidine, which has been synthesised and
validated, and is at present tested in animals. Finally
evaluation of 76Br-deoxyuridine for use in tumour
staging in human patients is currently undergoing
assessment in clinical trials.

Coming to our work on the targeted nuclide therapy of
cancer, our interest in the therapeutic nuclide 111Ag
has led to the development of novel chelators of the
thiocage type. Various analogues were evaluated for
their ability to complex Ag+ in a thermodynamically
stable form and with the help of computer assisted
molecular design the optimal cage structures for the
large Ag+ centre have been elucidated. Much effort
has been put into further research on the use of the
novel - "[fac-M(CO)3]

+" - moiety, M standing for Re-

and Tc-radionuclides. Coordination properties of these
carbonyls have been investigated thoroughly in water
and organic solvents and optimal anchor groups to
antibodies, peptides and small bioactive molecules
are being currently evaluated with some promising
results. Work with carrier free 188Re was made
possible thanks to R.Knapp at Oak Ridge National
Laboratories. A more traditional approach making use
of the Re(V)O(bhci-glu) complex linked to antibodies
for use in radioimmunotherapy (RIT) is undergoing
initial in vivo studies. At the same time the carrier free
production of the therapeutic nuclide 186Re from

enriched tungsten isotopes was investigated and
preliminary results suggest that deuteron irradiation is
preferable to irradiation with protons.
In our ongoing evaluation of 67Cu-labelled anti-tumour
MAbs for RIT a comparison of internalising and non-
internalising fragments of anti-neuroblastoma MAb
chCE7 clearly indicated the increased benefit of the
radiocopper- over the radioiodine label in case of the
internalising immunoconjugate. As high kidney uptake
of radiocopper- labelled MAb fragments are a limiting
factor for their application in RIT, both pharmaco-
logical blockade of the reuptake of metabolites as well
as chemical modification of copper chelators to
increase clearance from the kidney were evaluated.
The intracavitary administration of 67Cu-labelled anti-
bladder cancer antibody C595 circumvents problems
of unwanted accumulation in normal tissues and the
first ongoing diagnostic study in bladder cancer
patients will establish the feasibility of a limited
therapeutic study with 67Cu-C595 in treatment of
bladder carcinoma. RIT of solid tumours may become
a possibility when small, tumour-penetrating MAb
fragments with high affinity become available. The
selection of appropriate fragments directed against
small cell lung carcinoma using phage display
technology was initiated in a collaboration with
G.Winter (Cambridge). Isolation of the antigen for
MAb chCE7 has also been pursued with a view to
selecting high affinity antigen- binding fragments from
human phage display libraries.

As in the past years we have routinely provided PET-
tracers and radionuclides to the medical PET program
and other users, amounting this year to more than
300 deliveries of over 10 products.

Moreover, we continue to maintain close links with
other academic institutions both here in Switzerland
through doctoral students and lecture courses and
further afield through our international collaborations
and joint research projects.

Finally we acknowledge gratefully the financial
support to many of our research projects by
Mallinckrodt Inc., Nachlass Dr.Steiger, Baugarten
Foundation, Eur. Action COST B3, The Swiss Cancer
League and The Swiss National Science Foundation.
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NMDA RECEPTOR COMPLEX MAPPING BY AN ADAMANTANE DERIVATIVE

S. Samnick, S.M. Ametamey, Y. Eichholzer, M. Gold*
*Merz & Co, Reinheim (D)

The memantine analogue, 1-amino-3-[18F]fluoromethyl-5-methyl-adamantane (18F-MEM), a potential
tracer for mapping the N-Methyl-D-Aspartate Receptor Complex was characterised using different in vivo
and in vitro binding techniques.

INTRODUCTION

The glutaminergic N-methyl-D-aspartate (NMDA)
receptor is thought to play an important role in
physiological and pathophysiological processes in the
mammalian central nervous system. It seems likely
that the NMDA receptor contributes importantly to the
aetiology and progression of many neurological
disease states such as those following traumatic head
or spinal cord injury, stroke, perinatal ischaemia, in
hypoglycaemic conditions, or in epilepsy, Alzheimer's
and Huntington's diseases. Thus, there has been
great interest in the development of radioligands for
imaging the NMDA receptor in living human brain by
non-invasive tomographic techniques like PET. PET
investigations of NMDA receptor-related processes
may be either direct, by use of positron emitting
tracers which selectively bind to the NMDA receptor
complex, or indirect, by recording of regional
alterations in metabolism or blood flow related to
NMDA receptor stimulation or inhibition. Unfortunately
to date, positron emitting NMDA receptor ligands
including [11C]ketamine have not proved to be useful
for PET studies in humans.
In the previous annual report, we described the
preparation of the new 18F-labelled compound 18F-
MEM by no-carrier-added nucleophilic radiofluori-
nation, starting from 1-[N-(tert-butyloxy)carbamoyl]-3-

(toluenesulfonyloxy)methyl-5-methyl-adamantane
(BTOS-MEM). 18F-MEM could now be produced
routinely in good radiochemical yield for in vivo
investigations.

In vitro studies with the non-radioactive analogue 19F-
MEM have now been undertaken to assess important
pharmacological properties of the new compound.
19F-MEM has been synthesised by reaction of
(diethylamido)sulphur trifluoride (DAST) with the
alcohol 1 (scheme 1).

DAST/CTUh

1. -?() C
2. RT CM,

F-VIKM
Scheme 1. Synthesis of 19F-MEM.

This method was used because the usual
displacement reaction of BTOS-MEM with fluoride
anion, including KF, n-Bu4NF or KF-Kryptofix 2.2.2 did

not provide the product in acceptable yields.

i r i

Fig. 1: Patch clamp studies with
19F-MEM

from left to right:

control
1 |ii/W F-MEM
3 ^iM F-MEM

10 \iM F-MEM
recovery

horizontal dimension:
10 mm correspond to 3 sec

vertical dimension:
10 mm correspond to 300 pA
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IN VITRO PROPERTIES OF 18F-MEM

Binding assay:
In vitro receptor screening was carried out to
determine the affinity of 19F-MEM for different CNS
receptors and to check whether the fluorination of
memantine alters its ability to bind selectively to the
PCP binding site within the NMDA receptor. 19F-MEM
inhibited the binding of the NMDA-type receptor
antagonist [3H]TCP, the most potent thienyl analogue
of phencyclidine (PCP) known to specifically bind to
the PCP binding site located within the NMDA
receptor associated ion channel. Furthermore, the
selectivity of 19F-MEM for the NMDA receptor was
supported by the lack of its interaction with the
quisqualate- and kainate-type excitatory amino acid
receptors, as assessed by [3H]AMPA and [3H]kainate,
respectively. Finally, 19F-MEM failed to substantially
alter the binding of radioligands to 20 other defined
CNS receptors.

Patch clamp: The most important properties of NMDA
receptors and of the associated ion channels (NMDA
channels) have been established by means of electro-
physiological studies. Thus, the direct effect of
"channel blockers" at the NMDA receptor channel has
been clearly demonstrated by patch clamp
experiments. 19F-MEM, like memantine, MK-801 and
phencyclidine (PCP) use-dependently blocked current
responses of cultured hippocampal neurones to
NMDA (Fig. 1). 19F-MEM reduced the responses to
NMDA (200 nM) to between 0 and 59 % of control.
19F-MEM (1-10 |iM) concentration-dependently
antagonised responses to NMDA 200 |iM with an
IC50 of 5.96 ± 0.67 (iM and 6.89 ± 1.58 |iM.
Furthermore the blockade of whole cell current
responses to NMDA by 19F-MEM was voltage-
dependent.

Biodistribution studies in mice:
First biodistribution studies were performed in female
ICR mice (20 - 30 g) with the main goal to estimate
the radiation burden during human studies. As shown
in Fig. 2, 18F-MEM showed a relatively fast blood
clearance. The negligible accumulation in the bone
and thyroid (data not shown) excludes the in vivo
defluorination of the tracer. High brain uptake (3.4 %
I.D./g at 60 min p.i.) and prolonged retention with
increasing brain/blood ratios up to 120 min p.i. were
observed (Fig. 3). In particular, high and persistent
accumulations were observed in frontal and caudal
cortex including the hippocampus (up to 40% and
45% of total brain uptake, respectively) regions known
to contain high densities of NMDA receptors. The
relatively high uptakes in the lung, kidney and heart
with decreasing organ/blood-ratios with time are
readily explained by the high lipophilicy (logP=2.4) of
18F-MEM and by the good perfusion of these organs.
Within 60 min, 15% of the injected activity were

excreted in urine whereas 0.03 % were eliminated by
hepatobiliary excretion (data not shown).
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Fig. 2: Biodistribution of 18F-MEM in mice in injected
dose per gram organ (% I.D./g)
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Fig. 3: %I.D./g of 18F-MEM in blood and brain and
the corresponding brain/blood ratios.

PET studies:
Preliminary PET studies of 18F-MEM in a Rhesus
monkey showed high brain uptake and prolonged
retention in all examined brain regions. The highest
uptakes were observed in cerebellum and cortical
areas, one of the brain regions known to possess a
high concentration of NMDA receptors. Hippocampus
has been shown to contain a large number of [3H]TCP
binding sites. However, owing to the resolution of the
PET tomograph, delineation of the hippocampus was
not possible. In addition, the radiotracer cleared
rapidly from the blood. Currently, blockade
experiments are being performed to determine the
specificity of 18F-MEM binding.

In conclusion, these in vitro and preliminary in vivo
data suggest that the new selective NMDA receptor
affine compound 18F-MEM may be a promising tracer
for in vivo studies with PET. Therefore, systematic in
vivo investigations of 18F-MEM are now in progress.
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SPECIFIC PET TRACERS FOR THE SEROTONERGIC AND DOPAMINERGIC
SYSTEMS

S.M. Ametamey1, Ft. Schonbachler1, M. Haberli1, E. Sinnig1, J. Pat£a, F. Vollenweide^, Ft. God3,
G. B ring man n3

1PSI; 2aDivision of Nuclear Medicine, University Hospital, Zurich, 2bPsychiatric Clinic, University Zurich; 3lnstitute of
Organic Chemistry, University of Wurzburg, Germany

Changes in the density of neurotransmitter receptors have been implicated in many neurological
disorders. The use of selective and high affinity radioligands for the quantitative assessment of these
receptors is an important goal in the diagnosis of various neurological diseases.

TRACERS FOR THE DOPAMINE TRANSPORTER

A series of cocaine congeners have been
radiolabelled with either carbon-11, fluorine-18 or
iodine-123 and used for the PET (positron emission
tomography) or SPECT (single photon emission
computed tomography) imaging of the presynaptic
dopamine transporters in humans. One shortcoming
of most of these imaging agents has been the high
non-selective binding to non-target areas in the
human brain. A further problem encountered was that
steady-state (equilibrium) conditions were not

achieved within a reasonable time period during PET
or SPECT measurements. In a previous report we
described the synthesis and the carbon-11
radiolabelling of the selective and high affinity cocaine
analogue FP-p-CIT (N-fluoropropyl-3p-(4-iodophenyl)-
2p-(carbomethoxy)tropane. We have now evaluated
[11C]FP-p-CIT in one MPTP-treated and one normal
Rhesus monkey using PET. 1 -Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) is a potent neuro-
toxin which induces parkinsonian symptoms in
experimental animals. The results showed a reduced
uptake of radioactivity in the brain of the MPTP-

H,c
COOCH:
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COOH
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b) H2SO4

O
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Fig. 1: Synthesis of Desmethyl-3p-(4'-chlorophenyl)-2p-(3'-phenylisoxazol-5'-yl)tropane (6), an inhibitor of
the dopamine transporter
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treated as compared to the normal Rhesus monkey
suggesting that [11C]FP-p-CIT could be a useful
tracer for monitoring dopamine neuronal de-
generation. Further evaluations in parkinsonian
patients have been planned.

In an attempt to better understand the pharmacophore
model of cocaine, research groups have intensified
their efforts towards developing new cocaine-like
molecules. The focus of research has been directed
towards the chemical manipulations of various regions
of the cocaine molecule. As a result, a completely
new class of cocaine congeners bearing alkyl,
arylvinyl or bioisosteric heterocyclic groups at the C-2
position of the tropane ring has now emerged. Since
these new analogues lack the metabolically labile 2(3-
ester group they are expected to be esterase-
resistant. The compound, 3(3-(4'-chlorophenyl)-2p-(3'-
phenylisoxazol-5'-yl)tropane, is one of the most potent
and selective inhibitors reported in these series and
we have decided to evaluate the usefulness of this
compound as a PET-tracer. To label 3p-(4'-
chlorophenyl)-2p-(3'-phenylisoxazol-5'-yl)tropane with
carbon-11 the desmethyl compound has to be
synthesised. The reaction sequence leading to 3(3-(4'-
chlorophenyl)-2(3-(3'-phenylisoxazo!-5'-yl)tropane (5)
and its desmethyl compound 6 is outlined in Fig. 1.
Anhydroecgonine methyl ester 3 was prepared by
refluxing cocaine 1 in cone. HCI for 20 hours followed
by dehydration and esterifiaction with methanol-
hydrogen chloride in 75% yield. The next crucial step
which involves the conjugate addition of 4-chloro-
phenylmagnesium bromide to anhydroecgonine
methyl ester 3 was performed at -60 °C to -40 °C.
After hydrolysis of the resulting magnesium complex
at -78 °C with trifluoroacetic acid, purification was
achieved by column chromatography to give 14% and
30% of the a and (3-isomers 4a and 4p\ respectively.
3p-(4'-chlorophenyl)-2p-(3'-phenylisoxazol-5'-yl)-
tropane was obtained by reacting 4p with the dilithium
salt of the oxime of acetophenone in tetrahydrofuran
in 25% yield. The desmethyl compound 6 has not yet
been prepared, however, it is envisaged that this
reaction sequence will be accomplished without
difficulty following the procedure described by Millius
and coworkers.

RADIOSYNTHESIS OF [11C]PSILOCIN

The hallucinogenic activity of psilocin has been
postulated to result from its binding to postsynaptic
serotonergic receptors and psilocin can therefore be
used as a PET-tracer if labelled with 11C to in-
vestigate the serotonergic system. The radiolabelling
of [11C]-psilocin was accomplished last year (see

1995 PSI Life Science Newsletter). This year, despite
initial problems with the synthesis of the desmethyl
precursor, we have been able to establish the radio-
labelling of [11C]-psilocin at the Nuclear Medicine
Department in Zurich. [11C]-Psilocin was prepared
essentially using [11C]methyl iodide as methylating
agent as reported before. However, a new method for
the production of [11C]methyl iodide was adapted at
the University Hospital in Zurich. This method involves
the gas phase reaction of [11C]methane with iodine at
a temperature of approx. 720 °C. The routine use of
this new method for the production of [11C]methyl
iodide has been reported at the last International
Symposium on Radiopharmaceuticals Chemistry in
Vancouver by Larsen et al. (J. Lab. Compd. Radio-
pharm., 1995). We have run the synthesis of [11C]-
psilocin at the Nuclear Medicine Department in Zurich
under conditions reported previously and obtained
similar yields. The highest specific activity achieved
was 2300 Ci/mmol (EOS). As soon as permission has
been granted by the Veterinary Department in Zurich,
the in vivo PET evaluation of the compound in pigs
will be undertaken in line with on-going collaborative
joint-projects between both institutes.

RADIOSYNTHESIS OF [11C]O-METHYL-TACLO

The compound, 6-methoxy-1-trichloromethyl-1,2,3,4-
tetrahydro-p-carboline (6-Omethyl-Taclo), is a poten-
tial neurotoxin. In vitro experiments have demonstra-
ted that 6-Omethyl-Taclo inhibits the complex 1
activity of the mitochondrial respiratory chain. There
are some indications that this compound could be
formed in vivo in man and as such be one of many
inducers of degenerative processes in the etiology of
Parkinson's disease (see Ph. D Thesis, R. God,
University of Wurzburg, 1996). In order to elucidate
this hypothesis in vivo in monkeys using PET, we
have radiolabelled 6-Omethyl-Taclo with carbon-11.
The radiolabelling was achieved by O-methylation of
the desmethyl precursor in dimethylformamide with
[11C]methyl iodide using tetrabutylammonium hydr-
oxide as base. The reaction proceeded at 150 °C for
5 minutes. Purification of [11C]6-Omethyl-Taclo was
accomplished using a reversed-phase HPLC (\x-
Bondapak 7.8 x 300 mm, 10 m) column and a mixture
of 0.01 M H3PO4/ethanol (9:1) as solvent at a flow rate

of 4 mL/min. Radiochemical yields were moderate and
the radiochemical purity was greater than 97%. The in
vivo evaluation of the compound is currently
underway.
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EPIBATIDINE-DERIVATIVES: LIGANDS FOR THE NEURONAL NICOTINIC
ACETYLCHOLINE RECEPTOR

G. Western, J. T. Patt, K. Jankowski, University Hospital Zurich, Nuclear Medicine; D. Bertrand, CMU,
Physiology, Geneva; J. Spang, P.A. Schubiger

Epibatidine, isolated from the Ecuadorian frog Epipedobates tricolar, has been synthesised. 11 C-N-methyl
derivate is investigated as useful nicotinergic receptorligand by electrophysiological methods and in vivo
mice experiments.

Epibatidine is an azabicycloheptane alkaloid which
had been first isolated from the skin extracts of the
ecuadorian frog Epipedobates tricolor (1). The total
synthesis of this substance was performed by several
groups (2,3,4,5,6). Both stereoisomers of epibatidine
show a very high affinity and selectivity to brain
nicotinic receptors. It has been shown that the N-
methyl derivative shows a similar pharmacological
behaviour as the mother compound (7).

N-Methyl epibatidine may have possibilities as a
compound which maps the neuronal nicotinic
receptor. To enable a PET investigation of the kinetics
of receptor binding in vivo and to develop a brain
receptor tracer for the nicotinic system we have
prepared [11C]N-methylepibatidine in a remotely
controlled system by methylation of epibatidine with
11C-Mel.

The sensitivity of nAChR towards this derivative was
compared with +-epibatidine by electrophysiological
methods. The receptor was reconstituted in Xenopus
oocytes with the major brain subunits a4p2, the most
sensitive nAChR to this class of compound.
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The sensitivity of nAChR to methylepibatidine is four
times lower than that towards +-epibatidine.

We studied the biodistribution in mice.
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Uptake of the compound was highest in the brain,
except for the liver and kidneys: % of the injected
dose /g after 5 min. (mean of 3 animals): brain 4.29%,
blood 0.82%, liver 4.95%, kidneys 6.17%, spleen
3.70%, lungs 2.96%, heart: 1.29%, stomach: 2.70%,
Gl-tract 1.55%, muscle 1.27%. Blood/brain ratio 5.2.

N-[11C]Methylepibatidine is a promising nAChR PET
ligand.
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FUNCTIONAL RADIOTRACERS FOR TUMOUR DIAGNOSIS

S Ametamey, P. Blauenstein, N. Remy, R. Schonbachler, B. Laube, D. Slosman*
* Nucl. Med Dep., Cantonal Hospital Geneva

The radiotracers [76Br]BrUdR (bromodeoxyuridine) and [18F]DFMO (difluoromethylornithine) are involved
in specific biochemical processes of a cell. Such processes have been shown to be different in some
tumours compared to healthy tissues and thus, these tracers are expected to be a • tool for tumour
characterisation in vivo using the imaging by positron emission tomography (PET).

INTRODUCTION

During the recent years [18F]fluorodeoxyglucose has
been shown to be a very useful tool in tumour
diagnosis, however, too many false positive results
are found [1] and therefore the search is going on for
other tracers. [77Br]BrUdR and [18F]DFMO are two
tracers which have been selected to characterise
tumours in vivo.

BROMODEOXYURIDINE

In the last Annex we reported on the work with BrUdR
which can be used as a probe for tumour cell
proliferation. It was already clear from biodistribution
studies that BrUdR (labelled with 76Br or 77Br) showed
higher uptake than lododesoxyuridine (ILJdR) in
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Fig 1: The activity incorporated into the DNA relative
to the total activity in the organ (above) and
as % of injected dose (below) in the
respective organ is given at different time
points (hours) after injection of [77Br]BrUdR
and [125!]IUdR.

tissues rich in proliferating cells. However, a higher
background was found after injection of BrUdR (more
free bromide than iodide in the blood) which was due
to a much slower excretion of bromide. Now, we have
studied in detail the incorporation into the DNA of both
compounds analysing tissue samples from the spleen
and intestine, organs with high cell proliferation. As a
control we included some samples of liver tissue
which shows only negligible proliferation. The results
of the liver samples are not included in Fig. 1 because
the activity content of the DNA was always < 1%. The
results shown in Fig. 1 are well in accordance with the
earlier findings. Towards the end of this year the first
few patients were studied with this new agent. Some
metastases were clearly visible, but it is too early to
draw further conclusions.

DIFLUOROMETHYLORNITHINE

DFMO is an irreversible inhibitor of ornithine
decarboxylase (ODC). By substituting one of the two
fluorine atoms of DFMO with fluorine-18, a PET
radioligand is obtained which could be used as an
imaging agent for quantifying the ODC enzymes. Our
attempts this year to prepare [18F]DFMO via a
nucleophilic substitution reaction of ornithine-derived
precursors have not been successful. We have
investigated several reaction parameters including
varying temperatures, solvents and bases, however,
no useful yields of [18F]DFMO could be established.
This result indicates that, in our hands, the synthetic
approach described by Phillipe Bey et al. [2] is not a
suitable method by which fluorine-18 labelled DFMO
could be synthesised.
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DEVELOPMENT OF MACROCYCLIC THIO CROWNS AND CAGES FOR THE IN
VIVO STABILISATION OF Ag-111

R. Alberto, D. Angst, W. Nef, M. Iftimia, P. Hasler, Th.A. Kaden (Universitat Basel), T. Butz, W. Troger,
B. Ctortecka (Universitat Leipzig)

To improve the thermodynamic stability constants of [Ag]+ complexes in aqueous solution, a 18-
membered macrocyclic hexadentate thio crown ligand has been synthesised and its qualitative stability
with Ag-111 has been investigated. To improve kinetic stability, a number of different derivatised sulphur
cryptates have been prepared in excellent yields. The structures of their [Ag]+ complexes have been
calculated using ab initio methods. Preliminary structural investigations of n.c.a. Ag-111 complexes with
these ligands in solution, applying the TDPAC method, have been performed and show the potential of
this method.

Ag-111 is considered to be one of the radionuclides
with the most favourable decay properties for
application in radioimmunotherapy. Silver appears
usually in the +l (d10) oxidation state. Most of the
complexes do not exhibit high stability and the [Ag]+

complexes are usually labile, undergoing fast
transmetallation with competing ligands, especially
those present in vivo. To provide the highest possible
stabilities, 19- and 20-membered macrocyclic ligands
have been prepared, derivatised with a linking
function and characterised. To increase the stability,
the 18-membered analogue [18-aneS6-OH] has now
been synthesised, following a different approach than
for the other macrocycles. [18-aneS6-OH] was then
derivatised with a maleinimide to attach the complex
to antibodies. The [1 + 1] ring closure step
astonishingly yielded besides the desired product [18-
aneS6-OH], mainly a 15-membered underivatised
pentadentate macrocycle.

-OH

s - \ -s

18-aneS6-OH 15-aneS5

Scheme 1: Newly synthesised thio crowns

[18-aneS6-OH] readily formed [Ag(18-aneS6-OH)]+ in
solution, with macroscopic amounts of Ag as well as
with 111Ag. Complexation is fast and the ligand to
metal ratio can be decreased to almost 1:1 for n.c.a.
111Ag. It was not possible to elucidate the structure of
[Ag(18-aneS6-OH)]+ by X-ray analysis, however 1H
and 13C NMR investigations gave evidence for the
postulated highly symmetric coordination in solution.
On the other hand, the structure with (15-aneS5) was
elucidated showing a polymeric structure with one
ligand coordinated tetradentate to one [Ag]+ and
monodentate to a second [Ag]+, thus, resulting in
chains.

NMR investigations revealed the presence of highly
symmetric, discrete complex molecules in solution.

Ag

Fig. 1: ORTEP of [Ag(15-aneS5)]+

Although [15-aneS5] might not be relevant for
application in RIT, its structural properties in the
crystalline state as well as solution will be investigated
by TDPAC (time differential perturbed angular
correlation), a radionuclide technique for the metal
speciation even in the tracer concentration region.
Preliminary labelling experiments with the [18-aneS6-
maleinimide] ligand shows promising results.
Incorporation of 111Ag in the protein is almost
quantitative when applying the prelabelling method
with -SH derivatised Mab's. The more convenient
postlabelling approach yields rather high unspecific
binding. The serum stability of 111Ag labelled Mab's
showed a loss of 111Ag in the range of 40% over the
first 24 h. Although [18-aneS6-OH] has one of the
highest, not pH dependent, thermodynamic stabilities
with [Ag]+, it might be to labile for in vivo application.

The only possibility to increase inertness is the
application of "cryptate" type ligands able to
encapsulate a metal centre very efficiently and to
protect against transmetallation with the various
naturally occurring coordination sites for [Ag]+. Thio
cages have been described in the literature in
"desperate" yields. No cage complexes with [Ag]+ are
known at all, whereas a number of complexes with the
nitrogen analogues have been described, but also in
this case not with [Ag]+.

We have developed a slightly different synthetic
approach to this type of ligand and were able to
prepare the two different ligands cage-3 and cage-4 in
good yield.
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Scheme 2: Derivatised thio cages

The preparation of cages with different "hole sizes" is
necessary to find the optimal one for the large [Ag]+

centre. The two cages cage-3 (n=3) and cage-4 (n=4)
have been prepared as underivatised ligands as well
as bifunctional systems. It was possible to
characterise the structure of the free cage-3 ligand.
This structure helps the calculation of complex
geometries by molecular modelling methods.

Fig. 2: ORTEP of underivatised [cage-3]

To estimate the ligand to metal interactions and to find
the ligand with an optimal hole size, ab initio
calculations have been performed using the program
Unichem/DGauss. The calculations have been done
with cage-2, cage-3 and cage-4 complexes of [Ag]+.
From these calculations it is clear that the cage-2
ligand is much two small for reasonable coordination
of [Ag]+. Two long and four short Ag-S bond lengths
can be expected from other structures with 6 sulphur
atoms coordinated to [Ag]+. The bond distances go in
the good direction for the cage-3 ligand and look
reasonable in the cage-4 complex. Checking other
distances and angles in the latter complex revealed
them to be in a reasonable range. In contrast to the
calculated structure of the cage-2 complex, that one
of cage-4 is not very strain and might be the most

probable one to verify in the experiment. Initial
attempts to encapsulate [Ag]+ in these ligands
showed indeed a slow incorporation, particularly in the
cage-4 ligand. Slow incorporation is encouraging,
since it means extremely slow decomplexation, which
is the base for in vivo stabilisation.

Fig. 3: Calculated structure of [Ag(cage-4)]+

As mentioned earlier, it is fundamental for application
to know the structure of radiopharmaceuticals in
solution and for improving their qualities. On the n.c.a.
level this is impossible with conventional chemical
methods. In order to monitor the complexation of
111Ag by 15-, 18-, 19-, and 20-aneS6 the 95-247 keV
y-y cascade in 111Cd is used to detect the nuclear
quadrupol interaction via TDPAC. Beside structural
information of the metal site, the molecular stability of
the complexes at physiological conditions (n.c.a., pH)
can be checked. Up to now only 18-aneS6 showed a
distinct Ag(l) coordination. Similar experiments have
successfully been performed with [15-aneS5] and with
the described cryptate type ligands.

Time (ns)

Frequency (ns)

Fig. 4: The TDPAC time spectrum of [111Ag(18-
aneS6-OH] and its Fourier transformation.
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PRELIMINARY IN VIVO STUDIES WITH [ReO(BHCI-GLU)] AND DEVELOPMENT OF
A NOVEL HEXADENTATE TACI" BASED LIGAND

A. Egli, R. Alberto, A. Kramer, G.Welti, J. Muller, I. Novak, K. Hegetschweiler (Uni Saarbrucken)

The synthesis of [188ReO(bhci-glu)] has been optimised. Initial in vivo studies show tumour accumulation
comparable to iodinated antibodies. As an extension to the bhci ligand, a novel hexadentate chelator
based on the "tad" frame has been developed.

In addition to the novel investigations with or-
ganometallic 188Re- and 99mTc-fragments for the di-
rect labelling of antibodies, labelling of Mab's with the
ligand [bhci-glu] (annual report 1995) have been pur-
sued extensively. [188ReO(bhci-glu)] can now be pre-
pared in 99% yield in a one pot synthesis. A method
was developed for purification the reaction mixture
from inactive material (i.e. excess ligand) which is
important to improve the labelling yield. Subsequent
activation of the COOH group at the glutaric acid resi-
due and labelling of Mab-35 gave labelling yields of up
to 40%. The labelling yield was found to be dependent
mainly on antibody concentration. From systematic
investigations it can nicely be shown that the rate of
hydrolysis (deactivation) and aminolysis (coupling) is
about 2. Since the total amount of rhenium in a typical
generator eluate is very small, the labelling yield does
essentially not depend on the amount of 188Re ap-
plied. This procedure can compete the best ones de-
scribed in literature concerning convenience and qual-
ity of material brought to the labelling experiment.
Preliminary mice experiments showed binding to tu-
mours but also high accumulation in the liver. HPLC
and TLC investigations of blood and urine showed the
188Re still to be present as [188ReO(bhci-glu)] com-
plex, proving the very high stability of this complex. To
continue this promising approach, activation condi-
tions are currently varied to achieve a higher yield and
a better in vitro bioreactivity of the radioimmunoconju-
gate. The same procedure can also be performed with
186Re and much easier with 99mTc.

Prelabelling of antibodies with [188ReO(bhci-glu)] for
application in radioimmunotherapy is a useful addition
to the alternative approach of direct labelling with the
"[188Re(CO)3]

+" fragment. It will allow to study the
influence of different types of spacers between the
complex and the protein on in vivo distribution. Similar
investigations will be performed with 186Re, when
available from SINQ. This radionuclide has a lower (3-
energy and a longer half life time. These two physical
characteristics are still limiting, the former one result-

ing in considerable radiolytic effects, the latter one in
limited time periods of observation.
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Fig. 6: In vivo distribution of Mab-35, labelled with
[188ReO(bhci-glu)], as a function of time.

To extend the variety of ligands available for the ap-
plication of 188/186Re in radiommunotherapy, a further
ligand based on the "taci" system has been prepared.
Instead of three salicylicaldehyd groups as in case of
thci (see annual report 1994) three acetic acid func-
tion have been attached to the amine groups. It can
be expected that this ligand stabilise different oxida-
tion states.

COOH COOH

. COOH
NHJ NH

Scheme 3: Novel ligand based on the "taci" frame.
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RHENIUM AND TECHNETIUM: APPLICATION OF ORGANOMETALLIC RHENIUM
AND TECHNETIUM COMPLEXES IN RADIOPHARMACY. EVALUATION OF OPTI-

MAL ANCHOR GROUPS

R. Alberto, R. Schibli, A. Egli, A. Schaffland, D. Rattat, J. Muller, M. Iftimia, H. Berke (Uni Zurich),
Th. A. Kaden (Uni Basel), U. Abram (Uni Tubingen)

The coordinative properties of the "[fac-M(CO)^+" moiety (M=188Re, Re, "Tc and 99mTc) have been in-
vestigated in water and organic solvents in order to evaluate the anchor group attached to antibodies,
small peptides and biologically active molecules. The preparation of [M(OH2)3(CO)3]

+ has been improved
in a way that this complex can be prepared from a Kit formulation. The "[fac-M(CO)J+" has been trans-
formed to the "[fac-M(NO)(CO)2]

2'h" moiety to achieve higher direct labelling yields and faster incorpora-
tion kinetics.

The basic synthesis of the organometallic precursor
[M(OH2)3(CO)3]

+ (1) has been described in the last

annual report. 1 has several characteristics, which
make it superior to other precursors of rhenium and
technetium. 1 can be treated as an "aquaion" forming
very inert complexes in water with a number of li-
gands. In particular, thioether groups and aromatic
amines are able to stabilise this moiety efficiently.
Since the stability of these complexes is based on
kinetics, only mono- or bidentate systems are required
instead of large tetradentate N,S systems, as in case
of M=M(V).

[MBr(lm)2(CO)3]

[M(picamin)?(CO)3]*

[MBr(histKCO)3

\

[M3(SCH2COOMe)4(CO)g]

/

[MX3(CO)3r I [(19-aneS6){M(CO)3}jf *

\

[MBr(RS(CH2)2SR)(CO)3]

Scheme 1: Coordinative properties of 1 with different
nitrogen and sulphur ligands

To evaluate the optimal anchor, various model com-
plexes have been prepared and structurally character-
ised. It was obvious from previous direct labelling
experiment, that such a group must be based on natu-
rally occurring systems such as imidazol (im), thioeth-
ers or thiols. The model ligands were chosen under
consideration of this preamble. Beside the coordinat-
ing groups, it was of further importance that the li-
gands are easily to be derivatised or are already
available in a bifunctionalised form. Based on these
two criterias, imidazole was investigated as free li-
gand, histamine as potential anchor group and his-
tidine as a bifunctional histamine moiety, halogenated
bidentate thioethers, thioethers with carboxylic acids
and finally thiols containing an ester function for at-
tachment to proteins. A number of such complexes
will be discussed in the following sections.

y K;

V

Fig. 1: ORTEP of [ReBr(im)2(CO)3]

Reactions with free im (occurring in histidine) were
performed and complex formation investigated with 1H
NMR spectroscopy. Depending on the pH value, the
stepwise formation of a mono- and bis-coordinated
complex was found. The substitution is slow and its
rate can be compared to that one found in direct pro-
tein labelling. A tris-coordinated complex is only built
when the halides are precipitated with [Ag]+ of weakly
coordinating anions. As observed with essentially all
bidentate ligands, the last position is occupied with a
halide to yield a neutral complex. All complexes oc-
curring in water have been structurally characterised.
The bidentate ligands histamin (hist) and picolinamine
(picamin) have been investigated as well. Hist con-
tains the coordination unit in histidine (his) and might
act as an advantageous anchor group for small mole-
cules. Hist was reacted with 1 in water and in organic
solvents. In both cases the product was a complex of
1:1 stochiometry thus a neutral complex of composi-
tion [ReBr(hist)(CO)3]. This complex withstand even
at pH < 1 decomposition, showing the high kinetic
stability of this ligand and its versatility as an anchor
group. Picamin has at least in organic solvents a dif-
ferent behaviour in that the bis-coordinated complex
[Re(picamin)2(CO)3]

+ is formed beside expected
[ReBr(picamin)(CO)3].
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Fig. 2: ORTEP of [ReBr(hist)(CO)3]

His was reacted with 1 on the macroscopic and the
microscopic level. One single complex is formed and
it could be shown with " m T c that the complex is sta-
ble in serum at 37° C for at least 48 h without any
decomposition. Consequently, histidine might play an
important role in antibody labelling.

Intact antibodies retain their biological activity in vitro
after being labelled with 1 (M=188Re). To extend these
findings to biologically active molecules, biotin has
been chosen as a simple model system. Biotin was
derivatised with hist to form biotin-histamid. This sys-
tem could be labelled with 1 (M=99mTc) under mild
conditions and biotin was still able to label strepta-
vidine. Since biot-hist has different coordination sites,
different complexes can be formed and the nature of
the active one is under investigation. To provide a
more selective bidentate coordination site, biotine has
been derivatised with histidine to have a bidentate
ligand attached to it. The labelling was reasonably
stable over a 24 h period of time in serum.

They coordinate bidentatly to the [M(CO)3]+ moiety,

while the third position is occupied by a halide from
saline to form a neutral complex. The bifunctional
thioethers [X(CH2)2S(CH2)]2 (where X=[CI]" COOH)
have been chosen resulting in a complex of composi-
tion [ReX(L)(CO)3].

Since the [M(CO)3]
+ moiety is believed to display a

weak coordination behaviour, it is obvious that -SH
groups were considered to play an important role as
potential anchor groups. We therefore investigated
the behaviour of the bifunctional thiol HSCH2COOMe,
thio-acetic acid-methylester. The behaviour was found
to be different than expected. Thiols up to now were
found to form exclusively bridged complexes. Depend-
ing on the pH of the solution, thiols form the same
compounds as the [OH]" group (see annual report
1995). We could isolate triply bridged dimeric com-
pounds and trimeric compounds, which structure is
depicted in the following figure. Since polymers might
not be useful in labelling antibodies or small mole-
cules, we consider -SH groups only as useful in com-
bination with other electron withdrawing ligands.

a

V

Fig. 3: ORTEP presentation of
[ReBr{(XCH2CH2SCH2)2}(CO)3]

Beside the reactions with different amine systems, the
reactivity with thioethers has been investigated. To
achieve a neutral over all charge of the complexes,
bidentate thioethers have been chosen.

Fig. 4: ORTEP presentation of
[Re3(SCH2COOMe)4(CO)9]-

To vary the properties of the Re(l) or Tc(l) centre in
order to improve its kinetic and thermodynamic behav-
iour, a [NO]+ group has been introduced.
[TcCI3(NO)(CO)2]" has been prepared and structurally

characterised. Like the tri-carbonyl analogue, this
complex is water soluble and stable under aerobic
conditions. Preliminary investigations revealed very
high substitution inertness. From this characteristics it
is well possible, that the [M(CO)2(NO)]2+ moiety will
be applied in the labelling of proteins as well.
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TARGETRY AND TARGETCHEMISTRY

R.Schwarzbach, P.BIauenstein

A prerequisite to perform the LRP-research is the availability of different radionuclides. The study of tung-
sten irradiation to produce 186Re yielded interesting results, while the earlier experience to produce 55Co
for PET was used for a fast development of a calibration source of56Co for an external, future SINO user
group.

PROTON AND DEUTERON IRRADIATION OF EN-
RICHED W-ISOTOPES

The decay properties of 186Re and the experience
with the Re chemistry make this nuclide an important
candidate for radionuclide therapy. However, so far no
production route was known to produce it carrier free
and in sufficient purity. Therefore a detailed study was
started using enriched tungsten isotopes, namely
182W (99.44% enrichment), 183W (99.3%), 184W
(94.9%), 186W (97.3%) to prepare targets, to irradiate
each with protons and deuterons and to compare the
results with the irradiation of natural W.

The targets consisted of tungsten in form of a metallic
powder pressed on a copper foil (or Al in the lower
energy range) and covered with plastic foil.

The proton irradiation of enriched material shows a
higher increase of 186Re formation than expected.
The yield of 186Re starting from 186W would lead to a
high production rate, but the content of 184Re is still
too high. A similar result was obtained with deuteron
irradiation, however the ratio of 186Re to 184Re was
clearly improved (results in detail are presented in
Table 1). 184mRe was never detected in this series of
irradiations.

186Re

184Re

183Re

182mRe

182Re

181 Re

nat.W

4200

350

150

3300

10000

42000

186w

9800

190

n.d.

n.d.

n.d.

n.d.

184W

280

360

3700

n.d.

n.d.

n.d.

183W

320

n.d.

6100

35000

95000

82000

182W

220

390

n.d.

4200

n.d.

n.d.

Table 1: The different Re radionuclides (kBq/|aAh)
formed after bombardment of tungsten with
deuterons of 25-5 MeV (n.d. not detected).

The radionuclides produced from Cu (or Al) were used
to normalise the different irradiation experiments.

To separate the product 186Re, the irradiated W was
dissolved electrolytically in a 1 M NaOH solution in a
beaker of glassy carbon (as anode) and a glassy car-
bon cathode immersed in this solution. The electroly-

sis was run for 15 min at room temperature and a
current of 0.2 A at 5.2 V was used. After dissolution
the radionuclides were separated over an anionic
exchanger resin using HCI and HNO3.

PRODUCTION OF 56Co

We were asked to develop a 56Co source to calibrate
an aparature for prompt gamma activation analysis.
Based on earlier reported work concerning 55Co, we
determined the optimal target material and energy
range of protons to obtain the highest 56Co activity
compared to other radionuclides produced (Fig. 1)
using the stacked foil technique. The best results are
obtained using a 0.1 mm thick iron foil which after
degradation of the 72 MeV proton beam is irradiated
with p of 25.7-24.6 MeV. The source is packed into an
Al can (0 25 mm x 3 mm) and sealed with epoxy
resin.

o co (O en
co c\j eg C\J

p-energy [MeV]

Fig. 1: Yield (Bq/|.iAh) of various radionuclides after
proton irradiation of stacked iron foils with
protons.

Some more radionuclides were found but not included
here because they are produced at higher p-energies
than selected for this presentation. 55Co (half life
17.5 h) decays much faster than 56Co and does
therefore not interfere with the final purpose of the
source.
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TUMOUR TARGETING WITH MONOVALENT FRAGMENTS OF ANTI-
NEUROBLASTOMA ANTIBODY CHCE7

F.Carrel, I.Novak-Hofer, C.Ruch, K.Zimmermann; H.Amstutz (Central Laboratory of the
Swiss Red Cross, Bern) collaborating

The in vitro and in vivo behaviour of the monovaient single chain (scFv) and Fab-fragments derived from
antineuroblastoma antibody chCE7 is reported. When comparing tumour uptake and -retention of radioac-
tivity of 67Cu-labelled monovaient chCE7-Fab with divalent chCE7 F(ab')2 the advantage of the radiocop-
per label over the radioiodine label was more pronounced with the divalent (internalising) F(ab')2 frag-
ments.

Anti-neuroblastoma MAb chCE7 binds with high affin-
ity and specificity to a neuroblastoma-specific antigen
and is internalised into its target cells. Clinical studies
are in progress to define its application in therapy of
disseminated neuroblastoma in relation to other
treatment modalities. In the case of solid tumour
manifestations we expect smaller fragments of this
MAb to bring advantages over the intact MAb be-
cause of their better penetration from the vascular
system into the tumour.

We have previously reported the production of a CE7
single chain fragment (MW - 30'000) which binds with
high affinity (KCJ~10"9M) to neuroblastoma cells in vitro
[1]. The in vivo application of the single chain was
found to be limited by its tendency to aggregate and
associate with serum proteins. In order to find out if
these effects were due to a conformationally altered
form of the bacterially produced fragment, UV circular
dichroism spectra of native, denatured and renatured
CE7-scFv were measured and compared with spectra
of chCE7-Fab fragments. In contrast to the spectra of
Fab fragments which showed the expected features of
helix and beta-sheet structures, the spectra of native
scFv resembled spectra for random fold. Renaturation
with 0.4M arginine led to a transient change in the
spectra but no permanent refolding could be
achieved. Introduction of an interchain disulphide
bond in addition to the linker sequence also failed to
resolve the problem of incorrect folding of the se-
creted protein.

In contrast to CE7-scFv, chCE7-Fab fragments
(MW~50'000) showed both high affinity binding in vitro
and good stability in vivo [1]. However unlike intact
MAb chCE7 and its F(ab')2 fragments, the monovaient
Fab fragments do not internalise into their target cells
and it was of interest to find out the consequences for
tumour targeting of 125l-labelled and 67Cu-labelled
Fab. Biodistributions of 67Cu-Fab and 125l-Fab were
assessed and compared with data on 67Cu-F(ab')2

and 125l-F(ab')2. Figure 1 shows tumour uptake and
tumour/blood ratios 8h after injection. In the case of
the internalising F(ab')2 fragment the difference in
tumour uptake (%ID/g) observed between the ra-
dioiodinated and radiocopper labelled form is much

more pronounced, with 3-4 times more radioactivity
associated with tumour when using 67Cu-F(ab')2.
Concerning tumour to normal tissue ratios, the 67Cu-
Fab and 67Cu-F(ab')2 are characterised by their
(favourably) lower levels in the blood compared with
their radioiodinated counterparts, as well as by their
(unacceptably) high kidney accumulation. At later time
points (data not shown) radioactivity remains associ-
ated with tumour for longer with the radiocopper la-
belled fragments compared with their radioiodinated
counterparts.

Fig. 1: Biodistributions in tumour-bearing mice 8h
post injection
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From our data we conclude, that for 67Cu labelled
antineuroblastoma MAb chCE7, divalent fragments,
which are internalised into target cells offer an advan-
tage over monovaient fragments. Provided the kidney
accumulation of metabolites can be reduced, they
combine rapid blood clearance with prolonged resi-
dence of activity at the tumour site.
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67Cu-LABELLED ANTIBODY FRAGMENTS FOR RIT: STRATEGIES TO PREVENT
KIDNEY ACCUMULATION OF 67Cu -LABELLED METABOLITES

R.A.D.Rutherford, K.Zimmermann, R.Waibel, C.Ruch, C.DePasquale, I.Novak-Hofer

Two different approaches to reduce accumulation of radiocopper labelled metabolites in the kidney were
pursued. The first strategy consisted of pharmacological blockade of reuptake of metabolites by predosing
with basic amino acids. The second approach is chemical modification of the DOT A chelator in an attempt
to increase clearance of metabolites from the kidneys.

Administration of 67Cu-labelled antibody fragments
leads to high levels of radioactive metabolites in the
kidneys, which is at the present time the major limiting
factor for their application in radioimmuno-therapy
(RIT). The aim of the studies outlined below is to un-
derstand and to influence the behaviour of these me-
tabolites.

One approach aimed at limiting the uptake of radi-
ometal labelled antibody fragments or peptides in the
kidney involves the use of high concentrations of ba-
sic amino acids such as L-lysine. These substances
compete with cationic groups in the protein for nega-
tively charged binding sites on the luminal membrane
of proximal tubule cells, resulting in saturation of the
sites, reduced renal uptake of the filtered protein and
significant proteinurea. We have attempted to eluci-
date further the mechanisms behind the effects of
lysine blockade in mice by examining the renal uptake
of two different 67Cu-labelled antibody fragments fol-
lowing high dose lysine treatment. A marked reduction
(-45%) of the renal uptake of the 67Cu-labelled anti-
CEA MAb35 F(ab')2 was observed following high
doses of lysine, although surprisingly, no inhibition of
the renal uptake of the 67Cu-labelled anti-NCAM
SEN7 F(ab')2 fragment could be achieved following
an identical L-lysine dosing protocol. A number of
more recent studies have suggested that the non-
specific uptake of radiometal-labelled MAbs and their
fragments may be due to the net charge of the radio-
immuno-conjugate. This net charge is dependent on
amongst other factors, the number and charge of
metal complexes attached to the MAb and potential
net charge differences between the MAb35 and SEN7
67Cu-labelled F(ab')2 fragments which might underlie
their differential renal uptake in the presence of L-
lysine, are currently undergoing extensive investiga-
tion.

The results of these studies to date, indicate that the
use of basic amino acids to reduce the renal accumu-
lation of radiometal-labelled antibody fragments is not
universally applicable but may be specific for each
particular radiometal-labelled immunoconjugate de-
pending on the net charge characteristics displayed.

In our studies on the metabolism of 67Cu-labelled
F(ab')2 fragments of anti-neuroblastoma MAb chCE7,
we observed rapid metabolism of this radioimmuno-
conjugate in the kidney and identified the principal
metabolite as the lysine- adduct of the CPTA-copper
complex. Exchange of the CPTA chelator with the
anionic and more hydrophilic DO3A ligand led in tu-
mour mice to a four fold decrease in kidney uptake,
indicating that charge and lipophilicity of the gener-
ated metabolites are important parameters determin-
ing their clearance from the kidneys [1]. Because
glycine conjugates of various compounds have been
shown to rapidly clear through the kidneys we have
proceeded to synthetize the DOTA chelator (R1 in
Fig.1) linked to 3 different glycine containing peptides,
in an attempt to further decrease radioactivity levels in
the kidney .

Fig. 1: Bifunctional peptide- linked DOTA chelators
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Linkage to lysine residues of the antibody fragments
is in every case over a phenyl isothiocyanate group
(R2 in Fig.1). The synthesis of the compounds has
been completed and biodistribution studies as well as
analysis of the generated metabolites will follow.
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CE7- ANTIGEN ISOLATION AND CHARACTERISATION

M. Meli, I. Novak-Hofer, F. Carrel, R. Waibel

Partial purification of a neuroblastoma-specific cell surface protein from tumour cells is reported. Bio-
chemical isolation is based on immunoaffinity chromatography with monoclonal antibody chCE7. Experi-
ments are described indicating differences in antigen structure in different tumour cell lines.

The objective of this work is the identification at the
molecular level of the target for antineuroblastoma
antibody chCE7. We are evaluating MAb chCE7 both
at a preclinical and clinical level for application in ra-
dioimmunodiagnosis and -therapy RIT of neuroblas-
toma. Knowing the structure of its cell surface binding
site and the extent of its expression in tumour tissue
will have important consequences on the future use of
CE7-antigen specific targeting vehicles in (RIT) or
other therapeutic approaches for neuroblastoma. It is
planned, for instance, to use the cloned antigen to
screen human phage display libraries for single chain
or Fab fragments which will be selected for their ap-
plication in RIT.

Progress has been made in the past year both in iso-
lating the antigen and in its biochemical characterisa-
tion. We have pursued the isolation of the CE7 anti-
gen from "Foehn" cells, a kidney carcinoma cell line
with about 200 000 cell surface binding sites for MAb
chCE7 per cell. The antigen is followed and quantified
during the isolation procedure by Western blotting and
detection with 125l-labelled chCE7. Electronic imaging
with an "Instant Imager" speeds up analysis signifi-
cantly compared with conventional autoradiography
using X-ray film. After testing a number of cell extrac-
tion protocols, 0.5%Nonidet P40 was chosen as de-
tergent to solubilise membrane bound antigen. After
evaluating preparative isoelectric focusing and affinity
chromatography with Protein G Sepharose, two
methods which led to heavy losses of antigen during
purification, the most successful purification step was
found to consist of affinity chromatography using MAb
chCE7 coupled to cyanogen bromide activated Se-
pharose. A crucial step was concentration of antigen
positive fractions after immunoaffinity chromatogra-
phy, which led to antigen losses. These losses could
be reduced by concentrating samples by lyophilization
in a "SpeedVac" concentrator, using a volatile buffer.
Starting isolation from 3 x108 cells, Fig. 1 shows sepa-
ration of an aliquot of partially purified CE7 antigen by
SDS-PAGE stained with Coomassie Blue (A) and a
Western blot of the corresponding fractions (B). The
antigen is found to consist of two forms, with molecu-
lar weights of 190kD and 116kD respectively. At the
present time microsequencing of the protein bands
cut out from Western blots is being performed.

190 kD
116 kD

1 90 kD •
1 1 6 kD

• • • * •<•

^ f a.: Coomassie Stain

^ b.: Western Blot

Fig. 1: SDS-PAGE and Western Blot after immu-
noaffinity purification of CE7-AG

The Foehn cell line is not derived from neuroblastoma
but from a kidney tumour and it was of importance to
assess if differences exist in the proteins recognised
by MAb chCE7 in neuroblastoma and Foehn cells.
Analysis by Western blotting of extracts from SKN-BE
neuroblastoma- and Foehn cells revealed that MAb
chCE7 recognises the 190kD form in both cell lines
(Figure 2). However when intact cells were surface
radioiodinated and lysates immuno-precipitated by
MAb chCE7, only the 190kD form of neuroblastoma
cell lines (SKN-BE, SKN-AS) was labelled, indicating
a difference between neuroblastoma and kidney tu-
mour cells (Figure 2).

a. b.

190kD

Foehn SKN-BE Foehn SKN-BE

Fig. 2: Autoradiographs of SDS-PAGE

a. cell surface iodination and immunoprecipitation

b. Western blot

The structural basis for this difference between the
tumour cell lines is not yet known, however experi-
ments to isolate the CE7-antigen also from the SKN-
BE(2c) cell line, which expresses similar high levels of
the antigen to Foehn cells are planned.
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INTRACAVITARY APPLICATION OF RIT FOR THE TREATMENT OF BLADDER
CANCER

RAD. Rutherford, A. Smith (f), C. De Pasquale, K. Zimmermann; O.D.M. Hughes (City Hospital, Not-
tingham, U.K.), A.C. Perkins (University of Nottingham, U.K.) collaborating

The potential for radioimmunotherapeutic application of a 67Cu-labelled anti-bladder carcinoma mono-
clonal antibody has been assessed in an initial series of 12 bladder carcinoma patients administered intra-
cavitally with low amounts of 67Cu-labelled C595 antibody to allow evaluation of tumour uptake within the
bladder both by scintigraphy and biopsy.

The clinical application of radiocopper-labelled anti-
bodies for radioimmunotherapy is at present limited by
the inherent problems of unwanted accumulation in
normal tissues such as the liver and kidneys. Recent
studies have suggested that intracavitally adminis-
tered radioimmunoconjugates have the potential to be
effective against superficial bladder cancers and to
this end the p-emitting 67Cu which can deliver cyto-
toxic effects over several cell widths and whose half-
life of 61.9 hrs is well matched to the pharmacokinet-
ics of the antibody may prove to be beneficial.

Clinical studies performed to date in collaboration with
the Dept. of Medical Physics, University of Notting-
ham, England, UK have demonstrated a selective
tumour accumulation in patients following administra-
tion of 12-15 MBq (-500 pg) of 67Cu-labelled C595
lgG3 via a catheter inserted through the urethra into
the urinary bladder.

Computerised tomographic scan of the pelvic region
of a 64-year old patient with bladder carcinoma. The
major tumour site (arrow) is clearly visible.

Tumour uptake averaged 2.7 percent injected dose
per gram (% ID/g), determined after cystectomy,
whilst the average tumour to non-target tissue ratio
was approximately 14:1. Tumour to normal tissue
ratios have previously rarely exceeded 5:1 in clinical
studies using systemic administration of radiolabelled
immunoconjugates with only between 0.005 and 0.03

percent of the injected dose of radiolabelled antibody
normally taken up by the tumour.

The intracavital route of administration of anti-bladder
carcinoma antibodies used in the present study also
circumvents problems such as the HAMA response
observed with repeated systemic administration of
murine antibodies. Moreover, this approach allows for
repeated dosing at relatively short time intervals, high
accessibility to the target tissue, little or no absorption
across the bladder wall and rapid wash-out of the
unbound antibody.

Radioimmunoscintigraphic scan showing high specific
tumour uptake of radiolabel (arrow) 2 hours following
washout of excess antibody. The second 'hot spot'
represents leakage of the 67Cu-labelled antibody fol-
lowing clamping of the catheter.

A comprehensive dosimetric analysis is currently un-
derway to establish the feasibility of a limited thera-
peutic study performed using a similar approach but
with therapeutic levels of radiocopper-labelled anti-
body.
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ENGINEERING RECOMBINANT HUMAN ANTIBODIES FOR RADIOIMMUNOTHER-
APY OF SOLID TUMOURS

R. Waibel; R. Offord (UMC Geneve), R. Gerardy-Schahn (MHH Hannover), G. Winter (MRC Cambridge),
D. Allen, J. McCafferty (Cambridge Antibody Technology, Melbourn) collaborating

Large libraries of human antibodies displayed on phage represent an efficient route for the generation of
monoclonal reagents leading to the production of therapeutic antibodies.

Solid tumours, which include the prevalent carcino-
mas and make up more than 90% of all human can-
cers, have thus far proved resistant to antibody-based
therapeutic agents in clinical trials. Conventional
monoclonal antibodies have numerous obstacles:
firstly, the immunogenicity of murine antibodies cause
their rapid clearance in in vivo human studies; sec-
ondly, the antibody size may prohibit the accessibility
of the MAbs to cancer cells growing in solid tumours.

Improved tumour targeting with human antibody
binding constructs
An improvement in the absolute amount of radioactiv-
ity that can be delivered to the target tumour without
corresponding increases in dose-limiting toxicity is
important to the future of systemic radioimmunother-
apy. The alteration of the pharmaco-kinetic behaviour
of a given radioimmuno-conjugate, by modification of
the targeting moiety will be achieved by genetic engi-
neering (size, affinity and humanisation) or by chemi-
cal modification (avidity).
Small cell lung carcinoma (SCLC) is a particularly
appropriate clinical objective for new therapeutic ap-
proaches. SCLC is a highly chemo- and radio-
sensitive tumour and yet the prognosis for patients
remains very poor. The residual form of the disease
following first treatment, which is ultimately responsi-
ble for relapse, is widely dispersed, is radiosensitive,
and exists as small cellular foci. Such characteristics
encourage the application of RIT in a minimal residual
disease regimen.
For selection of anti-SCLC antibody fragments, we
chose the fibronectin like domain of NCAM, a
"tumour-specific" molecule. The conformation of the
FN-III of NCAM resembles the Ig-structure and gives
rise to a multitude of antigenic structures.
Schematic representation of the NCAM molecule and
of the relative position of murine anti NCAM MAbs

ligated into the vector pGEX-3X. Starting with this
plasmid, a subclone pME4.1 was constructed by ex-
cising a 357 bp Kpnl-Smal-fragment
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A 906 bp Sg/ll-Smal-fragment of human NCAM-
140 cDNA (amino-acid 436-737) which codes for both
FN-III domains and part of the 5th Ig-domain was
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The fusionprotein was expanded and purified from E.
Coli. For ease of selection of antibodies on this
NCAM-fusionprotein, we attached a cleaveable biotin-
ligand. A phage display library (library of phage par-
ticles displaying 1.2 x 1012 randomly generated anti-
body fragments of varying specificity and affinity) was
incubated with biontinylated NCAM-fusionprotein.
Streptavidin-magnetobeads were used to capture the
fusionprotein and the specifically bound phage dis-
played antibodies. After four more rounds of expan-
sion and selection an ELISA performed on pME4.1
coated plates revealed 55 positive clones out of 90
clones tested. On western blots with the non-
biotinylated fusionprotein, ten monoclonal phage
preparations reacted with the expected band at 55kD,
together with the mouse anti-NCAM monoclonal anti-
body MAb123C3. None of the selected phage clones
reacted on western blots with the 29kD GST-
fusionprotein.

Selection of human antibodies against polysialic
acid
In a collaboration with Cambridge Antibody Technol-
ogy, we initiated the selection of human antibody-
binding fragments from phage displayed libraries
against the overexpressed polysaccharide polysialic
acid as part of the NCAM molecule. We believe that
the production of antibodies towards antigens with low
immunogenicity is enhanced by the intrinsic efficiency
of screening very large phage libraries like the one
used at CAT (Vaughan-library with 1.4 x 1010 single-
chain fragments displayed on the surface of phage) or
the human Fab 2lox-library (with an estimated size of
1.2 x 1012clones; G. Winter MRC).
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OVERVIEW

R. Andres

The task of the division of radiation hygiene includes both scientific and practical aspects. Both are put to
use not only for the PSI but also for Switzerland in general. In addition, the division has set new standards
in quality assurance by becoming the first fully accredited organisation in radiation protection in Switzer-
land.

The division for radiation hygiene is responsible for
the radiological safety of the personnel, the installa-
tions and the environment at PSI. However, the com-
plete spectrum of its missions exceeds by far this
service task and encompasses both scientific work
and consulting activities for governmental offices.

The complexity of the radiologically relevant installa-
tions at PSI preclude a purely service oriented type of
work. The construction of new installations, the use of
new processes and the changing environment all call
for a scientific basis, upon which the practical work in
radiation protection is founded. Due to this very close
interaction between science and practical work, our
R+D programm is focused on aspects relevant to PSI.
Despite the restrictions, it is gratifying to see that our
scientific work is interesting to many customers out-
side PSI. This is also reflected by the fact that ap-
proximately 50 % of our research funds come from
sources outside PSI (national and international fund-
ing offices, industry). Part of this money is used to
support doctoral students (currently three in our divi-
sion). One doctoral thesis and a MSc (Master of Sci-
ence) thesis were successfully completed in 1996
[1,2].

The know how, represented by our staff, is a well-
sought resource for national and international organi-
sations. As members of many committees we are
able to instill Swiss opinion into world wide harmoni-
sation efforts of technical, organisational and legal
aspects of radiation protection.

Our combined scientific know-how and our practical
experience are also put to use for specific Swiss
tasks:

- our school for radiation protection is visited by
several thousand students every year. In accor-
dance with the Swiss legislation and specific needs
of our customers (medical institutions, nuclear
power plants, industry) they are instructed in a va-
riety of radiologically relevant subjects.

- our rapid intervention team for small scale radio-
logical emergencies. This well equipped team was
called many times to events ranging from the sal-
vage of lost radioactive sources, to assisting the
police in cases of criminal use of radioactive mate-
rials.

- Specialists from our division are invited to help set
up and judge radiological exercises for various
emergency response organisations (police, fire bri-
gade, army).

Finally, our division has set new Swiss standards with
respect to quality control in radiation protection. Dur-
ing more than two years of work, a comprehensive
quality management system was established. This
system has successfully passed an audit by quality
and technical experts. We are now the first fully ac-
credited radiation protection organisation in Switzer-
land.

I would like to thank the staff of the division of radia-
tion hygiene for their cooperation and dedication to
our work, and I look forward an exciting and fulfilling
future.

Acknowledgement: Part of the work described in the
following sections has been financed by the Swiss
Federal Nuclear Safety Inspectorate (HSK) and the
Swiss Federal Office for Education and Science
(BBW). This support is greatly appreciated.
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SOME TYPICAL NEUTRON SPECTRA ENCOUNTERED AROUND THE 600 MEV
PROTON ACCELERATOR FACILITY AT PSI-WEST

J. Duvoisin

To understand the residual radiation field outside the shielding of the accelerator facility, we have calcu-
lated some neutron spectra.

INTRODUCTION

The neutron personal dosemeters we have today are
not yet satisfactory, in the sense that they do not give
the correct response to all exposures, because their
sensitivity depends, sometimes strongly, on the en-
ergy spectrum of the neutrons, which in turn varies
from place to place around the accelerator facility.

Therefore a knowledge of the spectra outside the
shielding is necessary to judge of the quality of the
dosemeter and to estimate the magnitude of the er-
rors which could arise from its use.

This is the topic of a technical report [1], where we got
a few interesting spectra through calculation. In the
following we describe some aspects of this work.

THE BULK SPECTRUM

At a large and flat surface outside a sufficiently thick
and compact concrete shielding irradiated with high
energy neutrons, there is a leakage spectrum we call
the 'bulk spectrum' the form of which is to a large

the floor of the experimental hall, which is taken to
consist of 30 cm of concrete. Just underneath the
emission point, we put a fictions horizontal 'black' disk
10 m in diameter which absorbs all neutrons hitting it.
Such simplifications of the geometry are not possible,
just as they are, for the discrete ordinates method.
Because they present no problem for the Monte Carlo
method, we wrote such a code named TRACOL.

We calculated three spectra at ground level, at dis-
tances of 15 m, 37.5 m, and 75 m. Relatively to the
fast neutrons which contribute to most of the dose,
the thermal and epithermal neutrons diminish with
distance, whereas the high energy neutrons tail
grows, as shown in Figure 2.

Fig. 1: The bulk spectrum.

extent independent of the geometrical dimensions and
characteristic of the concrete only. This spectrum has
been calculated with the 'discrete ordinates' code
ONEDANT [2], and is represented in Figure 1.

SKYSHINE SPECTRA

The bulk spectrum, in angle and energy, is emitted
upward into the air medium from a point 15 m above

Fig. 2: Skyshine spectra at the distances of 15 m and
75 m on the ground.

The dose equivalent at 15 m on the ground is about
one thousandth of the dose equivalent that would
arise at the source if it were averaged over the 10 m
black disk.
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SIZE DISTRIBUTION DETERMINATION OF THE UNATTACHED RADON PROGENY

G. Butterweck-Dempewolf, Ch. Schuler and G. Vezzu

An improved method for the size fractionating measurement of the unattached airborne radon progeny in
the size range between 0.3 to 20 nm was developed. A new algorithm for the calculation of size distribu-
tion parameters from these measurements was implemented. Both measurement technique and calcula-
tion algorithm were tested with international intercomparisons in the frame of the ongoing EU-project.

INTRODUCTION

Nearly half of the radiation exposure of the general
public is caused by the inhalation of the short-lived
decay products of the environmental radioactive noble
gas radon. The risk for the development of lung can-
cer due to this natural radiation exposure is at present
under study in a EU-sponsored research project
combining the efforts of 13 universities and research
laboratories of 10 European countries.

One major question in the research project is con-
cerned with the deposition of the radon progeny in the
human respiratory tract. The amount of inhaled radio-
active particles, which is retained in the airways, thus
irradiating the tissue, is strongly dependent on the
size of the particles. Whereas the deposition is well
known for particles above 20 nm thermodynamic di-
ameter, only few data are available for the deposition
of particles with diameters below 20 nm. This size
range includes the unattached fraction of the radon
progeny, which delivers about half of the dose due to
the inhalation of radon progeny.

MEASUREMENT

The activity of the shortlived radon progeny can be
measured by collecting air through a membrane filter
(Fig. 1). The deposited radionuclides on the filter are
measured on-line by alpha-spectroscopy with a sur-
face barrier detector mounted below the thin filter
(thickness 9 urn).

Detector

Fig 1:

To Pump

Sampling head for an open-faced collection of
radon progeny on a membrane filter with on-
line alpha-spectroscopy

Environmental aerosol particles with diameters of a
few nanometers can be classified according to their
size using diffusional deposition. The particles are
deposited from an air flow onto surfaces due to their
random movement. Typical devices using this effect
are wire screen and tube diffusion batteries. For the
PSI radon chamber a device was designed and in-
stalled with eight sampling heads. The air passes
through up to 300 vertical tubes (50 cm long) per
sampling head before it reaches the membrane filter,
thus yielding different penetration functions (Fig. 2).

/
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diameter [nm]

filterhead
1 tube
3 tubes
11 tubes
26 tubes
45 tubes
160 tubes
300 tubes

100 101

Fig. 2: Penetration functions of the tube diffusion
batteries used at PSI for a flow rate of
101/min

The measured activity of the short-lived radon decay
products deposited on the membrane represents the
integral of the product between the respective pene-
tration function and activity size distribution of the
airborne radionuclides.
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Fig. 3: Results of a measurement
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Figure 3 shows a typical result of such a measure-
ment, obtained during an intercomparison exercise at
the University of Gottingen, Germany.

DETERMINATION OF THE SIZE DISTRIBUTION

The size distribution of the airborne radon decay
products is often described by a sum of lognormal
distributions, called modes of the size distribution,
characterized by their median diameter and the geo-
metric standard deviation.

The calculation of the parameters of the size distribu-
tion from measured values is performed with a variety
of mostly non-linear approximation algorithms. At the
time when these algorithms were developed and
tested, the unattached radon progeny was considered
unimodal with a median diameter of about 1 nm.

Measurements during the last years pointed to a bi-
modal structure of the size distribution of the unat-
tached fraction of the short-lived radon progeny.
Therefore the algorithms are now used also for the
determination of the parameters of a sum of two log-
normal distributions.

First theoretical tests with some of these algorithms at
PSI showed a rather poor performance in finding the
correct parameters of a size distribution with a bimo-
dal structure. This is partly caused by the poor size
resolution of the diffusional techniques. Even size
distributions with very different parameters can yield
similar measurement results.

The commonly applied algorithms work roughly with
the same principle, consisting of three steps.

1. Calculate the response of the measuring system
for a number of start parameters of the size distri-
bution.

2. Try to find a new set of parameters which yields a
result closer to the measured values using the in-
formation from the start values.

3. Include the improved set of parameters into the
start values and continue with step 1.

As an illustration these algorithms try to find and fol-
low valleys in a landscape. The deviation between
measurement and calculated response of the meas-
urements system is the vertical axis and points in
parameter space are x and y coordinates in a five di-
mensional space.

As these methods were not very successful, a new
approach was chosen. It is based on the simple idea
that the true parameters of the size distribution have
to be found, if all points in parameter space are in-
spected. The inspection involves the time consuming
numerical integration of the product of penetration
function and the sum of both lognormal distributions at
randomly selected points in parameter space. There-
fore the parameter range open to evaluation has to be
limited. Criteria have been developed to eliminate

cells in a region of parameter space, the borders of
which are defined by the penetration curves of the
measuring system.

Further elimination criteria have been designed from a
point of view different to the usual algorithms. The
peaks in the former described picture of a deviation
landscape are removed from inspection during the
calculation similar to a slowly descending fog.

First theoretical tests showed a performance im-
provement compared to two of the non-linear algo-
rithms. For further testing, an international intercom-
parison evaluation in the frame of the EU-project was
initiated, including the majority of the commonly used
algorithms.

A set of theoretically determined measurement results
has been distributed to participants from three insti-
tutes well experienced in the evaluation of size distri-
butions from diffusional size fractionating measure-
ments. The parameters of the distribution from which
these values were derived were unknown to all par-
ticipants, including the PSI group. The results of this
intercomparison are listed in the following table.

method

input val-
ues

Twomey(1)

Twomey(2)

Simplex

EM(1)

EM(2)

EVE

random
walk (PSI)

med.
dia.
[nm]
3.70

2.8

4.2

7.3

6.0

6.4

2.5

3.7

mode 1
geom.
stand,
dev.
1.50

1.4

1.7

2.4

1.1

3.8

1.4

1.5

tract.
[%]

19.87

100

4 8 6

100

100

100

100

18.4

med.
dia.
[nm]
18.30

26.9

-

17.7

mode 2
geom.
stand,
dev.
3.50

2.5

-

-

3.5

fract.
[%]

80.13

-

51.4

-

-

81.6

Tab. 1: Results of a first intercomparison of different
evaluation algorithms

The input distribution was chosen to obtain an unbi-
ased check on the performance of the algorithms. Its
parameters did not represent size distributions found
in the environment.

The PSI random walk technique obtained parameters
close to the input values, whereas the standard algo-
rithms show more or less large deviations. Even the
same algorithm, used by different institutes can lead
to different results. Further investigation concerning
performance of the algorithms is necessary for a reli-
able interpretation of measured data.

Acknowledgement: The project is funded by the
European Union under contract No FI4P-CT95-0025
and by the Swiss Federal Office for Science and Edu-
cation under contract 95.0331.
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DEVELOPMENT OF A QUALITY ASSURED CALIBRATION METHOD FOR THE PSI
RADON CHAMBER REFERENCE ATMOSPHERE

Ch. Schuler, G. Butterweck-Dempewolf and G. Vezzu

Radon detectors and measuring instruments are calibrated at the PSI Reference Laboratory for Radon
Gas Concentration Measurements by exposing them to a calibrated radon reference atmosphere in the
PSI radon chamber. A sophisticated and quality assured calibration technique was developed which guar-
antees the traceability of this radon chamber reference atmosphere to standards of internationally
acknowledged primary laboratories.

INTRODUCTION

The traceability of active and passive radon gas
measuring devices used in Switzerland to interna-
tional standards is assured with intercomparison
measurements in the PSI radon chamber on an an-
nual basis. Radon detectors and measuring instru-
ments are exposed to a radon gas reference atmos-
phere. This radon atmosphere itself has to be trace-
able to standards available from internationally ac-
knowledged primary laboratories such as the National
Institute of Standards and Technology (NIST), Gaith-
ersburg, Maryland (U.S.A.) or the National Physical
Laboratory (NPL), Teddington, Middlesex (UK).

The duration of a calibration exposure of integrating
radon detectors in the PSI radon chamber is one
week. During this time the radon gas concentration
will drop to 30% of the initial concentration due to its
radioactive decay. On the other hand it is necessary
to keep the concentration in the chamber at a con-
stant level, as integrating detectors are sensitive to
concentration gradients. Therefore, the radon gas
concentration in the chamber is kept constant with a
feedback system [1]. Periodical measurements with a
calibrated instrument, a measuring instrument transfer
standard, serve to determine the radon chamber gas
concentration.

THE TRACEABILITY OF THE PSI RADON CHAM-
BER REFERENCE ATMOSPHERE

Use of internal standards in an unbroken chain of
calibrations ensure the traceability of the radon cham-
ber reference atmosphere (Fig. 1).

Starting point is a secondary standard from NIST or
NPL with a certified radon gas activity delivered in a
glass ampoule. This reference activity is transfered
into a calibrated reference volume so that the measur-
ing instrument transfer standard can be calibrated in
respect to a radon gas activity concentration. Thus,
the transfer standard can periodically be related to the
primary laboratories NIST or NPL. The radon gas
concentration in the PSI radon chamber is then cali-
brated by measurements with this calibrated transfer
standard.

SECONDARY STANDARD:

~~~Rn Reference Activity

NIST/NPL 222Rn Gas Standard

REFERENCE VOI.I'MI-::

~Rn Reference Activity Concentration

MEASURING INSTRUMENT:

Transfer Standard: Scintillation Cell and Counter

RADON CHAMBER:

~Rn Reference Atmosphere

Fig. 1: The traceability between the radon gas sec-
ondary standard and the reference atmos-
phere.

QUALITY ASSURANCE FOR THE TRANSFER
STANDARD CALIBRATION PROCEDURE

A reliable quality assurance is only possible with a
rigorous redundant design of the calibration proce-
dure. Beside the NIST/NPL radon gas secondary
standard serving for the relation of the PSI calibration
system to NIST or NPL (Fig. 2), two other equivalent
NIST secondary standards are in use by the PSI Ref-
erence Laboratory for Radon Gas Concentration
Measurements: A radium standard solution which
allows to generate a known activity of radon gas, and
a radon emanation standard consisting of a radium
solution with certified activity enclosed in a radon gas
permeable tube. Use of the latter standard in an ac-
cumulation vessel generates a precisely known certi-
fied activity of radon gas. Transferred into the cali-
brated reference volume, the radon gas activity of
either of the three standards can be equally used for
the calibration of the measuring instrument transfer
standard.

Three control levels assure the quality of each of
these calibration procedures and are indicated in
Fig. 2.
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Fig. 2: Calibration and quality assurance of the measuring instrument transfer standard.

Quality assurance control level 3

In the lowest level 3, the scintillation counter as part of
the transfer standard is controlled by measurements
with a control device of the same geometry as a scin-
tillation cell and containing a certified amount of ra-
dium (Fig. 2). The ratio of counts per unit time and
certified activity of the control device should not
change outside the uncertainty limits given in the
control device certificate. Any malfunction of the pho-
tomultiplier tube of the counter is indicated by a too
high or too low ratio. Measurements with this control
device are performed before each scintillation cell
measurement series.

Quality assurance control level 2

In the intermediate control level 2, the integral transfer
standard is tested by means of participation at the
"EML Radon Gas Intercomparison Exercise" organ-
ized on an annual basis by the Environmental Mea-
surements Laboratory, New York (U.S.A.) (Fig. 2).
Four scintillation cells are sent to EML, filled in the
EML radon chamber with radon gas, returned as blind
samples to PSI and measured with the transfer stan-
dard. The measurement results are reported to EML.
The PSI deviation from the EML reference value
should then be in the order of the deviations obtained
by participation in earlier EML intercomparisons. A
deviation inside these limits denotes a proper function
and a valid calibration of the measuring instrument
transfer standard.

Quality assurance control level 1

The validation of calibrations made with a NIST or
NPL radon gas standard by means of calibrations with
one of the other NIST calibration standards is as-
signed the highest control level (Fig. 2). The calibra-
tion factors obtained with a NIST or NPL radon gas
standard are controlled by a second calibration with
either the NIST radium standard solution or the NIST
radon emanation standard. The calibration factors

obtained should not show a deviation exceeding the
95% confidence level of the uncertainty.

REPRODUCIBILITY OF THE TRANSFER STAN-
DARD CALIBRATION FACTORS

The quality assurance control level 1, however, is only
applicable if the reproducibility of the calibration fac-
tors obtained with the three different calibration stan-
dards has been proven. This reproducibility has ex-
tensively been tested [2]. The result of these calibra-
tions using a total of six scintillation cells showed that
the factors are indeed reproducible within the 95%
confidence level of the uncertainty if a) the calibration
is repeated with the same secondary standard, and if
b) the calibration factors obtained with the three dif-
ferent secondary standards are compared. Thus, the
redundancy necessary for a high-level quality assu-
rance system has been confirmed.

OUTLOOK

A documentation of the described technique for the
calibration of the measuring instrument transfer stan-
dard has been integrated into the Quality Manage-
ment System of the Radiation Hygiene Division of
PSI. The method has been accepted by the Federal
Office for Metrology to fulfill the strong requirements
for an accrediation by the Swiss Calibration Service.
The PSI Reference Laboratory for Radon Gas Con-
centration Measurements will be included into the PSI
Calibration Laboratory for Radiation Protection In-
struments and the approval of this facility will be ex-
tended to calibrations of radon gas measuring sys-
tems.

[1] G. Butterweck, Ch. Schuler: "The PSI Radon
Chamber Model", Paul Scherrer Institut, Villigen:
PSI Report Nr. 95-02, ISSN 1019-0643, 1995.

[2] Ch. Schuler: "Das Referenzlabor fur Radongas-
Konzentrationsmessungen am PSI", Bericht z.H.
Eidg. Amt f. Messwesen, 1996.
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COMPARISON OF EXPERIMENTALLY DETERMINED TRANSLOCATION OF 134Cs
IN POTATOES WITH THE RADIOECOLOGICAL CODE CHECOSYS

T. Riesen, J. Egli, R. Andres

The verification and adoption of radioecological models is a continuous process. Greenhouse trials on the
translocation of radiocaesium from leaves to potato tubers showed a 4-12 times higher translocation rate
compared to the radioecological code CHECOSYS. The possible reasons for the differences are dis-
cussed.

INTRODUCTION

Among the numerous radioecological models there
are only few in which the deposition date of a nuclear
fallout for the calculation of the activity of radionu-
clides in feed and nutrients is considered. Among
these models there are only two which take into ac-
count translocation , i.e. the transfer of radionuclides
from plant leaves, the site of absorption, to the edible
part of the plant. The two models are ECOSYS-87 [1]
and FARMLAND (Food Activity from Radionuclide
Movement on LAND) [2]. The aim of this study was to
compare the translocation rate of 134Cs in potatoes [3]
with calculations done with CHECOSYS, the Swiss
version of ECOSYS-87.

MATERIALS AND METHODS

CHECOSYS calculates the activity of radionuclides in
potato tubers in relation to the time of deposition, the
leaf area index (leaf area in m2 covering one m2 of
ground) and the date of harvest. Before being able to
do any model calculations, the three contamination
dates of the greenhouse trial had to be attributed to
the corresponding dates under field conditions.
Therefore, leaf area indices and development stages
were compared and the contamination date for the
model calculations determined. The date of harvest
was determined accordingly. The 134Cs-activity ap-
plied (between 3000 and 8000 Bq) to single leaves in
the greenhouse was used as input for the deposition
on the whole plant for the model calculations. Then
the code was run for each deposition date and the
resulting activities in potato tubers compared with the
activities in the greenhouse-grown tubers.

RESULTS AND DISCUSSION

Table 1 shows that the experimentally found 134Cs-
activities in potato tubers are higher than could have
been expected from calculations with CHECOSYS
and previously published results (not shown). Al-
though the reason for the high translocation rates in
the greenhouse trial can not be determined conclu-
sively, there are indications that the following experi-
mental conditions may have influenced the result:

(a) The addition of a surfactant to the 134Cs-solution
which was applied onto the leaves most probably
enhanced foliar absorption; (b) greenhouse-grown
plants have a thinner cuticle compared to field-grown
plants and etiolate more, which enhances foliar ab-
sorption; (c) CHECOSYS actually uses the parame-
ters "leaf area index" and "time before harvest" for
modelling translocation, whereas the greenhouse trial
confirmed the importance of the development stage
for modelling translocation.

Tab. 1: Experimentally determined 134Cs-activity in
potato tubers compared with the activity calcu-
lated by the radioecological model CHECO-
SYS

Contamina-
tion date,
trial [days
before
harvest]

97
69
41

Contamina-
tion date,
model [days
before har-
vest]

113
71
29

Measured
activity in
tubers
[Bq/kg]

2092
6571
1970

Calculated
activity in
tubers
[Bq/kg]

169
1580
507

Ratio
between
measured
and calcu-
lated activ-
ity

124
4.2
3.9
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INVESTIGATIONS ON RADIOCAESIUM FLUXES IN FOREST ECOSYSTEMS AND
THE BIOAVAILABILITY IN SOIL

T. Riesen, A. Wolf, A. Zichner

A project, started during this year within the 4th frame of the EC Nuclear Fission Safety programme, is
described with emphasis on the planned work of the radioecology group at PSI

INTRODUCTION

Years after the nuclear power accident at Chernobyl,
radiocaesium can still be detected in the top soil lay-
ers of semi-natural systems like forests. The mecha-
nisms and processes leading to this accumulation are
not fully understood. Because of the importance of
semi-natural ecosystems for the supply of raw mate-
rials and for nutrition, the project "SEMINAT" was
initiated. "SEMINAT" is a project within the Nuclear
Fission Safety Programme of the EC and is the acro-
nym for "Long Term Dynamics of Radionuclides in
Semi-Natural Environments: Derivation of Parameters
and Modelling". Eight European research institutes,
including PSI, participate at this project.

SEMINAT

The final aim of the project is the development of dy-
namic models for forest and meadow ecosystems,
respectively. The project is a fully integrated field,
laboratory and modelling study of caesium fluxes and
its persistence in semi-natural ecosystems. The ulti-
mate aim is to quantify the operative parameters that
rule the persistence of the radionuclides and their
contribution to the dose to man, and to provide a ge-
neric modelling capability for internal and external
radiation exposure evaluation. This will be of direct
relevance to the European Union's nuclear accident
assessment requirements.

INVESTIGATIONS AT PSI

PSI participates in field measurements and laboratory
trials of this project. The field trials include the meas-
urement of radiocaesium in the precipitation, the
throughfall, the stemflow and the litterfall at an ex-
perimental site in the canton of Tessin. The site be-
longs to the Swiss Federal Institute of Forest, Snow
and Landscape Research (WSL) and is part of an
international network for long term observations of
forest ecosystems. The laboratory part consists of
investigation on the bioavailability and sorption proc-
esses in soil as they are illustrated in Figure 1. One
problem we will adress is the question what role fungi
play in the system "microorganisms (fungi, my-
corrhiza) - plant (root) - soil (clay minerals)" and the
cycling of radiocaesium in forest soil. A second goal is

to develop a bio-testsystem to measure available
radiocaesium to plants in a given soil.

EXCHANGEABL F [
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Fig. 1: Scheme of radiocaesium transfer in a soil-soil
solution-plant system [1].
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THE EXCRETION OF RADIOCAESIUM THROUGH GRAPEVINE ROOTS

H.J. Zehnder1, P. Kopp

1 Swiss Federal Research Station Switzerland for Fruit-Growing, Viticulture and Horticulture,
CH-8820 Wadenswil

INTRODUCTION

Earlier investigations [1, 2] on the translocation of
134Cs in grapevine showed that the radionuclide con-
centration in the soil of potted plants increased after
foliar application of an active solution of radiocaesium.
From the experimental design it could not be evalu-
ated finally if the measured activity originated from
fine roots in the soil which were broken off when
separating roots from soil or if the activity was bound
to soil particles after being released from the roots. A
second question is how the potassium concentration
in the growth medium influences the behaviour of
134Cs.

MATERIAL AND METHODS

To answer above questions the experimental design
applied so far was changed by growing the grape-
vines in a nutrient solution as hydro-cultures instead
of soil. Two to three year old vines were used in this
experiment. The role of potassium was investigated
by splitting the trial into two parts. The nutrient solu-
tion of one group contained five times as much po-
tassium than the other. The nutrient solutions were
renewed every four weeks.

RESULTS

Although the analysis of the data has not been com-
pleted yet, preliminary results are available. Tables 1
and 2 clearly show that up to 4 % of the 134Cs applied
to leaves is translocated into roots and released to the
nutrient solution. It is also shown that the 134Cs-
excretion is about three times higher in the group with
a high potassium concentration in the nutrient solution
compared with the group with a low potassium con-
centration. Now, these data have still to be compared
with the results of our previous experiments of 1994.
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Tab. 1 : Low potassium content
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A PERSONAL NEUTRON DOSIMETRY SYSTEM BASED ON TRACK ETCH AND AUTO-
MATIC READOUT BY AUTOSCAN 60

A. Fiechtner, C. Wernli

INTRODUCTION

A new personal neutron dosimetry system for routine
application is being developed. It is based on chemi-
cally etched CR-39 detectors (PN3) with different
radiators and an automatic readout system, the
Autoscan 60 [1J. The most important neutron fields at
the PSI accelerator have an energy range up to
600 MeV with main energies around 1-5 and
50-100 MeV behind the concrete shieldings and ther-
malised spectra at the entrance to labyrinths. The
radiators used for PN3 are polyethylene (PE) for fast
neutrons (PE produces recoil protons), PE with lithium
for thermal neutrons (measurement of tritons from the
[6Li(n,T) 4He] reaction) and aluminium for an addi-
tional spectral information (it inhibits the production of
recoil protons) of the neutron field in an accidental
case.

ETCHING PROCESS

A two step etching technique is used for the PN3 de-
tectors: Pre-etching for 30 minutes at 70°C in a 40%
6.25M sodium hydroxide / 60% methanol mixture to
polish the surface and to remove scratches. After-
wards main etching at 70°C in 6.25M sodium hydrox-
ide for 6 hours and finally neutralization in a weak
hydrochloric acid solution and washing in hot and cold
distilled water.

PRINCIPLE OF THE READING SYSTEM AUTO-
SCAN 60

Strong light is channelling into one edge of the detec-
tor and is internally refracted at tracks. Tracks are
appearing as bright spots and can be automatically
counted by an image analysing system.

ENERGY DEPENDENCE

The energy dependence RH(E) for the personal
equivalent dose Hp(10), shown in figure 1 was meas-
ured up to 70 MeV neutron energy. The response for
thermal neutrons was determined with PE containing
1% natural lithium.

FIELD AND LAB MEASUREMENTS

A field experiment was carried out with personal
dosemeters worn by volunteers parallel to the existing
system, and various environmental dosemeters were
placed on the PSI site. An intercomparison exercise
with other personal neutron dosimetry systems was
carried out at PSI with neutron energies of 30 and
70 MeV of a Be(p,n) reaction and with a broad spec-

trum up to 800 MeV at CERN. The relative response
of our system was for all irradiation conditions within
±50%.
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Fig 1: Personal dose equivalent response for some
neutron energies.

BADGE PROTOTYPE

The badge prototype (figure 2) was produced in
autumn 1996. Each badge can contain two detectors
covered by radiators in front and behind. The radia-
tors are devided in two parts for routine evaluation:
PE and PE(1% Linat). Small plates of aluminium are
placed outside the regular evaluation area for special
investigations in an accidental case. A field experi-
ment using this prototype was initiated in 1996.

Fig. 2: Open badge prototype with two detectors
beside.
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DEVELOPMENT OF A NOVEL ACTIVE PERSONAL NEUTRON DOSEMETER BASED ON
ION CHAMBER DETECTOR WITH DIRECT ION STORAGE (DIS)

C. Wernli, A. Fiechtner

INTRODUCTION

A new dosemeter type has been developed by
RADOS Technology Oy. This system is based on a
novel detector type, an ionization chamber with so
called Direct Ion Storage (DIS) : The detector is the
uncovered area on the surface of a floating gate of a
MOSFET transistor, surrounded by an air space - the
"ionization chamber". The charge of the floating gate
is changing on ionizing radiation incidence [1]. Energy
dependence is determined by material and thickness
of the ionization chamber walls. The aim of the project
is to develop an active neutron dosemeter.

IONIZATION CHAMBER DESIGN

The operating voltage of an ionization chamber based
on DIS is 25 to 30 Volt. The extremely high sensitivity
of the DIS methods allows for the use of chamber
volumes of less than 1 cm3 with a resulting detection
limit well below 10 î Gy. Such a detector may be used
as a passive dosemeter or it can be combined with an
on line readout device to build an electronic doseme-
ter.

PHOTON ENERGY DEPENDENCE

The photon energy dependences of various prototype
ionization chambers with different chamber wall de-
signs were tested on the ISO water slab phantom.
The results show that after further optimization of the
detector construction an excellent photon energy de-
pendence down to less than 20 keV can
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Fig. 1: Photon energy dependence of a prototype
DIS-dosemeter for three chambers to meas-
ure Hp(10) and two chambers for Hp(0.07).

be expected. Figure 1 presents the photon energy
dependence of recent prototype detectors with cham-
bers for Hp(10) (dose ranges of 0.001 - 1.4 mSv,
0.01 - 15 mSv, and 0.1 - 200 mSv, respectively) and
for Hp(0.07).

THEORETICAL RESPONSE TO FAST NEUTRON
RADIATION

The calculations of the response to fast neutrons were
performed elsewhere with the program TLY [2] for a
planar detector-wall configuration with 10 mm tissue
equivalent wall material. The response was calculated
assuming the deposited energy is only due to recoil
protons produced in the wall by incident neutrons. In
figure 2 the calculated response fR is compared with
the fluence to dose conversion coefficients hpo(10).

calculated response fB , picoGy cm'

6 8 10
En [MeV]

14 16

Fig. 2: Calculated response fR in pGy cm2 and flu-
ence to dose conversion coefficients hp<j>(10)
in pSv cm2.

PRELIMINARY RESULTS OF THERMAL NEUTRON
SENSITIVITY TESTS

A prototype detector with an open chamber was used
in an experiment to detect neutrons. To this end, the
chamber was covered by either 2 mm of PE or 2 mm
of PE containing 7.5 % of natural lithium. In the latter
case a significantly increased signal was obtained for
an irradiation with thermal neutrons. Quantitative
measurements of the neutron response of prototype
detectors have not yet been performed.
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238U AND 232Th DECAY SERIES DISEQUILIBRIUM SYSTEMATICS IN GROUND AND
RIVER WATER OF THE UPPER RHINE VALLEY

J. Eikenberg, A. Tricca, S. Bajo, M. Ruethi

Ground and river waters in the Upper Rhine Valley (between Mulhouse and Strasbourg, Alsace, France)
were analyzed for the hydrogeochemically important radionuclides of the U and Th decay series which are
detectable in aquifers, i.e. 238U, 234U, 228Th, 228Ra, 226Ra, 224Ra, 222Rn, 2WPb and 2WPo. Considerable dise-
quilibrium activity ratios between these U-Th decay series nuclides were observed, allowing the radioiso-
topes to be used as geochemical tracers for investigations on exchange and mixing of waters discharging
from mineralogically different host rock compositions.

INTRODUCTION

In the past few years naturally occurring short lived
progenies from the 238U and 232Th series have been
applied increasingly in the field of hydrogeochemistry
[1]. These investigations mainly focused on hydro-
logical systems such as catchment areas or concen-
trated on spatial and temporal chemical variations
along river profiles [2]. Also brackish water systems
were analyzed to study the dimensions of river water
input into sea water. All these studies yielded valuable
hydrological or geochemical para-meters to better
understand rock/water interactions, mixing and ex-
change processes in aquifers. In the study under
consideration we investigated river waters discharging
from geologically different crystalline host rocks of the
Vosges mountains as well as from carbonate sedi-
ments located in the southern part of the test area.
We selected this area because hydrologically there
were indications of complex interactions of these wa-
ters along the flow path before infiltration into the
large ground water aquifer of the Upper Rhine Valley.
To fully characterize the different types of water we
also measured other important chemical parameters
such as alkalinity, pH, major ion composition, rare
earth elements and 87Sr/86Sr ratios of dissolved and
suspended matter.

MATERIALS AND METHODS

Due to the very low activities of the U and Th series
derived radionuclides (ranging from about 100 (aBq L1

to about 10 mBq L1), low level (x-spectrometric analy-
ses were performed. This technique required, how-
ever, careful preceding radiochemical separation pro-
cedures in order to produce planar sources containing
meaningless sample weights. A description of the
analytical methods is given in [3]. Since 228Th(aq, al-
ways proved to be below the detection limits (5-105

Bq L1), its detectable progeny 224Ra (T, 2 = 3.6 d) was
essentially not supported by dissolved aqueous Th-
species. By application of an rapid adsorption method
on MnO2-coated polyamide discs, three components
of Ra could be determined: 226Ra (238U series) and
224228Ra, (232Th series). While 224Ra and 226Ra were
measured directly after water sampling, pure [3-emit-
ting 228Ra was determined indirectly via ingrowth of a-
decaying 22BTh (and progenies) on the same sample
planchet after a standing time of about one year.

RESULTS AND DISCUSSION

Two major types of surface waters can be distin-
guished: Type A originates from carbonate rocks
south-east of the Vosges, and type B water has been
migrated through metagranitic and acid metamorphic
rocks before mixing with the Ca-Na-HCO3 rich waters
in the Rhine Valley. For both end member types we
observe linear relationships between 226Ra and
224.228pa however, with different slopes (Fig.1). Al-
though for each type of water, supply of U and Th
from the source rocks is varying (probably due to
different rock interaction residence times of inflow
rivers), homogeneous U/Th ratios of the source rocks
are indicated for each water type. Mixtures should
therefore plot in a field between the linear arrays de-
fined by types A and B (indicated in Fig.1). Mixing
ratios of these non pure end-member waters were
determined using 224Ra/228Ra vs. 226Ra/228Ra dia-
grams.

type B water

o.o 1,0 1,5 2,0 2,5

Ra-226 [mBq/l]
3,0 3,5

Fig.1: 224Ra vs. 226Ra activities in end-member type
A (squares) and B (circles) waters as well as
in mixtures (triangles) between both types.
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THE GRIMSEL MIGRATION TEST SITE (GTS) EXCAVATION PROJECT:
IN-SITU HIGH RESOLUTION GAMMA SPECTROMETRIC ANALYSIS OF

60Co, 75Se, 113Sn, 152Eu, 235U AND

J. Eikenberg, M. Ruethi (PSI), R. Alexander (Uni Bern), B. Frieg (Nagra), Th. Fierz (Solexperts AG)

Excavation of the water conducting shear zone used for radionuclide tracer migration experiments is the
latest research project on radionuclide movement in saturated media at the GTS. Prior to excavation
multitracer solutions containing y- and a-emitting nuclides were injected and the water extracted was
analyzed on-line using in-situ high resolution y-spectrometry. In addition, water samples were collected to
quantitatively compare the on-line data with subsequent laboratory measurements (a- and y-
spectrometry), and also to analyze samples with activities below the detection limits of the in-situ analysis.

INTRODUCTION

The Radionuclide Retardation Project, co-funded by
Nagra and PNC Japan, is a highly comprehensive
study of solute transport in fractured rocks (saturated
zone flow) [1]. Using borehole packer technology, a
dipole flow field was superimposed on the natural
water flow field in the test shear zone. These stable
flow conditions allowed various tracer injection / ex-
traction breakthrough experiments to be carried out,
utilising a variety of chemically different radionuclides
(e.g. 3H, 22Na, 82Br, 85Sr, 86Rb, 137Cs). For analysis
of the tracer breakthrough curves (TBC) a dual-
porosity advection / diffusion model was developed at
PSI which considers saturated zone flow transport in
fractured media [2]. However, any type of break-
through experiment cannot identify the actual location
of retarded isotopes within the shear zone, i.e. the
spatial distribution as a function of time. Therefore,
the migration experiment is currently being completed
by excavating the shear zone following the injection of
a multitracer cocktail consisting of radionuclides of
Co, Se, Sn, Eu, U, Np and Pa. To asses the real time
behaviour of the injected isotopes in the dipole flow
field, rapid y-spectrometric analyses were necessary
for immediate mass balance calculations of extracted
radiotracers. The on-line operating Nal scintillation
system at the GTS was not suitable for the y-
multitracer analysis because the peak resolution of
Nal counters is rather poor. Therefore, a high resolu-
tion y-spectrometric system had to be constructed for
rapid in-situ field tracer analysis.

MATERIALS AND METHODS

Analysis of the y-nuclides was performed using two
portable P-type coaxial solid state intrinsic Ge detec-
tors equipped with standard electronics (amplifier,
ADC, MCA) connected to a PC notebook. One detec-
tor was used for on-line analysis, the other for high
precision y-activity determinations of bulk water sam-
ples. Two geometric positions were calibrated, one for
50mL and the other for 1 L samples. The detection
limits for most of the y-radionuclides investigated were
about 1 Bq/m (in-situ analysis), while in 1L water
samples activities below 0.01 Bq/ml could be deter-
mined precisely.

EXAMPLE OF TRACER BREAKTHROUGH
The majority of the injected tracer cocktail was
strongly retarded in the shear zone, but one tracer,
75Se, passed through. Here the 75Se breakthrough
and recovery curves are presented as an example of
the analytical methodology. A peak maximum one
hour after injection is indicated [Fig.1]. After about 10
hours, the signal has decreased by about 3 orders of
magnitude thereby reaching the detection limit of the
in-situ analysis. For further extrapolation of the con-
centration vs. time curve, bulk water samples were
analyzed at later stages. After 10 days about 95% of
the 75Se tracer had passed through the migration
shear zone, indicating that Se was not strongly sorbed
within the small dipole flow field which was selected
for the excavation project. While Se passed through
the shear zone with a velocity comparable to conser-
vatively behaving Na-Fluorescein, strong retardation
of the other tracers was observed.
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Fig. 1: Tracer breakthrough and recovery curves for
75Se during the final migration experiment at
the GTS preceding excavation of the migra-
tion shear zone.
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RESULTS AND DISCUSSION

Fig. 1 shows the a-spectrum of naturally occurring U
and Th radionuclides in a geological sample along
with the spike isotopes (232U and 228Th). Although
separated during the radiochemical procedure, it can
be seen that the Th fraction also contains 224Ra and
progenies. This is due to ingrowth of these short lived
nuclides following the half live of 224Ra (t1/2 = 3.6

days) during the long term measurements (which are
typi-cally in the range of a few days for natural sam-
ples).

ALPHA SPECTROMETRY: DETECTOR CALIBRATION, SEPARATION TECH-
NIQUES DEVELOPMENTS, ELECTRODEPOSITION AND APPLICATIONS TO GEO-

CHEMISTRY

J. Eikenberg, S. Bajo, J. Hitz, M. Ruethi, I. Zumsteg

Spectrometry of a-decaying radionuclides is of great concern for investigations on materials involved in
the nuclear fuel cycle, for in-vitro analysis of personnel working with actinide compounds, but also for geo-
chemical studies in terrestrial surface environments. This year the method development concentrated
mainly on radiochemical purification of U and Th series radionuclides from geological materials as well as
on electrodeposition of actinides (Th, U, Pu, Am, Cm) to produce thin, almost weightless sources for cx-
spectrometry. Various intercomparison exercises yielded good agreements between the results obtained
in the laboratory and reference values (e.g. 210Po, 238U, 234U in urine, ^Sr/^Y in soils.

INTRODUCTION

Detection of pure a- and (3-emitting radionuclides re-
quire careful radiochemical separation procedures
preceding radioassay. The radioanalytical group is
therefore continuously developing and improving such
techniques along with source preparations suitable for
high resolution u-spectrometry. In addition, for chemi-
cal yield mass balance calculations or direct sample
measurements (air filters, waste waters etc.), precise
spectrometer calibration is a prerequisite to minimise
any analytical uncertainty.

MATERIALS AND METHODS

In a first step a suite of electrodeposited Uranium
sources were prepared using a reference solution
(235U depleted Uranium) of known activity. The U
content was determined with an independent method
(ICP). These standard sample discs were then used
to cali-brate an a-spectrometer system equipped with
8 indi-vidual semi-conductive surface barrier detectors
[1]. Prepared for quantitative activity determination,
the next phase concentrated on development of a
purification procedure for U and Th in environmental
samples. The method used is based on complete
dissolution of the rock materials and separation of U
and Th on actinide extractive chromatography using
the resin UTEVA produced by EICHROM SA . Two
fractions had to be produced, one for the U and the
other for the Th radionuclides because of almost
identical u-emission energies for 230Th and 2 3 4U. The
method was tested using tracer spike solutions
(232U/228Th multispike). Given the known activity of
the spike (Astd), the detector efficiency (e) and the
measured counts (I) of the standard source in time (t),
the chemical recovery or yield (Y) resulting from the
analytical procedure can be calculated as follows:

Y = - (1)
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Fig.1:

Alpha energy, linear

a-spectrum of spiked U and Th fractions in a
volcanic sample from Greece used for U/Th
disequilibrium series age determinations of
young Pleistocene Mediterranean magmatic
rocks.

The same relation holds for any isotope of the same
element in a sample with unknown activity (Asamp).

Combining (1) for sample and spike, any uncertainties
in chemical yield cancel out and the sample activity
can be simply obtained from the following relation:

REFERENCE

[1] S. Bajo: "Calibration of an Alpha Spectrometer
with Electrodeposited Uranium Sources", PSI
TM-23-96-14(1996).

A
samp

samp • A\nl (2)



65 CH9700404

FOCUSING THE PHOTON DOSE IN A HEAD PHANTOM

J. Arkuszewski

The 30 keV energy photons stereotactic focusing is being examined for two kinds of collimated sources
and it has been found less advantageous as compared to the gamma-knife MeV range.

The basic concept of the radiosurgery is to deliver a
very high and well localized dose of radiation to a
selected target volume [1, 2]. If the radiation happens
to have predominantly forward scattering, then such a
delivery can be obtained by rotating the radiation col-
limated beam around a center localized at the target
volume. Thanks to this focusing technique even the
low LET radiation can deliver high doses to the target
with a relatively low dose at the rest of the considered
system. The idea is now widely used for the linac
driven gamma-knife facilities where various beam
geometry arrangements are used with the photon
energy in the MeV range.

considered: the plane, equatorial one irradiating the
phantom along its equator and the semisphere where
the upper 160° phantom part is irradiated uniformly.
The results for the X = 0 plane shown in figures 1 and
2 indicate that the equatorial irradiation does produce
the peripheral undesired dose peaking: a combined
effect of the irradiation geometry and strong
backscattering of 30 keV photons which is not present
at the MeV range. In case of the semisphere irradia-
tion the low energy backscattering does not seem to
play such a significant role, what results in the well
focused dose at the center without any significant
adverse peripheral effects.

•:-v, ,' *W:S

Fig. 1: Equatorial irradiation Fig. 2: 160° irradiation

The same concept can be employed for 30 keV pho-
tons originated in the SLS facility with the purpose of
the photon induced Auger therapy.

However for softer photons the Compton scattering
forward anisotropy is much less pronounced than in
the former case and the feasibility of such approach
has to be first proven. For this purpose the study of
dose distributions was done for a 9 cm radius spheri-
cal head phantom. Two kinds of sources have been
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INTRODUCTION

K.L. Leenders

The scientific aims of the PSI PET program in 1996
have been similar to those of the last few years. The
principal areas of research have on the one hand
been in the field of brain diseases, mainly concerning
neurodegenerative conditions, and on the other hand
have been related to neurooncology. The basic
guiding principle is based on the proper use of PET
radiotracers, which allow in vivo regional measure-
ment of certain biochemical activities in the brain or
other body parts. From these measurements con-
nections need to be made to normal or abnormal tis-
sue function. In turn some further insight in brain
function and disease processes will hopefully be ob-
tained.

The topics addressed in 1996 were mainly a) water
activation studies to investigate the relationship be-
tween various brain cortex and subcortical regions in
response to motor, sensory and reward stimuli;
b) dopaminergic neurotransmitter studies to investi-
gate Parkinson's disease progression, neuroprotec-
tion and restoration; c) pharmacology of the dopa-
minergic neurotransmitter system; d) influence of
psychomimetics in modell psychosis of healthy vol-
unteers; e) astrocytomas of the brain: cell prolifera-
tion measured using PET; f) Uptake of irontrans-
ferrine and manganese using appropriate PET trac-
ers; g) methodological development of image recon-
struction, scatter correction procedures.

These topics are illustrated on the subsequent
pages.

Two PET tomographs have been employed: the old
camera CTI 933/04-16 (7 planes, field of view 5.6
cm, 8x9x9mm3) and a newly installed prototype PET
tomograph (RPT-2; 47 planes; field of view 15.6 cm;
3x6x6mm3) designed and developed by Dr David
Townsend. On the old camera those PET projects

have been continued which needed to be finished.
After summer 1997 it is expected that all further
scans can be performed on the new camera.

In total 349 research scans using various tracers
have been performed in 1996. This number is less
than in 1995 because of technical failures in tracer
production. The table lists the distribution of scans
over the tracers.

PET-Tracer

Fluoro-deoxy-glucose

FDOPA

Raclopride

Water

Flumazenil

IUDR

Methionine

Fe/Mn

b-FP-CIT

Various

Number

135

79

32

28

17

15

13

12

6

12

Total 349

The PSI PET Program has been modified in the
course of 1996. This has become necessary due to
staff reductions at the PSI. Evaluation of new radio-
pharmaceutical tracers has been abandoned. A for-
tunate development is the possibility to carry out
PET studies with more clinical character at the PET
facility of the University Hospital Zurich. This will al-
low greater flexibility and be implemented in the
course of 1997.
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IMAGE RECONSTRUCTION USING MONTE CARLO SIMULATION AND ARTIFICIAL
NEURAL NETWORKS

F. Emert and J. Missimer; W. Blass and A. Rodriguez (U Tennessee) collaborating

PET data sets are subject to two types of distortions during acquisition: the imperfect response of the
scanner and attenuation and scattering in the activity distribution. In addition, the reconstruction of voxel
images from the line projections composing a data set can introduce artifacts. Monte Carlo simulation
provides a means for modeling the distortions and artificial neural networks a method for correcting for
them as well as minimizing artifacts.

Improved resolution and definition of PET activity
distributions would contribute to studies of glioblas-
toma or multiple sclerosis, which affect white matter
where activity is masked by the higher activity of the
surrounding gray matter. They would also contribute
to studies of aging and degenerative brain diseases
where enlarged sulci resulting from cerebral atrophy
aggravate underestimates of gray matter activity due
to partial volume effect.

Accurate reconstruction of PET data sets requires
that the known physical characteristics of the scanner
and the subject be incorporated as an integral part of
reconstruction. The characteristics of the scanner
include the geometry of the cylindrical array of crystal
detectors constituting the scanner, the saw cuts defin-
ing the crystals and the design of the crystal readout.
Conventional reconstruction algorithms using the
analytic inverse Radon transform are inadequate be-
cause the discreteness and inhomogenity of the
scanner sampling do not fulfill the requirements of the
transform, resulting in artifacts. The relevant charac-
teristic of the subject is its mass distribution, which
determines the attenuation and scattering of the pho-
ton pairs arising from annihilation of the positron
emitted by the PET tracer. Since scatter, contributing
as much as 40% to data acquired in brain studies with
modern 3D scanners, distorts the tracer activity distri-
bution, correction is essential.

Three data sets: blank, transmission and emission
data, are required for each reconstruction. Blank and
transmission scans are made with a source of activity
external to the subject. The blank scan, in which the
scanner is empty, serves to normalize the transmis-
sion scan, made with the subject in the scanner be-
fore activity is injected or inhaled, required to measure
mass distribution. For the emission scan, which re-
flects the physiological processing of the tracer, the
external source is removed and the tracer incorpo-
rated by the subject.

The proposed reconstruction process can be decom-
posed into three stages. In the first stage, the si-
nograms, an ordered set of line projections measured
by the coincidences in opposing crystal pairs for each
type of scan, will be corrected for the scanner re-
sponse. The purpose of this correction is to improve

the resolution of the images to the limit imposed by
the crystal size of the scanner (~3 mm in-plane in the
newest devices) while increasing the signal-to-noise
ratio. In the second stage, the emission and trans-
mission sinograms are corrected for scattering; the
scattering correction for transmission is distinct from
that for emission due to the differing locations of the
activity. Then the emission sinograms are corrected
for absorption by dividing each line projection by the
ratio of counts in the corresponding transmission pro-
jection relative to the blank projection. Correcting for
scattering before the correction for absorption is es-
sential in order to assure that both transmission and
emission sinograms contain only true line projections.
The last stage of the reconstruction process is the
transfomation of the set of absorption corrected
emission sinograms, i.e. the line projections, to an
image volume.

In order to simulate the response of the scanner as
well as the attenuation and absorption in the subject,
we model scanner and subject using GEANT. This
Monte Carlo program module incorporates the design
of the scanner and mass distribution of the subject
and computes the relevant scattering processes in the
detectors and subject: photoeffect, Rayleigh and
Compton scattering. Moreover, an interactive inter-
face permits the properties of the scanner and subject
to be altered with ease. The program traces each
photon from its source in an activity distribution to its
registration in a BGO detector, recording type and
position of each interaction and the direction and en-
ergy of the resultant photon.

The capability of discriminating scattered from unscat-
tered events using Monte Carlo simulation makes it
possible, for example, to compute sinograms of un-
scattered coincidences registered by a realistic scan-
ner with the inhomogenities described above as well
as sinograms of unscattered coincidences detected
by an analogous ideal scanner. The simulated si-
nograms serve as input and output data sets to teach
an artificial neural network to correct for scanner re-
sponse in the reconstruction process.The capability of
generating sinograms containing only unscattered or
scattered coincidences should similarly permit the
development of neural networks to correct for scatter
in transmission and emission scans.
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Artificial neural networks represent nonlinear trans-
formations between input and output arrays. In su-
pervised networks, the matrices determining the
transfomation are computed by presenting the net-
work with sample input and output arrays. For each
sample, a learning rule instructs the network how to
change the matrices. When they converge, the
transformation matrices are fixed and used to com-
pute an output array from a given input array.
Whereas training can be time consuming, computa-
tion of an output array is a fast, single step procedure.
Neural networks are adaptive systems which have
proven themselves capable of yielding optimal solu-
tions to similar inverse problems with noisy and in-
complete input data.

Four neural networks are envisaged for the process-
ing of PET data: one to correct for scanner response,
one each to correct for scattering in transmission and
emission scans and one to reconstruct the image
volumes. The inputs and outputs of the first three
networks are sinograms as are the inputs to the re-
construction network; the output of the reconstruction
network is the image volume. The network correcting
for scanner response, and possibly that perfoming
reconstruction, will share the design of the network
proposed to restore astronomical images in the case
of the Hubble telescope [1,2]. Since the functions of
these networks depend only on the characteristics of
the scanner, the networks must only be trained once,
in principle, for each scanner; therefore, they might be
installed as hardware when the scanner is con-
structed. For scattering, feed-forward, backpropaga-
tion networks with a single hidden layer are being
explored; since scattering is determined by the mass
distribution, the networks may be able to correct only
for classes of objects.

Due to the size of 3D data sets, a typical data set is of
order 10 Mbyte in size, processing and reconstructing
them requires substantial computing capacity and

time. The speed of neural networks could reduce
computing time substantially; Moreover, the linearity
of the reconstruction process suggests that training
and operation of the network might benefit from paral-
lel processing. This aspect of reconstruction with neu-
ral networks remains to be explored.

During the past year, numerous Monte Carlo simula-
tions of simple geometrical objects, including an ex-
tensive simulation of a granite phantom [3] have been
performed. This simulation was consistent with the
data acquired; it was used to train a prototype neural
network for scattering correction. Simulations of blank
and transmission scans of a water phantom are cur-
rently being made in conjunction with a scanner
manufacturer to trace anomalies in the reconstruction
process. Finally, variance reduction techniques have
been introduced to accelerate the Monte Carlo simu-
lations. In addition to the prototype neural network
trained for scattering correction, an image reconstruc-
tion network is now being tested to verify that it per-
forms well indepently of the image object.
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PERFORMANCE IMPROVEMENTS AND CALIBRATION OF THE ROTATING
TOMOGRAPH PRT-2

R. P. Maguire, F. Emert

The rotating tomograph PRT-2 was installed last year
and has gradually replaced the ECAT 933/06-16
scanner for research studies. The image below,
which shows a rendered view of the brain inside the
translucent contours of the skull, illustrates the large
field of view of PRT-2, allowing the whole head to be
measured simultaneously.

A high priority was the calibration and measurement
of the instrument performance. Curves showing the
system performance at a number of activity concen-
trations in the field of view are shown in the figure
below.
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The true coincidences are determined from the total
coincidences (prompts) corrected for random events
(estimated from a delayed time window) and multiple
coincidences. Measurements using calibration activity
sources (calibration phantoms) were performed
throughout the year and are described in
TM-28-96-01.

We also identified and improved the acquisition per-
formance of PRT-2. New hardware (CPU and mem-
ory) was installed to allow buffering of acquired data
and new faster data processing techniques were im-
plemented to allow data processing on the fly, in col-
laboration with Byars Consulting, Knoxville, USA. The
tomograph movement was also tuned to allow acqui-
sition during forward or reverse rotation.

Since many of our studies involve measurements on
subjects with motor disabilities and tremor we modi-
fied and installed our existing rigid head holder for
PRT-2 with the help of the PSI workshops. The head
holder is constructed of 6 mm of Perspex and has a
significant attenuating effect, which changes the uni-
formity of response of the instrument. These effects
can normally be taken into account by performing a
transmission scan to determine the attenuation for
each detection channel (Line of response). A trans-
mission source was installed in 1996, however for a
scanner operating in 3D mode transmission scans are
difficult to perform because of the inherent high ratio
of scattered to non-scattered events detected.

Our approach was to apply calculated attenuation
correction based on contour fitting of the skull in
acquired images. The effects of the head holder de-
scribed above were corrected by modelling the head
holder as a simple geometrical structure. Using the
same transformations described in "Linear pharma-
cokinetic models in PET reconstruction" Annex 1995 it
was possible to calculate an appropriate correction
factor for each line of response. A validation of the
method (described in TM-28-96-03) shows that
measurements with and without the head holder are
directly comparable and that the uniformity of re-
sponse of the scanner is recovered when the correc-
tion is applied.

The scanner has proven to be stable in performance
and it is planned to transfer remaining study protocols
to PRT -2 before the end of 1997. Implementation of a
simple user interface, transmission imaging and cor-
rection of scatter are challenges which will also be
addressed in the coming year. Simulation of the
scatter distribution of the transmission source will
provide a first test for the monte-carlo scatter correc-
tion methods described elsewhere in this annex.
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TRANSITION METALS AND PET - THE CHALLENGE 52Fe

C. Calonder, K.L. Leenders

Methodology and limits of studying the biodistribution of 52Fe in the brain with Positron Emission Tomo-
graphy (PET). The influence of the iron's daughter nuclide 52mMn on quantification of physiological rele-
vant parameters is of special interest.

WHY IRON?

One task the transition elements are well-adapted for
is that of taking part in electron transfer processes,
the basic step of each redox reaction and therefore
essential for life. Fe is the most abundant transition
metal in biological systems, crucial not just for heme-
proteins but also for the functionality of different en-
zymes. It's varying distribution in the brain might be
responsible for various neurodegenerative diseases
as Alzheimer's, Wilson's or Parkinson's [1, 2].

That's our motivation to study the (3+-emitting isotope
52Fe (ti/2=8.27 h) with PET in vivo in a dynamical
way, measuring it's characteristics in phantoms, mon-
keys and finally human beings. All by the tomograph
detected counts have to be corrected for the contribu-
tion of the short-lived and positron-emitting daughter
nuclide 52mMn. Besides we have to deal with a low
signal-to-noise ratio in our PET images. Various rea-
sons are responsible for that (slow rate constants at
the blood-brain-barrier, axial resolution of the tomo-
graph of 8.6 mm, Compton scattering)

DISTRIBUTION OF 52Fe/52mMn-CITRATE RESP.
52mMn-CITRATE

The targetchemistry for 52Fe/52mMn-Citrate follows
the methodology of Smith-Jones et al. [3]. "Pure"
52mMn-Citrate is separted from the mixture by fixing
52Fe on a tartrate column. The 52Fe-breakthrough of
this manganese generator is in the order of 1 %.

A GeLi-y-spectrometer allows us to specify and
quantify the injected isotopes in blood leading to an
input function for the system. As an example the two
graphs show the different kinetics of both tracers in
whole blood, measured after each other in the same
monkey. The data fit quite well to the solutions of the
differential equations below which simplify the in-vivo
conditions in the organism:
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For 52Fe we measured a biological halflife of
40.2±3.4 min in blood; 52mMn leaves the blood stream
much quicker, the fitting procedure lead to a corre-
spondent biological halflife of 45 ± 3 sec. By washing
the blood cells with physiological NaCI solution it could
be shown that either in-vitro nor in-vivo more than 1 %
of the two tracers enter the blood cells during scan-
time.

Examined distribution of the two tracers by PET
showed low activity concentrations in all brain sec-
tions. To quantify a realistic uptake rate constant, the
tissue dataset is planed to be corrected for:

• vascular part in brain sections;

• 52mMn out of 52Fe decay;

• signal produced by Compton scattering of 52mMn-
y-photons
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INFLUENCE OF LARGE NEUTRAL AMINO ACID (LNAA) BLOOD CONCENTRA-
TION VARIATIONS ON p8F]FDOPA QUANTIFICATION

P. Vontobel(1), G. Kunig(1), M. Bruhlmeier (1,3), I. Gunther (1), K.L. Leenders (1,2)

Paul Scherrer Institut Villigen (1), Universitatsspital Zurich (2), Kantonsspital Aarau (3)

FDOPA crosses the blood brain barrier (BBB) by
means of the L-type neutral amino acid transporter,
which is nearly saturated under normal conditions.
The transporter's affinity for many other LNAA in the
blood leads to competition effects, by which a high
level of one LNAA reduces the BBB forward transport
of others. This has also been shown in vivo in man
using PET for FDOPA by K.L. Leenders et al. [1], for
[11C]ACHC by B.L. Shulkin et al. [2] and for
[18F]fluorophenylalanine by H. Ito et al. [3]. Here we
show - despite fasting imposed on healthy control
subjects and parkinsonian (PD) patients - how small
variations in selected LNAA blood plasma concentra-
tions are affecting the FDOPA uptake quantification.

METHODS

In groups of healthy controls (n=10) and PD patients
(n=38) with various degree of disease severity 2hr
FDOPA scans were performed, and the plasma con-
centration of selected LNAA was measured. FDOPA
plasma metabolites were analyzed using HPLC and a
gamma-detector system. The kinetics of FDOPA and
OMFD in regions with nonspecific tracer uptake were
each described with a single reversible tissue com-
partment model. Striatal uptake was quantified using
the striato-occipital ratio (SOR), the tissue slope-
intercept plot (kr) and the plasma slope-intercept plot
(Kpl).

RESULTS

For the whole group of healthy controls and PD sub-
jects (n=48) a significant negative linear correlation
(r = -0.75, p < 0.00001) between the FDOPA BBB
forward transport constant K1d in nonspecific regions
of interests and increasing LNAA blood plasma con-
centrations expresses the competitive inhibition of
FDOPA transport into brain tissue in presence of
other LNAA. A similar (r = -0.5, p < 0.003) negative
correlation is seen for the plasma-slope intercept plot
derived net FDOPA clearance Kpl in striatal regions,
whereas there is no significant correlation for the
striato-occipital ratio (r = -0.24, p n.s.) and for the kr of
the tissue slope-intercept plot (r = -0.21, p n.s.).

CONCLUSIONS

The plasma-slope intercept plot derived FDOPA up-
take rate constant Kpl is sensitive to the blood
plasma concentrations of other LNAA, as has been
discussed by H. Hoshi et al [4]. This leads to higher

values for the coefficient of variation of control and
patient Kpl group mean values compared to the group
mean striato-occipital ratios or the group mean kr
values of tissue slope-intercept plots. This is the main
reason for a higher sensitivity of the striato-occipital
ratio and the tissue slope-intercept plots kr for dis-
criminating healthy controls from early stage PD pa-
tients. More sophisticated kinetic compartment mod-
els trying to estimate the decarboxylase activity k3d
should not rely on population mean values for BBB
forward transport constants unless the plasma level of
other LNAA is taken into account too.
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IN VIVO MICRODIALYSIS OF PET TRACERS: A FEASIBILITY STUDY IN
RHESUS MONKEY

A. Verhagen, K.L. Leenders

In vivo microdialysis coupled to high performance
liquid chromatography (HPLC) has become a widely
accepted research tool in neuroscience. Its use in
pharmacokinetic studies of PET tracers was explored
in a Rhesus monkey.
The aim of the study was to assess the recovery of
radioactivity and its metabolic profile in brain di-
alysates after systemic tracer administration. Experi-
ments with 11C-FP-CIT and 18F-DOPA showed that
no significant amount of radioactivity (<3 to 4 times
background) was measurable in the dialysates. Total
dialysate radioactivity amounted to 15 to 20 times
background after 11C-ketamine was injected into the
animal. The level of dialysate radioactivity was not
sufficient to allow for radiochemical entities to be
identified by means of HPLC.
It is concluded that the use of in vivo brain mi-
crodialysis in radiopharmacokinetic experiments is not
feasible.

EVALUATION OF 11C-KETAMINE AS TRACER
FOR THE NMDA RECEPTOR COMPLEX

In the mammalian brain excessive activation of the N-
methyl-D-aspartate (NMDA) receptor complex, or
disturbances in the cellular response to physiological
activation of the receptor complex, have been impli-
cated in the pathogenesis of neurodegenerative dis-
orders. The binding of various drugs to the NMDA
receptor complex depends on the state of activation of
the receptor complex. A high degree of occupancy of
the neurotransmitter binding site results allosterically
in a more pronounced drug binding.
Ketamine was radiolabelled with carbon-11 and inves-
tigated in vivo. The aim of the project is to study the
state of activation of the NMDA receptor complex
under physiological and pathological conditions. The
results of the first entry with this tracer in a human
volunteer will be presented here.

Brain images showed diffuse tracer uptake. A rapid
clearance of brain radioactivity was found. The speci-
ficity of the brain uptake was examined in blocking
experiments in which unlabelled ketamine was infused
at two different dose levels during the PET study. The
results (expressed as Vd) indicated a decrease in
brain uptake (e.g. 8 and 18% of baseline in frontal
cortex) during the infusion of ketamine. It appeared
that the major part of the brain uptake constituted of
non NMDA receptor related uptake (Figure 1). The
doses of ketamine which were used in this study to
block receptor binding were sufficient to induce psy-
chotic effects.

The present findings suggest that 11C-ketamine binds
marginally to the NMDA receptor complex. The results

need to be substantiated in a larger group of volun-
teers.
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Fig. 1: Concentration time curves showing the uptake
in frontal cortex of 11C-ketamine alone (+) and
during infusion of unlabelled ketamine at two
different dose levels (x and /E).

A PET/MRS STUDY ON ANTI-EPILEPTIC DRUG
INDUCED INCREASES IN BRAIN GABA LEVELS
IN PATIENTS WITH PARTIAL EPILEPSY

In 1996 a study in patients with epilepsy was initiated
by the PSI in collaboration with the Institute of Bio-
medical Engineering and Medical Informatics at the
ETH, and the Department of Neurology at the Uni-
versity Hospital Zurich. The objective of the study is to
combine the specific properties of PET and magnetic
resonance spectroscopy (MRS) examinations in tem-
poral lobe epilepsy.

The status of the GABA receptor complex is deter-
mined from PET and 11C-flumazenil with correspond-
ing maps of the neurotransmitter GABA from MRS.
The study is designed to examine whether PET and
MRS will yield complementary information on the
function of the GABA receptor complex in the healthy
human brain and temporal lobe epilepsy. The patients
are examined with PET and MRS before and during
GABA inducing drug treatment (vigabatrin), or before
and after neurosurgical treatment.

A study in healthy controls was performed in parallel.
Subjects were examined with PET and MRS before
and after multiple dose vigabatrin treatment. This part
of the study was completed by the end of 1996. Data
analysis will be persued in the following months.
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MONETARY REWARD ACTIVATES HUMAN PREFRONTAL CORTEX

G. Thut, U. Roelcke, M. Nienhusmeier, J. Missimer, R.P. Maguire and K.L. Leenders,
W. Schultz (Uni Fribourg) collaborating

We present a rCBF PET activation study, in which we demonstrated that reward processing in humans
activates a cortical-subcortical network including dorsolateral prefrontal, orbital frontal, thalamic and mid-
brain regions. It is suggested that, as found for non-human primates, the basal ganglia-thalamo-cortical
system is implicated in reward processing.

Rewards serve as goals of voluntary behavior. They
elicit approach behavior, increase and maintain the
frequency of behavior leading to reward (positive rein-
forcement), and induce subjective feelings of pleas-
ure. Nonhuman primates process reward information
in specific regions of the brain, including the
amygdala, ventral striatum, midbrain dopaminergic
neurons, and dorsolateral and orbital frontal cortex. In
this report, we examined the issue of neural activation
selectively related to reward processing in humans
using positron emission tomography (PET).
Regional cerebral blood flow (rCBF), an index of neu-
ral activity, was measured in 10 healthy, right-handed,
male volunteers, aged 22-37 years (mean 28 years).
rCBF distribution was recorded in each subject while
performing a prelearned delayed go-no go task in two
different reinforcement conditions. Correct responses
were either rewarded by money or a simple 'ok' rein-
forcer. The accumulated sum of money or 'ok' was
continuously displayed on a screen during each scan
testing the corresponding reinforcer. Subjects were
instructed before the scans that they would receive
the finally indicated sum of money.
PET scans were obtained after injection of radio-
labelled water (H2

15O) into a left forearm vein. Radial

arterial blood was continuously sampled by means of
a peristaltic pump. rCBF was calculated with emission
and blood data of the first 90 s after arrival of radioac-
tivity in the brain [1]. Data were analyzed using statis-
tical parametric mapping [2,3].
Behavior rewarded by money, as compared to the 'ok'
reinforcement, was associated with significant rCBF
increases in the left dorsolateral prefrontal (Brodman's
areas 10, 44), left lateral orbitofrontal (area 47) and
right occipital cortex (area 19). Processing of mone-
tary reinforcement was also associated with rCBF
increases in the left thalamus and the left midbrain.
The midbrain focus was located slightly anterior but
close to the subthalamic nucleus (see also Fig. 1).
The observed pattern of reward-related frontal activa-
tion in humans agrees with recent findings in monkeys
and indicates that information concerning the value of
the outcome of behavior is integrated into prefrontal
mechanisms in order to direct voluntary behavior to-
ward goals.

The frontal lobe is closely connected to the basal
ganglia, subthalamic nucleus and thalamus through
several loops forming a basal ganglia-thalamo-cortical
system, identified to be essentially involved in animal
reward processing. Our result that reward-related

prefrontal lobe activation is accompanied by activation
of the thalamus and possibly the subthalamic nucleus
also suggests involvement of several subcortical
components of the basal ganglia-thalamo-cortical
system, although the frontal activation appears to play
the dominant role.

sagittal coronal

rCBF increases

during reward

transverse

Fig. 1: Cerebral regions associated with reward
processing. Foci of significant rCBF increases
during task performance for money compared
to 'ok' reinforcement are displayed as statisti-
cal parametric maps in sagittal, coronal and
transverse projections of the brain. Pixels
which were significantly different in the two
reinforcement conditions at a level of p<.01
are shown.
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VERBAL FLUENCY IN IDIOPATHIC PARKINSONS DISEASE

G. Thut, A. Antonini, U. Roelcke, J. Missimer, R.P. Maguire and K.L Leenders
M. Regard (Uni Zurich) collaborating

In the present study, the relationship between resting metabolism and verbal fluency, a correlate of frontal
lobe cognition, was examined in 33 PD patients. We aimed to determine brain structures involved in fron-
tal lobe cognitive impairment with special emphasis on differences between demented and non-demented
PD patients.
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Fig la. Fluency versus metabolism in
Group 1 (non-demented patients.

Fig 1b Fluency versus metabolism in
Group 2 ('non-demented patients.
n=11).

) negative
*j relationship

Fig 1c. Fluency versus metabolism in
Group 3 [demented palients. n -11)

As a correlate of frontal lobe associated cognition, the
verbal fluency score, which was assessed during a
general mental status examination within 9 weeks of
PET-scanning, was used.
Resting glucose metabolism was measured with 2-[F-
18]-fluoro-2-deoxy-D-glucose and positron emission
tomography. Cerebral metabolic rates of glucose were
calculated on a pixel by pixel basis for each plane
using an autoradiographic method based on a 2-
tissue-compartment model [1]. During all scans, sub-
jects remained in a resting position.
Verbal fluency scores and resting metabolism were
correlated with statistical parametric mapping soft-
ware [2]. Statistical analysis was performed for de-
mented (n=11) and non-demented patients (2 groups:
n=11 each) separately.
In non-demented PD patients, verbal fluency was
positively associated with resting metabolism in the
prefrontal cortex and negatively correlated with me-
tabolism in the thalamus (p<.005; see Fig. 1a and b).
This result might be accounted for by current con-
cepts of basal ganglia-thalamocortical pathophysiol-
ogy and gives evidence that cognitive deficits of non-
demented PD patients are related to nigro-striatal
dysfunction. According to these concepts, nigro-
striatal dysfunction results in overactivation of inhibi-
tory projections to the thalamus, followed by reduced
output from thalamic relay nuclei to the cerebral cor-
tex, which would be expected to result in increased
metabolism in the thalamus and decreased metabo-
lism in the cerebral cortex respectively.

In demented PD patients, deficits in verbal fluency
were accompanied by reduced metabolism in perihip-
pocampal and hippocampal regions, as well as in the
caudate nucleus and prefrontal cortex. (p<005; see
Fig.1c) This suggests that non-nigrostriatal pathology
is additionally involved in demented patients. Meso-
cortical or meso-limbic dopaminergic or innominato-
cortical cholinergic systems have been reported to be
more defective in demented than non-demented pa-
tients with PD and may be implicated in metabolic and
their associated cognitive changes.
In none of the groups did the motor disability correlate
with verbal fluency impairment ruling out a pseudo-
relationship between verbal fluency deficits and basal
ganglia-thalamocortical dysfunction. In contrast to
verbal fluency, motor disability was positively corre-
lated with putamen metabolism implying that the ni-
gro-striatal pathology of PD patients affects basal
ganglia-thalamocortical circuits for motor and cogni-
tive performance differently (SPM not shown).
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CEREBRAL GLUCOSE METABOLISM IN PATIENTS WITH SPASMODIC
TORTICOLLIS
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M. Meier (Klinik Hirslanden, Zurich)

INTRODUCTION

Dystonia is a common movement disorder character-
ised by sustained muscle contractions causing twist-
ing, repetitive movements or abnormal posture. One
form of adult onset focal dystonia is idiopathic torticol-
lis. Basal ganglia dysfunction has been suggested to
underlie this clinical syndrome. The site in the basal
ganglia most frequently associated with symptomatic
dystonia is the putamen. Positron emission tomogra-
phy (PET) studies using (18F)-2-fluoro-2-deoxy-D-
glucose (FDG) to measure cerebral glucose con-
sumption (CMRGIu) in dystonia have been inconsis-
tent. These discrepancies are most likely due to het-
erogeneity of etiology and clinical phenomenology in
the examined patient groups. In the work presented
here, we investigated brain glucose metabolism in one
clinical category of dystonia patients, namely spas-
modic torticollis.

METHODS

We studied 10 torticollis patients (Table) and 10
healthy control subjects using PET and FDG.

Table: Clinical data of torticollis patients

patient

1
2
3
4
5
6
7

8
9
10

age

50
49
71

36
49
70
53
59
55
71

duration
(years)

8
5

2.5
2
6
7

5

20
15
25

sex

M
F
F
M
F
M
F
M
F
F

direction of
torticollis

right
left
left
right
right
right
left
right
left
right

torticollis
score *2

24
18
10
6
18
15
8

10
12
6

*? The torticollis score ranges from 0 (absent) to 60
(severe).

Statistical parametric mapping (SPM95) was used to
compare torticollis patients and healthy control per-
sons on a pixel-by-pixel basis. A glucose metabolic
index (GMI) was calculated by normalisation of re-
gional to global glucose metabolism for several regions
of interest on the untransformed images.

RESULTS AND CONCLUSIONS

• SPM showed significant increases of glucose
metabolism bilaterally in the lentiform nucleus of
torticollis patients (p<0.005) (Figure 1).

•1

f 4 1
Fig. 1: Brain regions with significantly increased glu-

cose metabolism in torticollis patients com-
pared to healthy subjects (p<0.005). CMRGIu
increases are bilaterally located in the lenti-
form nucleus.

VAC= vertical line through anterior commissure; VPC=
vertical line through posterior commissure
• GMI in the lentiform nucleus was significantly

increased bilaterally in torticollis patients
(Figure 2).
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Fig. 2: Boxplots showing GMI in the lentiform nu-
cleus of patients and controls (ROI-analysis).
Each box plot displays the 10th, 25th, 50th,
75th and 90th percentiles of GMI in lentiform
nucleus.

• no significant changes in the caudate nucleus
and cortical brain regions

• no correlation of GMI in lentiform nucleus with
torticollis score, disease duration, time of last
botulinum toxin injection or direction of abnormal
head posture.

This indicates that lentiform nucleus plays a predomi-
nant role in the pathophysiology of spasmodic torticollis.
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NEUROPROTECTION AND NEURORESTORATION

K.L. Leenders

During recent years it has become evident that the
plasticity of brain nerve cells is much larger than pre-
viously assumed and that there exist an number of
methods to utilise cellular or biochemical mechanisms
to influence cerebral nerve cell growth. This may be-
come of increasing theoretical and practical influence
in our understanding and possibly treatment strategies
of various brain diseases where selective and highly
sophisticated repair mechanisms are needed in order
to overcome incapacitating or inexorably progressing
neurodegenerative conditions.One example of a
slowly progressing brain disease is Parkinson's dis-
ease (PD). In that condition nerve cells of a particular
part of the brain stem, the dopamine nerve cells in the
so-called substantia nigra, slowly get impaired in their
function and eventually die to a certain extent
(approximately a mean 30% of control values). The
cause of the disease is still unknown.

One central issue in the time course of the disease is
the question how many cells are lost by the time the
clinical signs and symptoms are obvious and a diag-
nosis is made in practice. FDOPA uptake reflects
cellular capacity of decarboxylating exogenous
levodopa and thus the total pool of striatal dopamin-
ergic nerve terminals. It has nothing to do with en-
dogenous dopamine concentration. Many studies of
PD using FDOPA (6-[F-18]Fluoro-L-dopa) and PET
have shown that in early stages of the disease spe-
cific tracer uptake is only 60-80% of normal control
values. This would mean that many dopaminergic
nerve terminals in striatum are still present albeit
malfunctioning. We now have finished a pilot project
together with the Erasmus University of Rotterdam
(Department of Epidemiology and Biostatistics) inves-
tigating 10 possible PD patients comparing them with
10 controls from he same population. These individu-
als were selected from a large population in Rotter-
dam on the basis of subtle possible parkinsonian
signs which had not forced these individuals to see
their doctor yet and were untreated. Subsequently
they were investigated at the PSI using extensive
neuropsychology, MRI, FDOPA and deoxyglucose
PET. The results are currently being analysed, but it

can already be said that striatal FDOPA reductions
are small in comparison to controls.

A further study currently being carried out in our pro-
gram concerns the investigation of a possible protec-
tive effect of dopamine D2 agonists on the course of
the disease in early stage PD patients. The PET part
of the study is carried out at the PSI and the PET
center in Wiesbaden, Germany, and is a double blind
pergolide versus levodopa monotherapy study involv-
ing approximately 100 PD patients who will be fol-
lowed during three years. The first year has now been
finished. The project has been initiated and funded by
the company Lilly, Germany. It remains to be seen
whether the patient group treated with pergolide will
be in a better state after three years compared to the
levodopa treated group.

A more experimental method of neuroprotection or
restoration is also explored in our program. It has
been shown that the group of cellular factors known
as nerve growth factors can prevent nerve cell death
or help regenerate dying cells. One of the big prob-
lems here is to be able to continuously administer
these substances locally in the brain at a sufficient
concentration. Systemic administration results in a
number of adverse effects. In a previous study to-
gether with the Madrid University (annual report 1995)
we demonstrated that PET using FDOPA was capa-
ble of measuring restored or improved dopaminergic
striatal function after local administration (through a
reservoir system) of the fibroblast growth factor in a
cynomolgus monkey MPTP parkinson model. Now we
have started to use GDNF (glial cell derived neu-
rotrophic factor), which has recently been shown to be
most powerful toward dopaminergic nerve cells. This
project is in collaboration with the University of
Lausanne (Drs P. Aebisher and A. Zurne). These
collaborators produce polymer capsules filled with
modified cells producing GDNF. This substance
leaves the capsule and is expected to prevent MPTP
parkinsonism in Rhesus monkeys. The pilot phase is
supposed to be finished by the end of 1997. Then it is
hoped that application of this technique will be possi-
ble in human patients.
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GLUCOSE METABOLISM OF THE BRAIN AFTER IRRADIATION OF LOW GRADE
GLIOMAS

M. Bruhlmeier(1,4), U. Roelcke (1), B. Amsler (2), K. von Ammon (3), O. Hausmann (2), E.W. Radu (2),
J.T. Locher(4), Chr. Landmann (2), K.L. Leenders (1,3)

Paul Scherrer Institut Villigen (1), Kantonsspital Basel (2), Universitatsspital Zurich (3),
Kantonsspital Aarau (4)

The therapeutic effect of brain irradiation in patients
with low grade gliomas is controversially discussed
111. The assessment of possible adverse effects of
radiotherapy is therefore essential. Neuropsychologi-
cal sequela after brain irradiation are described in the
literature, but are difficult to differentiate from brain
damage by the tumor itself |2,3,4|. We studied the
influence of radiotherapy on the energy metabolism of
the brain contralateral to the tumor.

Cerebral glucose metabolism of 18 patients with his-
tologically proved, operated low grade gliomas of the
frontal lobe was examined by 18F-FDG-PET. 6 pa-
tients were postoperatively irradiated (RAD/y) using
opposing ore wedge fields with a total dose of
50-56 Gy, whereas 12 patients had no such treatment
(RAD/n). Glucose uptake was either normalized by
the body weight and the injected activity (normalized
uptake NU in ECAT counts/kg/mCi) or quantified us-
ing multiple arterial blood samples (regional cerebral
metabolism of glucose rCMRGIu in |jmol/100ml/min).

Figure 1 shows a metabolic profile of the lateral frontal
cortex, contralateral to the tumor side, of 6 irradiated
patients (RAD/y) within the radiation field. The results
are presented with the standard error of mean (SEM).
This is compared to 12 non-irradiated (RAD/n) and
12 healthy subjects (CON). The glucose uptake of the
irradiated group was significantly reduced compared
to non-irradiated patients and controls (CON=0.917,
RAD/n=1.007, RAD/y=0.722, p<0.05).

Contialateral frontal coitux

Fig. 1:

normalised uptake

Similar results were found for the parietal
cortex outside the radiation field (figure 2:
CON=0.877, RAD/n=0.984, RAD/y=0.678,
p<0.05). Absolute values of glucose metabo-
lism (rCMRGIu) showed similar trends.

Contralateral parietal cortex

n--- CON

RMJ/n

—•— RAD/y

normalized uptake

Fig. 2: The glucose metabolism of the brain mainly
reflects synaptic density and activity. Our re-
sults show a significant difference of these pa-
rameters in contralateral cortex between the
radiated and the non-irradiated group. The
affection of parietal brain (outside the radia-
tion field) could reflect secondary, transsyn-
aptic effects.
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IN VIVO MEASUREMENT OF TUMOR CELL PROLIFERATION USING POSITRON
EMISSION TOMOGRAPHY (PET) AND RADIOLABELED DEOXYURIDINE
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We developed a non-invasive measurement of tumor cell proliferation, which allows to assess regional
tumor growth potential and grade of malignancy. Background, tracer synthesis and preliminary results
have been presented in the 'PSI Annual Report 1995, Annex II (Life Sciences)', pp. 79-81 and 30-31.

INVESTIGATION OF BRAIN TUMOR PATIENTS
USING 124I-IUDR

Aims: 1. Comparison of tumor 124l-iodo-deoxyuridine
(124l-ludR) retention (Ki; PET) 24hr after tracer injec-
tion ('washout strategy') and labeling index values (LI;
obtained from BRAIN tumor tissue after pre-operative
infusion of unlabeled bromo-deoxyuridine). 2. Coregis-
tration of 124l-ludR-PET and Magnetic Resonance
Tomography (MRI) images.

Among a total of 24 brain tumor patients studied by
November 1996, LI values were available from
13tpatients. Tumors with high malignancy
(glioblastoma (GBM); n=7) showed higher ki values
than low grade gliomas (LGG; n=3) or meningiomas
(MEN; n=3). Fig. 1 demonstrates the correlation be-
tween Ki values (corrected for distribution volume of
free 124l-lodide) and LI values (Spearman Rank
p=0.017). These data indicate that tumor uptake of
124l-ludR 24 hours after injection provides a direct
measure of tumor cell proliferation.

PET-MRI coregistration shows that increased tracer
uptake in some malignant tumors at 24hr involves
tumor bulk, but also corresponds to surrounding MRI-
T2 hyperintense signal. This suggests proliferative
activity of tumor infiltrating surrounding brain and pro-
vides important spatial information e.g. for radiation
treatment planning.

INVESTIGATION OF ANIMAL TUMOR PATIENTS
WITH 76Br-BUDR

Using 76Br-bromo-deoxyuridine (76Br-BudR) and PET
in a pilot project, we investigated six animals patients
with spontaneous tumors of various localizations be-
fore initiation of proton therapy at the PSI. The PET
protocol was adapted to the 124l-ludR protocol applied
to human brain tumor patients (see 1.). Our prelimi-
nary results demonstrate that at the time of the
'washout scan', the delineation of tumors is rather
poor when located in the proximity of tissue which
under physiological conditions is subjected to rapid

regeneration (e.g. mucosa of paranasal sinuses). In
addition, total plasma radioactivity (free 76Br-bromide)
amounted 40 to 85% of peak activity of the injection
day. Accordingly, the tumor activity concentration
measured in individual patients with PET at 24hr may
be largely dominated by background signal from the
vascular and free tissue compartment, which may
hinder the quantification of 76Br-BudR incorporated
into DNA.
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INTRODUCTION

1996 has been an eventful year in the life of the Insti-
tute for Medical Radiobiology. In April, the IMR pro-
gram was reviewed during the audit of the life sci-
ences section of the PSI and in September we wel-
comed the participants of the 7th International Sym-
posium on Neutron Capture Therapy. Since Josef
Jiricny took over as the new director, we have seen
many changes at IMR. The institute has temporarily
expanded to include the nucleus of his molecular biol-
ogy group. The ongoing projects are beginning to take
on a new direction. It is naturally far too early to be
reporting on the progress of the new programs, but
we will use this opportunity to introduce the future
research strategy of IMR. This will be two-pronged: At
the PSI laboratory we are in the process of building up
a multifaceted program that will eventually involve
several groups in the life sciences department. The
new project aims at the development of novel ap-
proaches to tumour targeting, using tumour vascula-
ture rather than tumour tissue as a target. It is envis-
aged that recombinant substances such as growth
factor derivatives will be deployed in tumour diagnosis
as well as in therapy, with the former being the short-
term goal of the study. The Zurich laboratory will be-
come a centre of molecular biology and biochemistry,
where emphasis will be given to the study of DNA
repair mechanisms involved in the correction of DNA
damage associated with ionizing radiation. The basic
research programs will deal with the study of the
mechanisms of recombination and double strand
break repair, in addition to the already ongoing base
excision and mismatch repair projects.

The teaching and research in clinical radiobiology at
PSI focus primarily on the exploitation of the new PSI-
facilities for work with cold neutrons (SINQ) and

monochromatic X-ray beams (SLS). The profile for
this biophysically and biochemically oriented research
has been chosen with regard to the wish to explore,
develop and exploit the valuable and unique combina-
tion of existing and planned particle accelerators at
PSI and associated biomedical technology. In order to
facilitate the introduction and clinical validation of
emerging new concepts, and to ascertain the rele-
vance, quality and efficiency of the scientific and pre-
clinical work, the project should remain integrated in
the network of internationally coordinated research
activities. The clinically oriented IMR research at PSI
is diversified and varied in character, aiming on the
one hand at technical developments (such as neutron
capture microradiography or compact cell cloning )
and on the other at the introduction and theoretical
evaluation of new clinical research strategies (such as
the combination of stereotaxic radiosurgery or con-
form hadrontherapy with local, regional or systemic
treatment based on biomolecular targeting).

The multifaceted program of IMR at PSI represents a
delicate jigsaw puzzle where each piece is a task with
a carefully defined place among the Swiss or interna-
tional activities that are jointly outlined so as to pave
the way for the new analytical-diagnostic methods and
new treatment strategies of the future. The goal of our
current efforts is the transfer of the most promising
parts of the clinical radiobiology program to engaged
clinical, scientific or industrial parties within or outside
PSI.

J'.Jiricny, B. Larsson
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RADIATION-INDUCED BIOCHEMICAL CHANGES IN PROTEIN CRYSTALS

R. Andres, C. Schmitt, C. Schulze

Preliminary experiments were performed to study radiation damage in protein crystals, in particular amino
acid radiation sensitivity and polypeptide chain modifications. Results indicate differential radiation sensi-
tivity of individual amino acids, non-random chain breaks and a high degree of polymerisation. These re-
sults should help in the interpretation of diffraction data from protein crystals.

INTRODUCTION

The elucidation of the three dimensional structure of
biomolecules by X-ray crystallography is the key to
many promising avenues of biomedical research.
Using modern radiation sources (e.g. synchrotrons)
radiation damage becomes a limiting factor. Although
the biophysical processes leading to this damage are
well understood, the effects on the level of bio-
monomers (eg. amino acids) have been inadequately
researched.

The goal of this work was to study the biochemical
effects of irradiations. The questions to be answered
were:

- are there amino acids that are particularly radiation
sensitive?

- are there preferential sites of fragmentation in a
polypeptide chain?

As a model protein lysozyme was chosen.

EXPERIMENTAL [1]

Lysozyme was crystallized by the "hanging drop
methode". The resulting crystals, with dimensions of
up to 1 mm3, were mounted in quarz capillaries and
always kept at temperature < 4 °C except during the
irradiation (room temperature).

Irradiations were performed at the European Synchro-
tron Radiation Facility (ESRF) in Grenoble at the high
energy beamline ID15.

After irradiation, the crystals were dissolved in water.
Two main investigations were performed.

1. Hydrolysis and amino acid analysis:

2. Molecular weight determinations (SDS-electro-
phoresis).

RESULTS

1. Amino acid analysis: Clear differences can be seen
between individual amino acids with respect to their
radiation sensitivity (Figure 1).

2. SDS-electrophoresis: Under the influence of radia-
tion two effects can be distinguished: chain fragmen-
tation and polymerisation. At least two fragments are
observed indicating some non-random chain breaking.
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Fig. 1: Change in the amount of phenylalanine (Phe)
and aspartate (Asp) relative to the sum of all
detected amino acids. Phe is relatively radia-
tion hardy; asp is more radiation sensitive
than the average amino acid.

CONCLUSIONS

The preliminary experiments described here indicate
that biochemical analysis of proteins irradiated in
crystalline form may yield information on mechanisms
of radiation damage. In particular the presence of
preferential chain break-sites, stable and unstable
amino acids and polymerisation can be investigated. If
general rules can be deducted, possibly also for cryo-
protected crystals, interpretation of diffraction data
may be facilitated by knowing beforehand which ra-
diation damage artefacts may have to be expected.
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BORON CHEMICAL STATUS AFTER INCINERATION
STUDIED BY SPECTROMICROSCOPY

R. Andres', G. De Stasio2 and G. Margaritondo'

'Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland
'Inst. de Physique Appliquee, Ecole Polytechnique Federate de Lausanne, CH-1015 Lausanne, Switzer-
land

INTRODUCTION

Successful Boron Neutron Capture Therapy (BNCT)
requires the boron compound to be optimally localized
in the target area. In order to study the macroscopic
and subcellular pharmacokinetics of a potential
BNCT-drug, methods are required to analyze the lo-
calization of boron in tissue samples.

Spectromicroscopic analysis [1] gives spatially re-
solved information on the presence and the chemical
status of the element under investigation. Most bio-
logical specimens (cell cultures, sections) have a
thickness that exceeds the analytical depth of the
method ( 2 - 1 0 nm). Extraneous material has to be
removed before analysis, e.g. via cold incineration
with oxygen radicals [2].

The purpose of this study is the characterization of
the chemical status of the analyte, in particular that of
Borocaptate (BSH, CsjB^H^SH), after incineration.

EXPERIMENTAL

A drop of an aqueous solution of BSH was spotted on
a silicon chip (4x4 mm2) and air-dried (2 jag boron per
chip). The chips were incinerated in the presence of
microwave generated oxygen radicals. Control chips
were left untreated. Spectromicroscopic analysis with
MEPHISTO at the University of Wisconsin Synchro-
tron Radiation Center, on the storage ring ALADDIN,
was then performed.

RESULTS

Spectromicroscopic imaging of boron on silicon chips
[2| confirms the feasibility of this method for the spa-
tially resolved detection of this analyte, with good
lateral resolution.

If spectra of incinerated BSH are recorded (see Fig-
ure 1) the shape of the curve is altered and a promi-
nent, sharp peak is found. Parallel experiments and
comparison with literature data strongly suggest this
new absorption line to be due to a boron oxide struc-
ture.

DISCUSSION

From the experiments above it can be concluded that
incineration is able to crack at least partially the B-B
bonds in BSH and convert them to oxidized BSH. The

sample preparation procedure as employed here par-
tially obliterates chemical information. In order to fully
exploit the method of spectromicroscopic analysis for
biological specimens, sample preparation methods
have to be developed that conserve both the spatial
as well as the chemical information contained in the
sample.

BSH before
and after incineration
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Photoemission spectra of native (a) and incin-
erated (b) BSH. A new peak indicates the ap-
pearence of oxidized boron after incineration.
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AUTOMATIC SEGMENTATION OF CELL NUCLEI FROM CONFOCAL LASER
SCANNING MICROSCOPY IMAGES

A. Kelemen, H-W. Reist

INTRODUCTION

A newly developed experimental method [1] combines
the possibility of irradiating more than a thousand cells
simultaneously with an efficient colony-forming ability
and with the capability of localizing a particle track
through a cell nucleus together with the assessment
of the energy transfer by digital superposition of the
image containing the tracks with that of the cells.

To assess the amount of energy deposition by parti-
cles traversing the cell nucleus the intersection
lengths of the particle tracks have to be known. Inter-
section lengths can be obtained by determining the
3D surface contours of the irradiated cell nuclei.
Confocal laser scanning microscopy using specific
DNA fluorescent dye (fluorochrome) offers a possible
way for the determination of the 3D shape of individ-
ual cell nuclei. Unfortunately, such experiments can-
not be performed on living cells due to the toxicity of
the dye under irradiation.

One solution to this problem can be provided by
building a statistical model of the shape of the nuclei
of the exposed cells, allowing the determination of the
average intersection lengths as function of the dis-
tances of the tracks from the center or from the con-
tour of the cell nucleus visible on 2D microscopic
(phase contrast) images.

In order to build such a statistical model, a large num-
ber of cell nuclei have to be identified and segmented
from confocal laser scanning microscopy images. The
present paper describes a method to perform this 3D
segmentation task in an automatic manner in order to
create a solid basis for the statistical model building.

RECONSTRUCTION OF CLSM IMAGES

Detection of the cell nucleus requires a reliable as-
sessment of the surface contour of that nucleus. La-
ser scanning microscopy provides a set of confocal
sections through a living cell in real time. However,
each section has many details obscured by blurred
light from parts of the cell that are out of focus. Image
acquisition in confocal laser scanning microscopy is
being investigated in order to establish restoration of
the obtained images. Three-dimensional optical blur-
ring of the image acquisition system is characterized
by the continous point spread function (PSF), the
image of a point like source. Considering the image
acquisition as a linear and shift-invariant system, the
observed images can be expressed mathematically as
a 3D-convolution of the original fluorescent image and

the PSF. The PSF can be used to improve the quality
of the image data.

Point spread functions of different objectives were
determined using sub-resolution fluorescent beads.
Four different restoration algorithms were examined. It
was shown that linear restoration techniques, such as
Wiener-filter, perform well at good signal to noise
ratios. At high noise levels, however, it became clear
that non-linear restoration techniques give superior
results to those obtained by linear filters. Investigating
non-linear methods, reconstructions by constrained
iterative deconvolution were tested. We implemented
a modification of the Jansson-van Cittert method of
successive deconvolution. This approach provided
good performance even at a high noise level. A sec-
ond non-linear algorithm which was originally devel-
oped by Gold converges about five times faster than
the Jansson-van Cittert method, but it shows poor
performace on noisy images. There is a trade-off be-
tween computation time and accepted noise. A further
approach is being investigated which is based on a
conjugate gradient algorithm proposed by Carrington.
This algorithm is expected to give restoration with
high resolution.

FINDING CENTRES OF ELLIPSOIDS USING THE
WAVE-EQUATION

By applying the wave equation to gradient magnitude
images the axial or rotational symmetries in unseg-
mented gray-scale images can be detected. It has
been demonstrated, that the combined use of the
wave and the diffusion equation offers an efficient
alternative to Hough-transformation to detect circles
and to compute the "symmetric axis transform" (SAT)
of different objects.

We extended this procedure to 3D processing in order
to recognize spheres or ellipsoids in volume data.
Figure 1 illustrates this process. At first, a gradiant
image is computed to find object boundaries in the
image which are used as initial value for the wave
propagation process. Two wave fronts will be created
propagating into opposit directions. After a certain
number of iterations the inner wave front reaches the
center of the cell nucleus. This can easily be detected
since the wave fronts superimpose with maximum
intensity there. The constant propagation speed and
the number of iterations needed to reach maximum
intensity permits the computation of an ellipsoid ap-
proximation of the cell nucleus. In the last step this
ellipsoid will be refined to match the surface of the cell
nucleus.
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Fig. 1: Detection of the centre of a V79 cell nucleus.
a: original gray value image, b: edge detec-
tion, c: wave propagation after 10 and d: after
60 iteration steps. Besides several local
maxima there is a clear global maximum in
the center. Top row: x-y sections, bottom
row: x-z sections.

SEGMENTATION OF THE CELL NUCLEUS

Elastically deformable surface models [2, 3] have
been proven to be efficient tools for the segmentation
of 3D images if a reasonable initialization can be pro-
vided. Parametric techniques as flexible Fourier sur-
face models proposed by Staib and Duncan offer a
convenient way for the elastic deformation of the ellip-
soid resulting from the initialization step. The defor-
mation is achieved by refining the parameters in a
parameter space defined by the spherical harmonics
as basis functions.

We applied the Fourier snake algorithm for the seg-
mentation of the CLSM images [4]. To segment the
cell nuclei we used spherical harmonics up to degree
4 (75 descriptors), initialized by the 12 descriptors
(degree 1) of the ellipsoid obtained from the wave
equation process. Figure 2 shows the result of the
segmentation applied to a nucleus of a V79 cell. A
conjugate gradient technique has been applied for the
optimization, which took 10 minutes on a SUN
SpardO workstation.

Fig. 2: Segmentation example of a V79 cell nucleus.
a: manually segmented surface of the cell
nucleus; b: initial ellipsoid determined by the
wave-equation; c to e: iteration steps of the
parameter optimization; f: the final result of
the segmentation. Light gray denotes the
surface of the cell nucleus and dark gray rep-
resent the deformable model.
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DEVELOPMENTS IN NEUTRON CAPTURE

J.F. Crawford et. al

SEVENTH INTERNATIONAL SYMPOSIUM ON
NEUTRON CAPTURE THERAPY

For some time now the Institute for Medical Radiobi-
ology had the interesting and demanding duty of or-
ganising the Seventh International Symposium on
Neutron Capture Therapy for Cancer (NCT), which
took place at ETH Zentrum in Zurich in September.
The latest in a world-wide series that started in 1983
in Boston, it was by a considerable margin the largest
ever, in terms of both the number of presentations (98
orals and 160 posters, plus summaries) and the num-
ber of participants (over 300 together with nearly 50
accompanying persons from 30 countries in all conti-
nents). This is clear evidence that NCT is attracting
increasing interest all over the world, and is an en-
couraging sign both for the Eighth Symposium in La
Jolla, California in 1998 and for the future of NCT in
general.

ACCELERATOR BRACHYTHERAPY

Brachytherapy is a well-known technique for treating
tumours by inserting a radio-active source directly into
a patient, into or near the tumour. A variation is to use
a 252Cf source, the smallest and most convenient
neutron source known.

In stereotactic neuro-surgery, it is standard practice to
insert, directly into the brain, tubes of diameter about
5 mm. It is also perfectly practicable to focus a beam
of charged particles down such a tube, to hit a suit-
able neutron production target at the end. The most
convenient process seems to be the well-known
7Li(p,n)7Be reaction. We can therefore contemplate
making an intense, controllable source of neutrons
inside a tumour, in the brain or elsewhere.

In one scenario a 2.5 MeV, 14 |jA proton beam would
produce 1013 neutrons in about 15 minutes, equiva-
lent to a 10 ugm 252Cf source implanted for four days.
The concept is under study at IMR/PSI, in collabora-
tion with Chiang Mai University, Thailand[1,2], and in
New England[3].

The simplest accelerator for the purpose would
probably be a "Tandem Cascade Accelerator" [3], in
which solid-state electronics are used to apply to the
central terminal of a tandem accelerator a voltage
corresponding to about half the final proton energy.
However, radio-frequency or electro-static quad-
rupoles would also be quite practicable[4,5,6].

NEUTRON CAPTURE RADIOGRAPHY

As part of the research effort required to develop
BNCT as a routine therapy, it is important to study the
distribution and behaviour of boron in biological sys-
tems, both cell cultures and animals. The develop-
ment of new compounds requires the ability to ana-
lyse on a subcellular scale for ppm amounts of 10B in
tissues. A well known method for such an analysis,
which takes into account both the quantification and
distribution aspects, is neutron capture radiography
(NCR) [7]. A sandwich of the specimen to be studied
and a nuclear track detector foil (e.g., a cellulose ni-
trate or polycarbonate foil) is irradiated with thermal
or, preferably, cold neutrons. The capture reaction
products leave damage trails in the detector that are
developed to microscopically visible holes by chemical
etching. Track density is used for the quantitative
analysis; the best spatial resolution so far (1-2 urn)
has been obtained by the method of Solares
et. al. [8,9]. In this method, which requires very careful
handling, specimen and detector foil are not sepa-
rated for the etching process; the use of a very thin
detector foil (a few \im) permits the tracks to be
etched from the back. In an alternative method, spe-
cial markers on the detector foil are used to correlate
the tracks with the original specimen.

Based on experience at the R2-0 reactor in Studsvik,
Sweden[10], and in Grenoble[11], we plan to establish
a facility for NCR which will be open to external us-
ers. It will provide cold-neutron irradiations at one of
the SINQ neutron guides. The expected cold-neutron
flux is of the order of 109 n/cm2s, with essentially no
contamination of neutrons above 0.4 eV, thus ensur-
ing minimal background due to recoil protons. Typical
capture fluences of 1012 - 1013 n/cm2 can be reached
in about two hours. Samples larger than the 30 x
120 mm2 guide aperture (up to 300 x 300 mm2) can
be either mounted at an angle to the beam or
scanned. Some facilities will be available for the
analysis of detector foils.

With respect to the analytical part, we are developing
new methods aiming at improved spatial resolution:

• reduction of the specimen thickness by cold incin-
erat ion^] (removing both hydrogen and nitrogen,
which could otherwise contribute to background
proton tracks),

• three-dimensional track analysis with a confocal
laser scanning microscope to take into account the
incident angle of the charged particles[13],
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• use of the tracks of previously irradiated and
etched detector foils as reference markers[14]. For
the last item, we have made some tests with CR-
39 detector foils containing perpendicular tracks
from high-energy Pb ions, which can easily be
distinguished from the tracks of the capture reac-
tion products[15].
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APPLICATION OF RADIATION-INDUCED APOPTOSIS IN RADIATION ONCOLOGY
AND RADIATION PROTECTION

N.E.A. Crompton, G.C. Emery, M. Ozsahin, R. Menz, L. Knesplova, B. Larsson

A rapid assay of the ability of lymphocytes to respond to radiation-induced damage is presented. Age and
genetic dependence of radiation response have been quantified. The assay is sensitive to low doses of
radiation. Its ability to assess the cytotoxic response of blood capillaries to radiation has been evaluated.

For assays of radiation response, blood is considered
the tissue of choice because of ease of collection in a
standardised, convenient manner. Following exposure
to ionising radiation, lymphocytes respond via apop-
tosis, i.e., physiological cell death. Apoptosis was
quantified flow cytometrically by determining the per-
cent of cells with an apparently reduced DNA content.
This could always be clearly discriminated in both
CD4 and CD8 T-lymphocytes. Apoptosis increased
with radiation dose. Apoptotic cells display the
smaller, 2-2.5 fold, cell size and slightly increased,
1.1-1.2 fold, granularity characteristic of physiological
cell death. These cells, but not vital cells, stain posi-
tively for DNA strand breaks using a commercially
available terminal deoxynucleotidyl transferase kit and
positively for phosphatidylserine using a commercially
available annexin kit; both features are typical of
apoptotic cells. Neither do they exclude vital stains;
indicating dead cells with permeable membranes.
Fluorescence and electron microscopy of apoptotic
lymphocytes reveal whole cells with a single, large,
apoptotic chromatin mass instead of a normal nu-
cleus.

45 donors were studied to investigate features of ra-
diation-induced apoptosis. Radiosensitivity was differ-
ent between the two cell-types; CD8 T-lymphocytes
usually displayed more radiation-induced apoptosis
than CD4 T-lymphocytes. No correlations between
spontaneous (0 Gy) and radiation-induced apoptosis,
between gender and radiation-induced apoptosis lev-
els, or between the time prior to exposure and radia-
tion-induced apoptosis levels were observed. How-
ever, a decrease in radiation-induced apoptosis with
age was observed (0.5% less radiation-induced
apoptosis per year). We examined blood from five
young donors for enhanced cytotoxic response. They
all displayed increased radiation-induced apoptosis,
confirming the trend observed.

In collaboration with the Children's hospital in Zurich,
blood from two children with genetic diseases and
requiring radiation treatment was also studied. Low
levels of radiation-induced apoptosis in the CD4 T-
lymphocytes from an immunodeficiency, chromosome
fragility, facial anomaly (ICF) patient, and the CD4
and CD8 T-lymphocytes from an ataxia telangiectasia
(AT) patient were observed. Since the ICF patient had
profound CD4 lymphopenia (90-100 per pi as com-
pared to 600-2500 per ul in healthy age-matched

blood), selection for CD4 T-lymphocytes deficient in
apoptosis may be occurring in her blood. Apoptotic
response has not been investigated in the ICF cases
previously reported in the literature. AT is associated
with a well-documented abnormal radiation-response.
A number of studies have demonstrated reduced
apoptosis in AT lymphocytes 24-h following radiation
exposure, a finding we confirmed. Reduced apoptosis
is attributed to a cell's inability to respond to radiation-
induced damage. This inability to mount a response to
radiation damage results in enhanced levels of tissue-
toxic cell necrosis. In collaboration with the radiation
oncology clinics in Geneve and Lausanne, blood from
adult patients displaying acute hypersensitive re-
sponses to radiation therapy were also observed to be
deficient in radiation-induced apoptosis.

The assay is sensitive to low doses of radiation. At
doses below 1 Gy, levels of radiation-induced apop-
tosis increase for up to 5 days after irradiation. Great-
est sensitivity is observed 4 days post- irradiation. The
dose response relationship is linear with a slope of 8
% per 0.1 Gy. Radiation-induced apoptosis is signifi-
cantly higher than background controls levels even
after 0.05 Gy exposures. The assay is suitable for
various applications as a radiation accident dosimeter
and in radiation worker screening.

The versatility of the assay has promoted parallel
studies with non-lymphoid tissues of interest. Blood
vasculature is essential for growth of tumours. Its
selective destruction causes tumour necrosis and
inhibition of neoplasia which reduces tumour progres-
sion. The endothelial cells which build the blood capil-
lary network are derived from normal healthy tissues
and are not subject to genetic instability, therefore,
they provide a constant homogeneous target for ther-
apy. We have initiated studies with human umbilical
vein endothelial cells and bovine aortic endothelial
cells. However, rather than apoptosis, these cells tend
to undergo radiation-induced mitotic cell death ac-
companied by rapid subsequent disintegration. This
process requires entry into mitosis and as this is not
synchronised, unless a means to inhibit cell disinte-
gration is found, quantification of cytotoxicity in these
cells will either require monitoring of individual cell
fates or be indirect via measurement of cell clono-
genicity.
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MISMATCH REPAIR IN MAMMALIAN SYSTEMS

/. laccarino, T. Lettieri, G. Marra, J. Jiricny

Postreplicative mismatch repair is responsible for the correction of DNA polymerase errors, introduced
into genomic DNA during replication. However, recent evidence indicates that the mismatch repair pro-
teins are also involved in the processing of modified bases and other types of DNA damage, such as
strand breaks and DNA modifications brought about by anticancer drugs. Intimate knowledge of the mo-
lecular mechanisms involved in the correction of mismatches might provide us with an invaluable insight
into the reasons underlying resistance to cancer chemo- and radiotherapy.

Mismatches arise in DNA as a result of three distinct
metabolic processes: (i) as biosynthetic errors during
DNA replication, (ii) as intermediates in the process of
recombination between homologous but non-identical
fragments and (iii) as a special case, the G/T mis-
match arises also through the spontaneous hydrolytic
deamination of 5-methylcytosine. The three types of
mispair are corrected by two distinct pathways. Mis-
matches of type (i) and (ii) are addressed by the so-
called Long Patch Mismatch Repair (LPMR) system,
whereas the third type of mispair is corrected by a
short patch, base excision repair system. The essen-
tial difference between the two repair mechanisms lies
in the fact that the former requires to distinguish be-
tween the parent and the newly-synthesised (or invad-
ing) strands, whereas the latter must repair in all
cases to G/C.

LONG-PATCH MISMATCH REPAIR

The initial step of the repair process is mismatch rec-
ognition. In Escherichia coli, where the LPMR system
has been extensively studied, this function is carried
out by a 97 kDa polypeptide, MutS [1]. A serendipi-
tous discovery of genes encoding eukaryotic MutS
homologues (MSH) suggested that the mismatch
repair systems of all organisms are conserved. In
man, two MutS homologues have been identified by
sequence homology: hMSH2 and hMSH3. Biochemi-
cal studies carried out in our laboratory demonstrated
that mismatch recognition is mediated by a heterodi-
mer of hMSH2 and GTBP, a new MutS homolog [2,3].
Interestingly, although mutations in the former gene
segregate with hereditary non-polyposis colorectal
carcinoma (HNPCC), GTBP could be shown to be
mutated only in one sporadic colon tumour [4],
Moreover, there are significant differences between
the mutator phenotypes of cell lines lacking hMSH2 or
GTBP, inasmuch as both are deficient in the correc-
tion of base/base mismatches, but only the former is
also deficient in the repair of insertion/deletion loops,
such as those arising from primer/template slippage
during DNA replication [5]. In an attempt to under-
stand this discrepancy, we decided to study the sub-
strate specificity of the hMSH2/GTBP heterodimer.
We could show that this factor efficiently recognises
base/base mispairs, but that its affinity for loops of
more than one extrahelical nucleotide is very low. We
therefore decided to find out whether the third MutS

homolog, hMSH3, could bind mismatches. Our ex-
periments showed that the latter protein cannot bind
DNA on its own, but that it can form a heterodimer
with hMSH2 and that this latter complex efficiently
recognises loops of two or more extrahelical nucleo-
tides. The two heterodimers, hMSH2/GTBP and
hMSH2/hMSH3 are thus functionally complementary
[6]. Although no direct experimental evidence docu-
menting the involvement of hMSH3 in mismatch cor-
rection is available to date, our data implicate the
hMSH2/hMSH3 complex in loop repair. Based on our
results, the phenotype of the hMSH2 mutant should
be similar to the hMSH3,GTBP double mutant, in that
both should be deficient in the repair of base/base
mismatches and insertion/deletion loops. This predic-
tion has recently been substantiated in the yeast Sac-
charomyces cerevisiae, which has a mismatch repair
system highly conserved with that of man [7]. Our
data thus provide an explanation why hMSH2, but not
GTBP or hMSH3 mutations segregate with HNPCC
tumours. It would appear that this frequent form of
hereditary cancer is associated with a null mismatch
repair phenotype such as that resulting from a muta-
tion in the hMSH2 gene. In order to have the same
phenotype, both, GTBP and hMSH3 genes would
have to be mutated. As this is statistically highly im-
probable, it is extremely unlikely that mutations in the
latter two genes will ever be found to segregate with
HNPCC.

G/T-SPECIFIC SHORT PATCH REPAIR

As noted above, correction of G/T mispairs arising by
deamination of 5-methylcytosine requires no strand
discrimination signals, as this kind of mismatch has to
be corrected in all cases to G/C. We have identified
an enzyme that initiates this repair process by excis-
ing the mispaired thymine to generate an abasic site
in the DNA [8,9]. This protein, a mismatch-specific
DNA glycosylase, TDG, has been purified to homoge-
neity [10] and its cDNA has been cloned and shown to
encode a polypeptide of 410 amino acids [11]. Se-
quence analysis has shown that TDG is not homolo-
gous to any other known DNA repair enzyme and that
it lacks even the short sequence motifs that are con-
served among all DNA glycosylases characterised to
date. This mismatch-specific enzyme is thus a found-
ing member of a new class of DNA glycosylases.
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The knowledge of the human TDG cDNA sequence
helped us to identify an Escherichia coli open reading
frame encoding a putative bacterial homolog of the
human TDG. The 180 amino acids of the prokaryotic
ORF are highly homologous to the central part of the
human enzyme. We have expressed the bacterial
enzyme and could show that it has indeed a DNA
glycosylase activity. Interestingly, the enzyme does
not process G/T mismatches; its activity is restricted
to G/U mispairs and it thus represents a new type of
uracil DNA-glycosylase [12]. A deletion mutant of the
human enzyme, corresponding in size to the pro-
karyotic homolog, could be shown to possess a uracil
glycosylase, but not thymine glycosylase activity. The
latter activity appears to be contained in a 50 amino
acid region immediately upstream from the conserved
180 amino acids.

We were able to demonstrate that the G/U-specific
uracil glycosylase activity is ubiquitous, being present
also in organisms such as Drosophila melanogaster,
which have, until now, been thought to lack uracil
glycosylase. The G/U enzyme presumably represents
an important line of defence against the mutagenic
threat of the spontaneous hydrolytic deamination of
cytosine, which leads to the formation of G/U mispairs
in DNA [12].
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PROTEIN KINASE SUBSTRATE PHAGE DISPLAY: A NOVEL METHOD TO CLONE
cDNAS OF PROTEIN KINASE SUBSTRATES

P. Forrer, R. Jaussi

INTRODUCTION

Many questions about intracellular signalling are open
in the fields of cancer research and radiation re-
search. We know that signalling cascades consisting
of protein kinases and phosphatases as well as
adaptor proteins are involved in the control of the cell
growth rate and in radiation response. Most of the
engaged kinases are as yet unknown.

Protein phosphorylation generally plays a central role
in regulating many cellular processes in eukaryotes. In
particular and as mentioned above, protein phospho-
rylation is very important in signal transduction path-
ways. The importance of protein kinases is under-
scored by the large number of protein kinase genes in
eukaryotic genomes. According to the latest estimate
humans have as many as 2000 conventional protein
kinase genes (1). An important goal for the future is to
determine and isolate new substrates of protein
kinases. This would lead to the discovery of new links
in the complex protein phosphorylation networks and
new endpoints of signalling cascades.

RESULTS AND DISCUSSION

For the reasons given above, we are developing a
bacteriophage display technique which should permit
cDNA cloning of protein kinase substrates. Briefly,
phage displaying cDNA encoded proteins are incu-
bated with a protein kinase (or a kinase mixture) of
interest. Phage with phosphorylated c-DNA products
are then selected by affinity chromatography using
anti-phospho-aminoacid antibodies (or other media
with affinity for phosphates) and amplified by a round
of growth in bacteria. The last three steps can be
carried out in a cyclic fashion. This procedure is ex-
pected to result in the isolation of new in vitro protein
kinase substrates which have a potential of in vivo
relevance. Initial experiments with a well-known fila-
mentous phage display system (2) failed. We thus
tried an approach with bacteriophage lambda, which
can be used for display of cDNA-encoded products as
fusions with the D-protein (3,4).

The critical new steps in the protein kinase substrate
phage display compared to the established tech-
niques are the phosphorylation of the phage library
and the selection procedure. We are currently using c-
Abl/c-Crk as known kinase/substrate pairs (5) to de-
termine the optimal reaction and selection conditions.
To illustrate the expression level attained, two cDNAs
were fused to the D-protein and expressed and puri-

fied from E.coli cells or expressed in E.coli cells dur-
ing the production of bacteriophage which leads to
phage display (Figure 1).

The Crk Fragment is a Substrate of Abl
and is Displayed on Phage

Goomassie blue Western blots with antibodies against:
- + - + + + Hisf-tag c-Crk Tyr - P

v-Abt
+ ATP

Fig. 1: Left: First 4 lanes, Protein stain of two purified
proteins, +/- protein kinase treatment; last 2
lanes: Total phage proteins from phage dis-
playing the proteins. Right: Three Western
immunoblots of the same arrangement as
given on the left. Detection of proteins with
specific antisera as indicated. Note that all
displayed proteins have an N-terminal His6

tag.

At this time point we conclude that we have devel-
oped a powerful protein expression and cloning sys-
tem with an efficient multiple phage display. The ap-
plications of this system include not only molecular
cloning of protein kinase substrates but also cloning of
many proteins with low-affinity interactions with target
molecules.
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FUTURE ELECTRON ACCELERATORS AND FREE ELECTRON LASERS:
POTENTIALS IN CLINICAL MEDICINE

B. Larsson, J. Stepanek

Studies of the biological and technical prerequisites for the clinical use of monoenergetic X-rays, and their
specific absorption in heavy elements are conducted, with a view towards plans for stereotactic photon
activation radiosurgery. The primary aim is the controlled eradication of target structures in the brain for
the treatment of functional brain disorders or small brain tumours, with monochromatic photons. The
specific cell-killing action is based on DNA-breakage caused by short-range Auger and Coster-Kronig
electrons produced by heavy atoms upon K-shell absorption of their characteristic X-rays. To this end,
iodine or heavy metals would have to be deposited, in or close to nuclear DNA in target cells by means of
suitable molecular vehicles. In this paper attention is focused on the possible use of laser Compton
backscattering for the production of clinically useful monochromatic X-ray beams suitable for irradiation of
very small targets in the brain through the intact skull. Particularly relevant are prospects for introducing
free electron laser technology to improve the calculated parameters of beams designed for stereotactic
photon activation radiosurgery in the energy interval 34 - 3 MeV.

RADIOSURGERY WITH THIN PHOTON BEAMS

In our paper [1] we have shown that the radiosurgery
with 2mm thin photon beams offers the possibility to
destroy stereotactically small targets in brain without
opening the skull with very steep dose gradients and a
large dose degradation in the space around the target.

The condition is a availability of thin (< 2 mm) photon
beams. In paper [1] we considered the beams based
on the Compton-backscattering based on fixed-energy
lasers in combination with variable-energy electron
accelerators. Advantage of a such photon source is
availability of the lasers with fixed energy. Disadvan-
tage is different quality of photon beam, i.e. different
radial energy and intensity distribution, in dependence
on its energy.

In our paper [2] we have shown that a constant quality
of the photon beam can be achieved if a free-electron
laser with variable laser energy will used in combina-
tion with fixed energy of electron accelerator.

Table 1 gives the laser energies EL , the cross sec-
tions c(QJ and the angular deviations of the photon
energy So and flux S, as function of the electron en-
ergy and photon energies. The size of the cross sec-
tion is reasonable and angular deviation of the energy
and flux is small in cone of 0 . =0.1 mrad.

It is still acceptable even in cone of 0C = 0.2 mrad. At
T - 600 MeV the cross sections are high but the angu-
lar deviation of the flux in the cone of 0C = 0.2 mrad is
near to the limit of acceptance.

The above described photon source with fixed elec-
tron energy and variable laser energy is only possible
if there would be available a free-electron laser which
would cover the laser wavelengths 1.01 |im to 89.6
urn or 2.27 (am to 201 (im. Such a laser is currently
under development at Vanderbilt University. To our
knowledge it currently produces wavelengths of "k = 2
to 4 urn and 50 to 200 (am. Further development of
free electron lasers for coverage of larger wavelength
ranges would be of great importance, for the field of
application here considered.
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CHANGES IN CELLULAR AUTOFLUORESCENCE AFTER X-IRRADIATION

M.C Nievergelt-Egido, H. Andersson, C. Hilbes, B. Larsson

Radiation-induced DNA and membrane damage,
cellular repair with activation of signal cascades,
changes in the functional level of signal proteins and
transcription factors have been shown to be mediated
by hydroxyl or oxygen radicals. The amount of radi-
cals induced by irradiation depends directly on the
oxygen present in the tissue while the level of radicals
in the tissue is mainly determined by the activity of
the respiratory chain, since 5% of the mitochondrial
oxygen consumption can be attributed to radical for-
mation [1] . Determination of the redox state of the
cells after irradiation might help to establish the radio-
sensitivity level of the cells.

We used a confocal laser scanning microscope (Leitz
DM IRBE) with the aim to outline the intracellular dis-
tribution of fluorescent coenzymes as it is reflected
through the pattern of autofluorescence induced by
351-364 nm photons [1]. Human prostate cancer cells
(Du-145) exibit a blue/green autofluorescence, which
has been attributed to NAD(P)H in mitochondria [2]
[3].

The background was measured by using the Imaris
software package. By applying the Imaris filtering
techniques to the images the brightest regions could
be selected. The data was normalized to the back-
ground and the zoom factor, then intensity distribution
histograms are created. A Gaussian was fitted to the
data in order to calculate the mean autofluorescence
intensity and the standard deviation.

The cellular response to X-radiation reflected through
variation of autofluorescence depended slightly on
the dose. With a dose of 1 Gy an increase of the
autofluorescence intensity was seen after 24h, with
recovery after 48h (Fig. 1). With 2, 6 or 10 Gy an in-
crease of the autofluorescence intensity after 24h and
48 h was found (fig 2).The increase was accompanied
by obvius and deletorius changes in the cellular mor-
phology.

Acknowledgments: We would like to thank
Prof. Dr. T. Bachi, and Dr. M. Hochli EM-Zentrallabor,
Zurich University, for their help with the confocal laser
scanning microscope.

Fig. 1: Autofluorescence intensity of Du-145 after
irradiation

Fig. 2: Autofluorescence intensity of Du-145 after
irradiation
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MEASURED PARTICLE TRACK IRRADIATION OF INDIVIDUAL CELLS

H. W. Reist, E. Heimgartner, R. Leemann, M. Kohler, A. Kelemen,
Ch. Michel, J. Stepanek, L. Hofmann

A new method has been developed which combines the possibility of irradiating many cells simultaneously
with the assessment of the track positions through the cell nuclei together with the determination of the
energy transfer. The achieved accuracy of ~ 1 \xm permits investigation of the biological response related
to the individual dose of irradiated cells. Preliminary data of colony growth of V79 hamster fibroblast cells
for given energy transfers are presented.

INTRODUCTION

There is a consensus that the nucleus is the radiation
sensitive organelle of a cell and that at low doses
generally of concern in radiological protection the
probability for exposure of cell nuclei to more than one
particle is negligible. Therefore at low dose exposure
to protons or a-particles the energy transfer to the cell
nuclei is independent of the dose absorbed in the cell
system. The biological response of exactly one parti-
cle per cell is largely unknown because it cannot be
simulated in the laboratory using conventional broad-
field exposures due to the random distribution of the
tracks.

METHOD

As shown in the figure below a cell chamber has been
developed with an attached particle track detector
which permits the localization of a track through a cell
nucleus by digital superposition of the image with the
tracks on that of the cell [1]. The relative position of
cell chamber and track detector is determined by
measuring the relative position of circular reference

Area of cells 0 30 mm

Reference apertures

Light

i k

P.

Cell

(X

Pd island

Agarose < 2 jam

Carrier foil 4 urn

Air gap < 100 |iim
Nuclear emulsion 4 jim

Carrier foil 4 ^m

apertures on the carrier foil of the cells and of their
light projected images on the detector. This permits
also to correct possible lateral distortions due to the
processing of the detector film. With 56 additional
apertures in place of cells the accuracy was verified to
be (0.9 ± 0.5) urn. Intersection length and energy
transfer to the nucleus are calculated using a statisti-
cal model of the surface contour of the cell nuclei [2].

RESULTS

Cell survival and colony growth are investigated as
biological endpoints of interest. The size of colonies
developed from single exposed cells are determined
at regular time intervals after irradiation. Preliminary
data of the colony growth of V79 hamster fibroblast
cells irradiated with 9.6 MeV tx-particles are shown for
given amounts of energy transfer to the cell nuclei.
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RADIATION SPECTRUM OF 157Gd AND RADIAL DOSE DISTRIBUTION

J. Stepanek

158Gd is generated by the (n,y) reaction on 157Gd which has at thermal neutron energy a cross section
about 250000 barns. Recent studies with 157Gd have shown encouraging results in three major applica-
tions [1]: neutron capture therapy (GdNCT), combination of GdNCT and brachytherapy and in neutron
autoradiography. The overall dose in the neutron capture therapy can be minimised if 157Gd is directly
attached to DNA, because the low-energy Auger and Coster-Kronig (CK) electrons deposit their energy
over just a few tens of nanometers around the DNA and produce free radicals. Up to now the emission of
Auger electrons due to (n.y)-reaction of 157Gd was still not yet exactly known. In our work, first, spectrum
calculations have been performed. Then the calculated spectra were used as point-source in subsequent
Monte Carlo calculation of the radial dose distribution.

RADIATION SPECTRUM

Calculations of the 157Gd-emission spectra were cal-
culated using the computer program IMRDEC [1]
considering internal conversion process.

RADIAL ENERGY AND DOSE DISTRIBUTIONS

The radial dose distributions were calculated using the
IMR version of the Monte Carlo code GEANT [2].
The calculations were performed in a sphere of 10
cm radius under the assumption that the nuclide is
placed in the centre of the sphere. Soft tissue has
been assumed to be the tracking material. All calcu-
lations were performed down to an energy of 10 eV
and used 106 (n,y) reactions. The very high dose in
the vicinity of the source indicates a high DNA dam-
age if 157Gd would be labelled onto it. This is consis-
tent with recent observations of B. Laster et al at
Brookhaven National Laboratory. For more details see
Ref.[2].

Fig. 1: Electron energy spectrum of 157Gd

Fig. 1 shows the detailed Auger and CK spectra of
158Gd. The total number of calculated vacancies was
0.65. It shows that a considerable amount of electrons
with energies below 200 eV are emitted. The Auger
and CK electrons with energies below 112.4 eV are
not fully included. This is because the present EADL
file doesn't contain the atomic relaxation probabilities
for electron transition into Gd-subshells N6, N7 and
above O,. The result is that 5.043 vacancies are still

left in the 8 outermost shells. The inclusion of above
mentioned probabilities would lead to a much higher
electron emission than presently calculated 4.78.
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Spatial Range

0 < R <10nm
10 nm < R < 100 nm
100 nm < R < 1 nm
1 (jm < R < 10 (Jm

10(jm < R < 100 |am
100 urn < R < 1 mm

1 mm < R < 1 cm
1 cm < R < 10 cm

All Particles
Dose [Gy/(n,y)-

reaction)

1.03x105

6.05x10°
7.95x102

4.66x10"
1.22x104

2.07x10"'°
1.83x10'2

1.82x10"

Energy Depositor!
[%1
0.12
0.01
0.09
0.53
1.39
0.24
2.08
20.69

IC Photons and IC-Electrons
Dose [Gy/(n,y)-

reaction]
5.82x10?

5.48x10°
5.34x102

4.41x104

1.21x10"*
1.83x10"'°
1.78x10 '2

1.75x10"

Energy Depositon
[%]
0.0
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0.06
0.51
1.39
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2.05
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IC-Photons
Dose Gy/(n,y)-

reaction]

0.0

0.0

0.0

9.76x10"
6.94x10*
1.51x10'°
1.77x10'L>

1.75x10"

Energy Deposition
[%]
0.0

0.0

0.0

0.0

0.01
0.18
2.08
20.6

Table 1: Spatial distribution of the dose and energy deposition
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RADIOBIOLOGY WITH DNA LIGANDS
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M.C. Nievergelt-Egido, C. Salt, L. Wyer,
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LABELLING OF DNA LIGANDS AND OTHER TU-
MOUR-AFFINIC COMPOUNDS WITH 4.15-d 124I

Halogenated pyrimidine nucleosides are useful for
studying the metabolic pathways of pyrimidine nucleo-
side incorporation into DNA and RNA for measuring
cell proliferation. Thus, in cooperation with the PET
program, [124l]5-lodo-2'-deoxyuridine ([124l]-IUdR)
was labelled routinely for PET investigation of brain
tumours.
The radiochemical quality control of about 20 synthe-
ses, measured by both TLC and HPLC, showed that
the overall yield is between 65 and 75 % and that the
amount of in vitro cleaved 124I does not exceed 7 %
before injection. The long-term stability showed the
following trend: 1 day after synthesis the metabolites
on average displayed a 1 % increase in 124I activity,
the later increase was smaller. In the course of the
trial, concentration-dependent radiolytic effects were
found which reduced the yield. Consequently, the
solution volume was kept at not less than 8 ml. In the
following, the purity could be enhanced to more than
95 %.
Hoechst 33258 and 33342 are bisbenzimidazoles with
high affinity to the A-T base pairs of DNA. When la-
belled with a short-range radioactive or activable nu-
clide and transported into the cell plasma, both at-tach
very rapidly to DNA and are stably bound to its small
groove. The extremely close proximity of DNA and the
Auger electron emitting nuclide should pro-duce high-
LET double strand breaks which affect the cell prolif-
eration.
For the first time, both compounds were labelled with
124I by the method mentioned above; the radiochemi-
cal yield being > 95 % for both compounds, before
ster-ile filtration. For biological comparison, they were
also labelled with 125I and 1 3 1 I . The introduction of the
lodoGen method markedly improved the yields and
gives access to a large-scale routine production of
radioiodinated Hoechst compounds for in vitro and in
vivo investigations.
A so far unsolved problem in Boron Neutron Capture
Therapy (BNCT) is the quantitative information about
the distribution of boronated drugs in the living body.
Radioimaging techniques could solve this problem.
Since no radioisotope of boron is suitable for in vivo
imaging of tumours, however, the boronated drugs
must be slightly modified, by introduction of a longer-
lived positron emitter like 1 2 4 I . Consequently,
[124l]lodoboronophenylalanine ([124I]IBPA) was la-
belled for the first time for potential application in
BNCT.

The labelling yield is around 50 %. The borono group
proved to be a steric hindrance factor for labelling but
not as strong as expected. After determination of the
labelling position, this compound may be dispensed to
several BNCT groups.
Tyrosine has a high affinity for a transport system in
the blood-brain barrier, and this affinity remains when
tyrosine is iodinated. Thus, radioiodinated tyrosine
derivatives might be useful for functional tumour imag-
ing, and we synthesized L-3-[124l]iodo-(x-methyl-tyro-
sine ([124I]IMT) by the same method. The yield is
> 80 % and reflects the reported data remarkably well.
[124I]IMT can be produced without difficulties for clini-
cal studies.

RADIOTOXICITY OF HOECHST 33258 AND 33342
AND OF IODINATED HOECHST 33258 IN CELL
CULTURES

We previously reported that treatment with the DNA-
binding bisbenzimidazoles Hoechst 33258 and
Hoechst 33342 can affect the radiosensitivity of tu-
mour cell populations depending on concentration and
tumour type. This effect could be important because
the DNA is believed to be the ultimate and most im-
portant target for radiation. Thus, our aim is to exam-
ine possibilities for damaging the DNA in tumour cells
by short-range Auger electrons while effectively sav-
ing normal cells.
In the present study we used Hoechst 33258 and
Hoechst 33342 labelled with 4.2-d 1 2 4 I , 60-d 1 2 5 I , and
inactive iodine, the human adenocarcinoma cell line
Du 145 from prostate and nontransformed fibroblast
hamster cells, V79. The cells were grown as mono-
layers in Optimen medium plus 10% fetal calf serum
and antibiotics at 37° C, in 5% CO2 air. The effect of
non-iodinated and iodinated Hoechst 33258 on the
cell growth was similar at a concentration range from
0.9 to 9.0 mM. Both derivatives stimulate the cell
growth of each cell line and are radioprotectors. The
uptake of the dye was very rapid (30-60 min) into all
cell lines that were studied and remained in the cells
for at least one week.
The fluorescence remained constant only during the
first four days, before the cells became confluent or
began to detach from the growing surface. The reten-
tion of the Hoechst compounds was sufficiently strong
to allow cell sorting and microscopic observation
several days after treatment.
The 124I and 125I activities were measured with a mi-
croplate scintillation TopCounter. The cells were culti-
vated in a 96-well microplate and pulsed with
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1 - 3 mCi for 2h. Than the supernatant was trans-
ferred to another microplate. The scintillation cocktail
was dispensed in the microplates and the plates were
sealed and counted on a TopCount immediately after
incubation time (3h, 6h and 24h) .
Attached cells in logarithmic phase of growth,
15-25x103 per well (well area 1.3 cm2) were exposed
to Hoechst 33258, Hoechst 33342 and lodoHoechst
33258 (3ug/ml) in 24-well plates under standard cul-
ture conditions, at 37 °C for 2h. After the treatment,
the cells were carefully washed once with warmed
PBS. Then the plates were analyzed for fluorescence
while cells were covered with medium. After this
treatment, the cells were maintained in a drug-free,
complete culture medium for 5 days without additional
medium change. Every 24 h duplicate samples were
withdrawn: the cells of one plate were detached with
trypsin/EDTA for counting the total cell number, and
the cells of the other plate were fluorometrically ana-
lyzed by a Cytofluor reader (Millipore), which gave a
printout of fluorescence per well. Excitation wave-
length of the reader was 365 nm with an emission
filter collecting fluorescent light in the band 460 nm for
the Hoechst compound, 530 nm excitation and 590
nm emission for Propidium Iodide.
It could be shown that the radioactivity of the conju-
gates remained cell-associated for more than 48 hrs.
The labelled lodoHoechst was internalized more
slowly into cancer cells than into hamster fibroblasts
and remained there longer. This may be explained by
the shorter cell cycle. The growth decrease of treated
cells after 72 hours of incubation was interpreted as
cell inactivation due to energy deposition in the cellu-
lar DNA. It is known that bisbenzimidazoles attach to
the DNA in a very stable form and cause double-
strand breaks there.
We investigated the different behaviour of 124I and
125I at the level of cell growth decrease. Preliminary
experiments showed that, after the same incubation
period, the [124l]lodoHoechst 33258-labelled cells
displayed higher radioactivity in fibroblasts than the
cells labelled with the Hoechst 33342 derivative. This
effect is opposite in Du 145 cancer cells. Differences
were also found in the uptake of unlabelled H 33258
and H 33342 in the cell lines: V79 cells showed a
strong difference in the uptake of both lodoHoechst
derivatives whereas cancer Du 145 cells did not. This
may be interpreted as specificity of the lodoHoechst
compounds for tumour cells.

The radiotoxicity of [124l]lodoHoechst proved to be si-
milar to that of the 125I derivative. In conclusion, the
results demonstrate that the radioactively labelled
bisbenzimidazoles [124I]- and [125l]lodoHoechst were
capable of sterilizing cultivated tumour cells. This
effect can be interpreted as radiobiological effective-
ness of Auger electrons.

PREPARATION OF 76Br-, 1 2 3 I - , AND 211At-LA-
BELLED 5-HALO-2-DEOXYURIDINE

7.2-d 211At is of potentially high radiobiological effecti-
veness within a range of a couple of cell diameters.
Thus, we tried to label a DNA ligand with 211At, under
reaction conditions which are generally known from its
homologous elements bromine and iodine. 211At was
prepared at the PSI Injector I cyclotron via the nuclear
reaction

209Bi(a,2n)211At

by irradiation of bismuth metal prepared onto a tanta-
lum backing, with 28 MeV a-particles, followed by
thermodistillation of the formed 211At. The yield of
18.5 MBq/uAh (0.5 mCi/uAh) known from literature
could be confirmed. The labelling was accomplished
by oxidation of the halogenide with lodogen for 123I
and 211At, and with Chloramine-T for 76Br, followed by
halodestannylation of 5-trimethylstannyl-2'-deoxy-
uridine. The reaction takes 1 minute, the labelling
yield with all three radiohalogens being > 90 %. Our
method is faster than reported in the literature and
easy to perform so that this reaction may be used in
radiobiological routine investigations.

CHEMICAL SYNTHESES OF BORON DERIVA-
TIVES OF HOECHST 33258. III.

The aim of our work is the preparation of carborane
derivatives of Hoechst 33258, useful for boron neu-
tron capture therapy (BNCT).
In a multistep synthesis, all intermediate compounds
could be synthesized in high yields. The obtained car-
borane derivative, however, was synthesized only in
traces. The reason for this may be decomposition
effects. Using a completely new route, the synthesis
could be performed under more mild conditions. MS
and 11B-NMR of the desired compound and in all in-
termediate steps are in agreement with the expected
structures. To date, purification on a preparative scale
employing chromatography techniques is in develop-
ment. In parallel, new Hoechst 33258 derivatives la-
belled with o-carborane will be synthesized in coop-
eration with the University of Zurich.

GADOLINIUM NEUTRON CAPTURE THERAPY

A further topic of the NCT-DNA ligand programme is
the development of macrocyclic Gadolinium-Hoechst
conjugates. Their radiobiological potential is based on
the high neutron capture cross-section of 157Gd
(255'000 barn, 66 times that of 10B) and of the range
of Auger electron cascades in the order of DNA di-
mensions.
The actual work consists in the preparation and purifi-
cation of several macrocyclic ligands which form sta-
ble non-ionic complexes with Gd3+ and which may be
coupled either to Hoechst intermediates by conver-
gent synthesis routes or to the final Hoechst de-
rivatives, respectively. In the last step, the complexa-
tion of Gd in the macrocycles will be performed.
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-d intensity modulated plan for a
nasopharynx tumour

Inner target prescription dose 76,8 Gy (yellow outlines)
Outer target and nodes, 68.4 Gy (yellow outlines)
Critical structures, brain stem and parotid glands (red outlines)
Four field plan - right and left, lateral and posterior oblique fields

Individual fields clockwise from top right:
left posterior oblique, right posterior oblique,
left lateral, right lateral.

Resultant dose distribution for all field

DVHs for all target VOIs. Vertical lines
indicate the prescription doses. Solid line -
boost volume; broken line - main target and
nodes.

DVHs for the brain stem and parotid glands
Vertical lines indicate dose limits. Solid line
brain stem (to centre); broken line - parotid
glands (dose limit to 50% of volume)
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