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POTENTIAL RADIONUCLIDESFOR
RADIOSYNOVIORTHESIS. DOSIMETRIC CRITERIA FOR
THEIR SELECTION

TORRESBERDEGUEZ M. B., AYRA PARDO F. E.,, ALBUERNE
ALFONSO O.

Radiation Protection Department, |sotopes Centre
Havana, Cuba

MONTANO DELGADO M. A.

Hospital General Docente Enrique Cabrera
Havana, Cuba

ABSTRACT

The objectives of this work are to make a comparison of P, v, #8Re, 7y, *'Cr, ™°sm,
and *°Er and determine the influence of the variation of the thickness of the synovial
membrane and the shape of the synovium in the S values. We modelled spheres, cylinders
and ellipsoids using MCNPX code to assess the therapeutic and maximum ranges, the S
values and the influence of the mentioned variations on it. The results achieved with this
work indicate that an approach to the patient — specific dosimetry in RSV will improve the
prescription of the dose to the patient. The selection of the radionuclide should be a
function of the inflammation of the joint and not of its size. An adequate diagnostic of the
damaged joint, could help assessing the relationship dose — effect of the treatment. The
optimal radionuclide does not exist in RSV.

1.  Introduction

The treatment of inflammatory arthropaties is aimed to diminish the inflammation, relieve the pain,
improve the functional capability and induce the remission of the disease. Although every illness
requires specific therapeutic guidelines [1], some joints may not experience clinical improvement, so
other complementary therapies should be used. Most commons are intrarticular corticoids, chemical
synovectomy, surgical synovectomy and radiosynoviorthesis (RSV). The first published reports of this
last treatment are as back as to 1924 [2]. In the clinical practice, the first results were published in
1952 [3] and were followed during the 60s with the inclusion of the Y-90 [4, 5].

The RSV is the injection of a radioactive substance inside any synovial cavity, in such way that the
injected radionuclide makes contact with the synovial membrane. This substance is rapidly
phagocytized by the synovial lining cells. During the radioactive decay of the injected radionuclide, a
therapeutic dose will be delivered to the synovial tissue destroying it. The beta emitters used in
radiosynoviorthesis range energies between 0.34 MeV (0.33 mm penetration in tissue) in the case of
Er-169 and 2.27 MeV (3.6 mm penetration in tissue) for the Y-90. The half life of these isotopes goes
from 2.3 hrs (Dy-165) to 27.8 days (Cr-51)[6]. Nowadays, the selection of the radionuclide to be used
depends on the size of the joint to be treated. Thus, the smaller the joint, the lower should be the
energy and therefore the penetration. These facts led to the use of fixed radionuclides for specific
joints. The first works on the assessment of doses to the patients in RSV were published in the 80s and
beginning of the 90s[7, 8, 9, 10].

We've focused our attention in radionuclides that have been used or tested in animal and human
models; ¥P, Y, *¥8Re, ¥’Lu, *'Cr, **Sm and '®Er. Two were the objectives of this work. First, to
compare these radionuclides from the dosimetric point of view so we can provide selection criteria
depending on the kind and damage of the joint to be treated. Dosimetric parameters taken into account
were the therapeutic and maximum range of the beta and electronic emission in the pannu tissue, as
well as the absorbed dose in the synovial surface for different sizes of the synovium.

The second objective was to determine the influence in the S values of the proposed model, varying
the thickness of the synovial membrane and the shape of the synovium. The method used to assess the
dosimetry in radioactive synovectomy is known as the Monte Carlo method. The simulation in Monte
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Carlo is the best aternative available nowadays to solve the problem of the radiation transport in the
matter when we' re dealing with complex geometries.

2. Materialsand methods.
The synovid joint is basically the articular cartilage, bone and tissue (synovial membrane). In table 1
is shown the composition and density of every constituent according to Johnson and Y anch [9].

ELEMENTS H C N 0] Na Mg P S Ca Cl P 3
(g/cm®)
BONE (%) 34 15.5 4.2 435 0.1 0.2 10.3 0.3 225 - 1.92
ARTICULAR
CARTILAGE 9.6 9.9 2.2 74.4 0.5 - 2.2 0.9 - 0.3 11
(%)
TISSUE (%) 10.0 14.9 35 716 - - - - - - 1.0

Table 1. Composition and density of components of the synovial joint.

The energy of beta particles used in RSV should be enough to destroy the synovial tissue yet not as
high as to expose unnecessarily the cartilage and bone. In table 2 are listed the energetic characteristics
of the radionuclides assessed in this work.

Radionuclides Y-90 P-32 Re-188 Lu-177 Sm-153 Er-169 Cr-51
T 64.1 hours 143days | 16.98 hours | 6.71days 46.7 hours 9.4 days 27.7 days
Beta, Beta, Beta, Beta,
. electron,
Emission type Beta Beta gamma, gamma, gamma, gamma, amma
electron electron electron electron 9

Table 2. Energetic characteristic of the evaluated radionuclides

The beta spectrum of each of these radionuclides was downloaded from www.doseinfo-radar.com and
the characteristics of the gamma and/or electronic emission are the ones in the software RADIATION
DECAY [11].
The S values have been calculated for different pair of source-target organs and for a number of
radionuclides of interest in Nuclear Medicine. Here, the S factors for each proposed model was
obtained by the calculation of the mean absorbed energy by disintegration (tally f8*) in the volume of
the cell using the MCNPX code (problem geometry)[12], thru the equation 1.

S= %* 576.7*10°° (Gy/n*MBq) (1)
Where:
m: mass in grams of the cell.
*f8: results of the tally (MCNPX).

To determine the therapeutic range (Xg0), a point isotropic source was simulated in the centre of
various concentric spheres of different radii. These radii went from 1 mm to 10 mm with 1 mm
increment for all radionuclides but for Er-169 and Cr-51. In the case of the Erbium, the radii went
from 0.1 mm to 1 mm with 0.1 mm increments. For Chromium, from 0.1 pm to 1 um with 0.1 pum
increments.

The mathematical model to calculate the maximum range (Xm) Was a point source in the centre of a
sphere. Simulations were made using spheres of different radii, from 1 mm to 10 mm, with 1 mm
increments for al the radionuclides but for the Er-169 and the Cr-51. In the case of the Erbium, the
radii went from 0.1mm to 1mm with 0.1mm increments. For Chromium, from 0.1um to 1um with
0.1pm increments.

The S values for the synovial membrane were calculated using as a model a cylinder with the source
uniformly distributed in its volume. This model was simulated varying the radius of the cylinder (from
0.5cm to 9cm, with 0.5cm increments) and its height (from 0.0lcm to 0.04cm with 0.005cm
increments). The radii represent different sizes of the synovial surface (the area in the base of the
cylinder) for small, medium and large joints. The height represent different stages of the progression
of the rheumatoid arthritis (RA)[8].

To assess the influence of the variation of the shape of the synovium in the S factors, spheroid
eongations with fixed mass were smulated. Keeping the mass constant at 5, 10, 30, 70 and 100
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grams, the radii were changed at a rate (M) of 1, 3, 5 and 10 every time. The source is

Estiereanls
distributed uniformly in the surface of the spheroid.
For the variation of the thickness of the synovial membrane, the model chosen was different pairs of
concentric spheres with masses of the smaller one of 5, 10 and 30 grams. The radius of the second
sphere will be 0.02 cm bigger than the first one. The source is uniformly distributes between the radii
of two spheres. The variation of the thickness of the membrane is simulated moving the inner sphere
inthe X axisfrom 0 to 0.01 cm.

3. Analysisand discussion of results.

The selection of the radionuclide for the treatment will depend on the thickness of the synovium to be
treated and the proximity of the non target organs of the joint (bone and articular cartilage), so it will
be based in the absorbed dose and the penetration of the radiation emitted by the radionuclide. It is
particularly important that the deepness of the target volume be in the therapeutic range (Xgp)and that
the non target structures such as bone and cartilage be exposed the less possible to the radiation [10].
The therapeutic range is defined as the degpness at which the absorbed dose equals the 10 % of the
maximum dose deposited in the synovia surface. In figure 2 there is a comparison between Xgy and
Xmax for the assessed radionuclides. The therapeutic range is the one that determines the synovial
thickness that can be treated and not the maximum range.

10 +

Y-90 P-32 Re-188 Lu-177 Sm-

153

B Xmax
0 X90

Rango (mm)
o
-

0,01 4

0,001

Figure 1. Xgoand X ma for the Y, ¥P, ¥8Re, 17|y, ***Sm, *'Cr and *Er.

As the area of the inflamed synovium increases, diminishes the value of the absorbed dose rate in the
synovial membrane (figure 3). For example, if we consider that 5 mCi of Y-90 delivers approximately
100 Gy of absorbed dose in an arthritic knee with a synovium surface of 250 cm?, only 3 mCi of Y-90
will be needed to treat an arthritic wrist of about 50 cm? and achieve the same therapeutic effect [10].
In this case it is considered that the radionuclide decays completely in the joint, so no escape is taken
into account, important aspect to keep in mind. No significant differencesin the S values (Gy/h* MBq)
obtained for different synovial membrane thickness and for each assessed radionuclide were observed.

The results obtained allow the estimation of the dose that will be delivered to the synovial membrane
for different sizes of the joint and different stages of the disease. The values of Xy alow the
estimation of the absorbed dose to the treated synovium (pannu tissue). Nevertheless, the relationship
dose — effect of the treatment is far from been effectively assessed using this simple model due to
factors not taken into account in it and that will be analyzed bellow.

Variation of the synovium shape.

The variation of the shape of the synovium depends on the kind of joint and the inflammatory nature
of the RA. As shown in picture 5, the mayor influence in the variation of Svalueisobserved for Y-90,
P-32 and Re-188. For the rest of radionuclides, this variation is twice as less and for the Cr-51 is
barely perceptible. For all the radionuclides this influence diminishes gradually as the synovium size
increases.

Variation of the thickness of the synovial membrane.

As shown in figure 4, the variation of the thickness of the synovial membrane for Y-90 and a very
small synovium volume (5 g), produces a considerable increment in the variation of S value in this
volume. As the volume of the synovium increases this influence disappears.
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Figure2. SValuefor different size and thickness of synovial membrane
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Figure 4. Variation of the synovial membrane thicknees. S-value influencing

Phosphorus 32 and Rhenium 188 have a similar behaviour between them. Here, the variation of the
thickness of the membrane will not affect the variation of the S factors in the synovium. In the case of
Er-169, Lu-177, Sm-153, and Cr-51, the gradua increase in the variation of the thickness of the
synovial membrane (Xd), leads to an increment in the variation of the S factors for every volume of
the synovium (5, 10 and 30 grams) been the Erbium the one that affects the most.
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4.  Conclusions.

The results achieved with this work indicate that the use of a simple model of the joint could lead to an
overestimation or an underestimation of the dose to the damaged synovium. Nevertheless, an approach
to the patient — specific dosimetry in RSV will improve the prescription of the dose to the patient,
eliminating the practice of fixed radionuclides and doses for the treatment of different kind of joints,
methodology applied in many clinics in Europe [14]. The selection of the radionuclide should be a
function of the inflammation of the joint and not of its size.

An adequate diagnostic of the inflammatory characteristics of the damaged joint, could help assessing
the relationship dose — effect of the treatment.

The optimal radionuclide does not exist in RSV. The planning of the treatment will be more effective
asmore real isthe dosimetric model used. The debate is opened.
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ABSTRACT

Photomultipliers (PMTs) have been employed for many years as photodetectors in medical
imaging. Position sensitive PMTs are currently used in the last generation of PET scanners,
that achieve high resolution and efficiency, and they are also successfully employed in
combined scanners like PET/SPECT or PET/CT. However their sensitivity to magnetic
fields and their size limit their use in certain applications, such as the combination of PET
and MRI. Solid state photomultipliers present an alternative to vacuum photomultipliers,
with important advantages. They have higher quantum efficiency, reduced size and weight,
and they can operate in magnetic fields. In addition, their cost is potentialy lower, since
they can undergo a mass production process. The SIPM is a novel type of photodetector
that operates in Geiger mode and has a gain of the order of 10°. The active area is
segmented in small microcells (typical size 25-100 um) in order to obtain a signa
proportional to the particle energy. The use of SIPMsin PET offers the possibility to obtain
depth of interaction information and to improve the spatial resolution. In addition, the
implementation of combined PET/MRI scanners is possible. Silicon photomultipliers
produced by FBK-irst are being evaluated for their use in PET and PET/MR scanners.
Results are presented.

1. I ntroduction

For more than six decades photodetectors have been employed in high energy physics, astrophysics
and medical imaging, among other fields. Still they are an active area of research, in the seek of
improved photon detection efficiency (PDE), reduced size, larger area, improved spatial resolution or
optimization for different applications. PMTs continue to be the photodetector of choice for many
experiments. Position sensitive PMTs (PSPMTs) have been employed in the construction of the last
generation of small animal commercial PET scanners, achieving a spatial resolution close to 1 mm and
10% efficiency [1].

Solid state photodetectors have gained much attention in the last years. Compared to PMTs, they offer
apotentially higher quantum efficiency, reduced size, and insensitivity to magnetic fields. The mature
and well established silicon technology alows mass production, which can reduce significantly the
cost with respect to vacuum technologies. In the case of the avalanche photodiodes (APDs), these
advantages are at the cost of some drawbacks, such as lower gain (<1000), that makes necessary the
use of low noise electronics, worse timing properties and a strong dependence of the gain on the
temperature and bias voltage.
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A novel type of photodetector, the multicell Geiger-mode avalanche photodiode or silicon
photomultiplier (SiPM) has experienced a very fast development in the last ten years. In addition to
the advantages of silicon detectors previously mentioned, SiPMs offer high gain (~10°% at low bias
voltage (<100 V) and excellent timing properties. The low power consumption results in less heating.
These advantages makes them an ideal photodetector to be employed in high energy and space
physics, astrophysics and medical imaging. Their potential use in numerous experiments is currently
being evaluated.

Silicon photomultipliers are being developed in severa institutes and research centres, and are
currently commercially avalable from SensL [http://www.sensl.com] and Hamamatsu
[http://www.hamamatsu.com]. Different structure and size is being investigated. In spite of their recent
development, excellent performance has aready been achieved with these devices.

The Center for Scientific and Technological Research, FBK-irst, in Trento, Italy [http://www.itc.it] has
been one of the first centres to develop this technology, producing high performance devices. In
addition, they are fabricating matrices of SiPMs in a common substrate. The performance of silicon
photomultipliers from FBK-irst is being evaluated at the University of Pisa for their use in the
construction of avery high resolution PET and a combined PET/MR scanner for small animals.

2. Silicon photomultipliers

A SIPM consists of a 2D array of microcells, i.e. p-n structures made of severa layers of different
doping concentrations in a common substrate [2]. When reverse bias voltage a few volts above the
breakdown voltage is applied to the detector, avery high field region is created in each microcell, that
acts as an independent detector. If a photon interacts in a microcell, the electrons or holes created drift
towards the high field region, where an avalanche is produced. A resistor placed in series with the
microcell is employed to quench the avalanche. The microcells work in limited Geiger mode, and its
output is independent of the number of photons that interact in it. In order to obtain information
proportional to the energy deposited in the detector, the output of the SIPM is given by the sum of the
outputs of all the microcells that fire. The proportionality of the output signal with energy holds as
long as the number of microcells in the device is large compared to the number of photons detected.
The dynamic range of the device is thus related to the number of microcells per SIPM unit, and to the
photon detection efficiency (PDE) of the device.

The gain is determined by the product of the microcell capacitance and the overvoltage, i.e. the
voltage above the breakdown, and therefore it is linear with the bias voltage.

The PDE in a SiPM is given by the product of three parameters: the quantum efficiency (QE), the
triggering probability (Pt), and the geometrical efficiency (GF).

The QE is given by theintrinsic QE or probability of photoabsorption, and the reflectivity of the SiPM
coating. Both factors are wavelength dependent. Short wavelength photons are absorbed in the first
500 nm of the detector, while long wavelengths (red light) penetrate deeper in the silicon substrate.
This effect must be taken into account in the detector design.

The triggering probability (Pt) is the probability that the electrons or holes created in the photon
interaction initiate an avalanche. The Pt will be higher if the avalanche is triggered by electrons [3].
This factor depends on the SIPM structure, and on the depth at which the photon interacts, and
therefore on the wavelength.

The geometrical factor (GF) is the ratio of the active to total area of the microcell. This parameter is
related to the microcell size, since alarger microcell size leads generally to a higher GF, and therefore
to a higher PDE. However, for a fixed SIPM size, increasing the microcell size also results in a
reduction of the dynamic range of the device.

The SiPM application will determine the most appropriate structure, that depends on the wavelength
of the radiation to be detected, the dynamic range (related to the number of microcells) and the
microcell size, among others. A smaller number of big microcells per unit area with high GF are
suitable for applications where low light levels have to be detected. For applications where a high
number of photons is involved, a larger number of microcells is necessary to avoid the saturation of
the device. Different types and structures are being investigated [2,4].

3.  FBK-irst SPMsfor PET applications.
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The first Silicon photomultipliers developed by FBK-irst have an active area of 1mm x 1 mm, with
625 microcels of 40 um x 40 pm size [5]. Their gain is of the order of 10°% and their breakdown
voltage around 30 V. Their structure has been carefully studied in order to improve the quantum
efficiency in the blue region, with a very thin (4 um) epitaxial layer. An anti-reflective coating
optimized for 420 nm wavelength has also been implemented with the same purpose. In addition, test
structures of SIPM matrices have been fabricated and tested. The matrices consist of an array of 2x2
pixel elementsin the same substrate, of the same size and characteristics as the single SIPMs (Fig 1).
Recently, new SiPMs with improved characteristics such as lower noise and higher GF (44-50%) have
been developed, and are currently being tested. These include single SiPMs of various sizes and
matrices of 16 (4x4) elements.

| Timing ¥ 1 ndf 15721121
Constant MTA4+1.7
140~ Mean 6.910-08 + 7.380-12
Sigma 6.056e-10 + 7.290e-12
120
: F
100
I 80—
. n
60—
40 !
20—
GWM I L bl s 107
66 68 70 72 74
Time difference (s)
Fig 1. SIPM matrix consisting of four (2x2) Fig 2. Coincidence timing resolution of two
pixel elements of 1 mm x 1mm in acommon SiPMswith two LSO crygtals.

substrate.

3.1 Electro-optical characterization

The SiPMs from FBK-irst show a very good uniformity in their properties, which is essential for the
fabrication of the matrices [5]. They have very good single photoelectron resolution, and a gain
ranging from 4x10° to 2x10°. The dark rate is about 1-3 MHz at the level of 1-2 photoelectrons, and
drops rapidly to kHz as the threshold is increased to 3-4 photoel ectrons.

A QE above 95% for blue light has been measured employing a diode structure produced in the same
wafer as the SiPMs. The overal PDE is reduced due to the low triggering probability. Still, for a
detector with 20% GF, the PDE is about 10% for 420 nm, and 14% at 550 nm. This parameter is
enhanced for the SIPMs with 30% GF, and for the ones recently fabricated with 44% GF, for which a
PDE around 20% is expected.

3.2 Timing

Both the intrinsic timing and the coincidence timing with two LSO crystals coupled to the SiPMs have
been measured.

The intrinsic timing has been measured at the photoelectron (p.e.) level, employing alaser emitting 60
fs pulses at 80 MHz rate (i.e, T=12.34 ns) with less than 100 ps jitter. Two wavelengths were tested,
400+£7 nm and 800+15 nm. The analysis of the data estimates the time difference of contiguous signals
corresponding to 1 p.e. The time difference distribution is fitted with a Gaussian function. A timing
resolution around 60 ps sigma is obtained for 3-4 V overvoltage at 400 nm. Also, the timing
dependence on the sguare root of the number of photoelectrons has been verified up to 15
photoel ectrons, for which the measured timing resolution is 20 ps sigma [6].

For the coincidence timing measurement, two small (Imm x 1 mm x 10 mm) LSO crystals have been
coupled to two SiPMs, and the time difference is plotted. The fit of the peak with a Gaussian function
results in atiming resolution of 600 pssigma (Fig 2).
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3.3 SiPMsand SIPM matrices as photodetector s

The SiPM performance as readout for scintillators has also been tested. A ?Na energy spectrum was
obtained witha 1 mm x 1 mm x 10 mm LSO crystal coupled to SiPMs with 30% GF, and operated in
time coincidence with a second device. The fit of the 511 keV photopeak with a Gaussian function
gives an energy resolution of 20% FWHM.

The performance of the SIPM matrices has also been evaluated. In this case, the SIPMs that compose
the matrix have lower GF (20%), and therefore less PDE. In this case, the resolution obtained coupling
the crystal to one of the SiPMs in the matrix is 30%, the same as the one obtained with single SIPMs
of similar characteristics. Next, the same crystal has been placed in the centre of the matrix, covering
part of each of the SiPMs. The signals coming from the four SIPMs are summed and histogrammed.
The resulting spectrum has the same energy resolution as the one obtained with asingle SIPM (Fig 3).
The results show that the matrix development and operation does not degrade the performance of the
SiPMs.
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Fig 3. ?Naenergy spectrum obtained with a Fig 4. Single photoel ectron spectrum obtained
SiPM matrix, adding up the signals from the with the gradient fields on (red line) and off
four pixels. (black line). No difference is appreciated.

34 Testsinan MR system

The effect of MR static magnetic, pulsed gradient and radiofrequency (RF) fields on SiPM
performance has been studied. The interaction of the MR system with the electronics necessary to
drive the SIPM was minimized by shielding the electronicsin abox. The SIPM was left uncovered and
exposed to the magnetic fields. The tests were performed both with the electronics box inside and
outside the MR system. In the latter case, the SIPM was connected to the electronics by means of a 1
m long shielded coaxial cable.

The performance of the SiPMsin an MR scanner has been evaluated by acquiring single photoelecton
spectra and ?Na energy spectra whilst switching magnetic fields with the SiPM positioned in the MR
system. The resulting spectra show no degradation of the data with respect to those taken outside the
MR system (Fig 4).

The interference between the two systems results in a pickup in the SiPM baseline simultaneous to the
switch-on of the gradient fields or RF pulses, that must be minimized. Also, the temperature changes
in the MR system result in gain variationsin the SiPM that should be monitored and corrected for.

4.  Application to small animal imaging

Silicon photomultipliers open new possibilities in medical imaging. A very high resolution PET
scanner for small animals employing SiPMs has been proposed and is under construction at the
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university of Pisa[7]. The tomograph consists of four 4 cm x 4 cm detector heads that rotate around
the object to be imaged. A detector head is made of a stack of three layers. Each layer is composed of
a5 mm thick scintillator slab read out by a SIPM matrix structure, with 1 mm x 1mm pixelsin a 1.5
mm pitch. The distance between opposite heads is variable, ranging from 10 to 15 cm. The total
scintillator thickness is 15 mm, ensuring a high detection efficiency for 511 keV photons, while the 3
layer structure provides discrete depth of interaction information that reduces the parallax error and
improves the spatial resolution. The use of continuous scintillators instead of pixellated blocks allows
to improve the spatial resolution, while avoiding the prablems of light collection efficiency that are
related to fine pixellation of the crystals. Additionally, the cost of the detector is reduced.

In order to estimate the performance of the device, simulations have been carried out with GEANT4,
that take into account the characteristics of the FBK-irst photomultipliers. For a detector head, an
intrinsic spatial resolution of 0.3 mm FWHM, and 70% efficiency have been obtained. If the positions
are determined with center-of-gravity algorithms, this value degradesin the final 5 mm, near the edges
of the detectors. Skewness and barycentre based likelihood methods have been applied that allow to
correct for the displacement error and maintain its value well below the parallax error. For the
proposed tomograph, a spatial resolution of less than 1 mm?® at the centre of the FOV, and a sensitivity
above 4% are expected. The sensitivity can easily be enhanced by adding more detector pairs.

The combination of PET/CT has allowed the simultaneous acquisition of functional and structural
images. However, the superior resolution and soft tissue contrast of MRI would provide a much better
anatomical reference for the functional data of PET. At the same time, it would avoid the radiation
dose due to CT, that is significant in the case of small animal imaging where a submillimetre spatial
resolution is required.

The main limitations for the combination of PET and MR imaging technologies are the space
constraint inside the magnet, and the sensitivity of PMTs to magnetic fields. In addition, technical
problems arise from the interference of both imaging modalities. Progress in this field has been
achieved following two main approaches. One is the use of light guides to carry the light to positions
where the magnetic field is low enough for the PMTs to be operated [8]. The second one is the use of
APDs that are insensitive to magnetic fields [9]. In this second approach, the shielding of the
electronics results in a decrease of the signal-to-noise ratio of the MR images.

The reduced size and modularity of the SiPMs, together with their insensitivity to magnetic fields
makes possible their operation inside an MR system. In addition, their high signal-to-noise ratio can be
profited from to find the best configuration and shielding that would minimize the interference
between the two modalities. The development of a PET insert based on SiPMs to be operated inside a
small animal MR scanner will allow simultaneous PET/MR imaging.

5. Conclusions

Silicon photomultipliers are an alternative photodetector that can offer significant advantages in many
fields. Being compact, light, insensitive to magnetic fields and providing high spatial resolution, they
open new possibilities in medical imaging.

FBK-irst has fabricated high performance SiPMs and matrices of SiPMs in a common substrate. New
devices with reduced noise and larger active area have recently been produced.

At the University of Pisa SiIPMs are being studied for the construction of a very high resolution, high
sensitivity small animal PET, and a combined PET/MR scanner.

6. Acknowledgements

This project is partialy supported by the European Commission's Sixth Framework programme
through a Marie Curie Intra-European Fellowship.

7. References
[1]http://www.medical.siemens.com/siemens/en_US/gg_nm_FBA g/files/multimedia/inveon/index.htm

[2] C. Piemonte, “A new Silicon Photomultiplier structure for blue light detection”, Nucl. Instr. Meth.
A 568, 224-232 (2006).

16 of 82



[3] W. G. Oldham et d, “Triggering phenomenain Avalanche diodes’, |EEE Trans. Elec. Dev., ED-
19(9) (1972) 1056.

[4] N. Otte “The silicon photomultiplier: A new device for High Energy Physics, Astroparticle
Physics, Industrial and Medical applications. Proc. SNIC-2006-0018.

[5] C. Piemonte, et d., “Characterization of the first prototypes of Silicon Photomultiplier fabricated at
ITC-irst”, IEEE Trans. Nucl. Sci. 54(1), 236-244 (2007).

[6] G. Collazuol et a. “Single timing resolution and detection efficiency of the ITC-irst Silicon
photomultipliers’. Presented at the X1 VCI, Vienna 19-24 Feb. 2007 and to be published in Nucl.
Instr. Meth. A (2007).

[7] S. Moehrs, A. Del Guerra, D. Herbert, M. Mandelkern, “A detector head design for small animal
PET with silicon photomultipliers’, Phys. Med. Biol. (2006), 1113-1127.

[8] A.J. Lucas et a. “Development of a combined microPET/MR system”. Technol. Cancer Res.
Treat. 5, 337-41 (2006).

[9] B. Pichler et a. “Performance test of an LSO-APD detector in a 7T MRI scanner for simultaneous
PET/MRI”. J. Nucl. Med. 47, 639-47 (2006).

17 of 82



HIGH SENSITIVITY PET DETECTOR DESIGN USING
MONOLITHIC SCINTILLATOR CRYSTALS

P. BRUYNDONCKX, C. LEMAITRE, S. TAVERNIER
Department of physics, Vrije Universiteit Brussel
Pleinlaan 2, 1050 Brussels- Belgium

D.J. VAN DER LAAN, M. MAAS, D. SCHAART
IRI, Technische Universiteit Delft
Mekelweg 15, 2629 JB Delft— The Netherlands

ABSTRACT

Using undivided scintillator blocks yields an effective manner to significantly increase the
sensitivity of high-resolution PET systems. A neural network based positioning scheme is
able to localize perpendicular incident photons with an accuracy 1.7 mm FWHM for a 10
mm thick LSO block and 2.0 mm FWHM for a 20 mm thick LSO block. Because the
positioning algorithm determines the incidence position as opposed to the interaction
position, no separate measurement of the interaction depth is required to obtain parallax
corrected coordinates. Energy and time resolution were 12% FWHM and 1.6 ns FWHM
respectively.

1. Introduction

Positron emission tomography (PET) is an imaging modality for measuring the spatial and temporal
distribution of an administered radio-labelled substance within the body of a patient. The quality of
PET images is usually given by three physical characteristics : spatial resolution (ability to see
details), contrast (ability to see differences in radio-tracer levels) and noise (statistical fluctuations in
the measured radio-tracer concentrations). Despite the fact that these characteristics describe different
aspects of the image quality, they are not independent. The improvement of one parameter very often
leads to the degradation of one of the others. Over the last decade a lot of effort has been put into
improving the spatial resolution. Small animal PET scanners now have an image resolution well
below 2 mm FWHM and some get close to 1 mm FWHM. To completely utilize the resolving power
of high resolution PET scanners, clinical or small animal, the signal to noise ratio (SNR) in the images
should be kept at a sufficiently low level. Otherwise small details that could be discerned are
swamped in the noise. For a given number of detected annihilation photon pairs in a PET scan, the
squared SNR in the image is inversely proportional to the fourth power of the image voxel size (or
detector pixel size). Hence an enhancement of the intrinsic detector resolution without an increase in
the number of detected events is detrimental for the image noise. Depending on the PET study and
object, a longer scanning time or a higher tracer dose are not always possible. The newest clinical
PET scanners now also offer time-of-flight (TOF) capability. Using the measured arrival time
difference of the two annihilation photons in the image reconstruction process allows a reduction of
the image variance. Given a time resolution of 600 ns, TOF PET imaging is currently only useful in
clinical whole body imaging [1].

Another way of improving the sensitivity of a PET scanner is to increase the packing fraction (fraction
of sensitive material compared to the total detector volume). Classical PET scanner designs are based
on matrices of small scintillating pixel elements that are optically separated and read out by a position
sensitive photo detector. Reducing the size of the detector pixels to enhance the spatial resolution also
reduces the packing fraction because of the relative higher presence of material to optically separate
the crystals. The packaging of the photo detector itself also introduces some dead area unless the
scintillation crystals are decoupled from the photo detector using optical fibers [2]. In this case the
crystal matrices can be mounted side-by-side at the expense of some scintillation light loss in the
optical fibers, resulting in a lower energy resolution. The spatial resolution gain obtained by using
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smaller individual crystals is also partially offset by increased inter-crystal scatter and parallax errors
for photons impinging at non-perpendicular angles.

To overcome the above obstacles while trying to simultaneously improve spatial resolution and
sensitivity, we studied an alternative detector design based on monolithic scintillator blocks read out
by pixelated photo detectors. The philosophy behind our approach to localize the impinging photons
is to make use of the scintillation light distribution that is generated when a photon interacts in the
scintillator block. This shape obviously depends on the 3D interaction position of the photon.
Because we rely on the spreading of the scintillation light, the scintillator block can be larger than the
sensitivity area of the photo detector en hence also cover the packaging of the photo detector.

2. Materials and methods

2.1 Detector components and experimental set-up

In this study two different continuous LSO scintillator blocks were used: a rectangular 20x10x10
mm block and a thicker rectangular 20x10x20 mm. The LSO blocks were wrapped with Teflon on 4
sides (20 mm thick blocks) or 5 sides (10 mm thick block) to maximize the light output. The
scintillation light distribution emerging at the bottom of the 10 mm thick block is sampled by an 8x4
S8550 Hamamatsu avalanche photo diode (APD) array on the top side (Fig. 1 left). The pixel size of
this device is 1.6 x 1.6 mm and the pixel pitch is 2.3 mm. In case of the 20 mm thick blocks, the top
and bottom surface were read out by APDs (Fig. 1 middle).
To extract the position of an impinging photon from the sampled scintillation light distribution we
used a neural network (NN). The NN needs to be trained using a set of training events before it can be
used. A ~1 mm FWHM electronically collimated 511 keV photon beam that can be positioned at any
known point on the front surface of the LSO block using a motorized XZQ stage (Fig. 1 right) was
used to generate these training events. More details about the experimental set-up can be found in [3].
The beam was stepped along the central x-axis of the front surface using 250 pm steps. At each beam
position a number of events were measured, the 32/64 APD pixel values were summed along the rows
and columns to obtain the light distribution projections and stored together with the incidence photon
position (i.e. the centre of the known beam position).
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Fig. 1 : (left) A 20x10x10mm LSO block with an APD readout on the top surface, (middie) A
20x10x20 mm LSO block with a double APD readout, (right) ) Schematic representation of the
experimental set-up. The photon beam is defined by coincidence measurements with a 35 mm

thick BGO crystal mounted to a PMT at some distance. The 60 mm thick lead collimator has a hole
diameter of 5.0 mm

2.2 Parallax-free positions

Usually a measurement of the depth at which a photon interacts in a scintillation crystal forms the
basis for parallax correction. This can either be achieved in a discrete way (e.g. phoswich [4] or a
pixel encoding scheme [5]) or in a continuous way (e.g. using the ratio of the signals measured on the
top and bottom side of the scintillator [6]). Hence the accuracy on the estimated true interaction
position in the scintillator depends on the accuracy of the estimated position of the photon in the plane
of the photo detector and on the accuracy of the depth-of-interaction (DOI) measurement.

Because we trained the NN to reproduce the incidence position instead of the interaction position
within the scintillator block, there is no need for a separate DOI measurement and DOI calibration of
the detector module because the incidence position is independent of the incidence angle. Hence it
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does not suffer from parallax problems. However the relation between the measured scintillation light
distribution and the incidence position depends on the incidence angle. Therefore algorithms have to
be trained for different incidence angles. We set ¢=0° while 6 was varied from 0° to 30° in 10 ° (Fig.

1.

2.3 Positioning algorithm
The neural networks used to compute the incidence position consist of an input layer, one or more
hidden layers and an output layer. The neurons in the input layer accept the APD pixel signals while
the neuron in the output layer yields the corresponding photon impinging position once the network
has been trained. The neural network computation of a coordinate x using a single hidden layer
network can be written as

x=V'o[W-p+d]

=v'o[n]

where p is the vector of APD signals, W is the matrix of input-to-hidden layer weights, d is the vector
of hidden node biases, V is the vector of hidden-to-output layer weights. The term o[n] indicates an
element-by-element evaluation of n using a sigmoidal function.
The classical way to train a neural network is by using error back propagation [7]. For each event in
the training data set, the predicted position x; is compared with the known incidence (i.e. beam centre)
position y;. There are various algorithms which tune the network parameters such that the root mean
square error is minimal. In general the neural network minimization problems are often very ill-
conditioned. For these kind of problems the Levenberg-Marquardt algorithm is usually a good choice
because of its higher robustness. The training of a NN with a single 10 neuron hidden layer was
implemented using the neural network package of the Mathematica [8].

(1

3. Results

3.1 Position information content in scintillation light profiles

The Cramér-Rao inequality gives a lower bound on the variance of an efficient estimator [9,10]. We
used this theory to obtain a lower limit on the accuracy with which a photon can be localized from the
scintillation light distribution it generates in the scintillator blocks. Figure 2 shows the lower variance
bounds on a 20x10x10 mm and 20x10x20 mm LSO block. The light distributions used in the
computation of these lower bounds were generated by a Geant4 [11] based Monte Carlo simulation of
scintillation point sources placed on a grid in the LSO block. In most regions of the block the lower
variance bound is less than 0.5 mm. In general the position estimation accuracy degrades as the
photon interacts further away from the APD array (z=-5 in fig. 2 left). Therefore we have to use a
read out on both top and bottom side of monolithic scintillator blocks that have a thickness larger than
1 cm (e.g. to further optimize the stopping power and sensitivity) in order to retain good overall spatial

resolution (Fig. 2 right).

Fig.2: Distribution of the Cramér-Rao lower variance that can be achieved by an efficient position
estimator in a 20x10x10 mm LSO block with top one-sided read out (left) and a 20x10x20 mm
LSO block with a double sided read out (right).
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3.2 Detector resolution and nonlinearity

Figure 3 left shows the overall intrinsic FWHM resolution measured at all beam positions along the x-
axis for the 20x10x10 mm LSO block, as a function of the incidence angle and energy threshold. For
perpendicular incident photons, the measured FWHM detector resolution is 1.75 for a threshold of 100
keV and 1.60 mm for a threshold of 380 keV. When the photon incidence angle increases to 30°, the
spatial resolution degrades slightly to 2.0 mm and 1.85 mm FWHM respectively. Increasing the
threshold from 100 keV to 250 keV or 380 keV reduces the detector sensitivity by respectively 11.8 %
and 26.4 %.

The FWHM obtained using the signals from the top and bottom APD on the 20x10x20 mm thick LSO
block is shown in figure 3 middle. The measured detector resolutions are worse compared to the
thinner 20x10x10 mm LSO block. This could be due to the fact that the scintillation light is now
spread over 64 APD pixels in stead of only 32 pixels. Hence the statistical fluctuation of the number
of photons per pixel will be larger. In addition each of the 32 extra readout channels will also
contribute electronic noise to the data.

The deviation from linearity for the NN estimated coordinate is shown in figure 3 right. The
nonlinearity is negligible except for photons impinging within 1 mm from the edge of the scintillator
block.
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Figure 3: (Left) FWHM resolution for a 20x10x10 mm LSO block, (Middle) FWHM resolution for a
20x10x20 mm LSO block, (Right) deviation from linearity of the NN positioning algorithm for the
20x10x10 mm LSO block.

3.3 Energy and timeresolution

Figure 4 left shows the energy spectrum for the 20x10x10 mm LSO block obtained from the events
measured at all beam positions. The average energy resolution is 12% FWHM and does not vary
significantly as a function of the photon impinging position.

Time resolution measurements were performed against a BaF, crystal coupled to an XP2020Q PMT.
The PMT signal and the analogue sum of the 32 APD signals were both fed into a constant fraction
discriminator for time pick off. The time spectrum (fig 4 right) was obtained using a time-to-analog
convertor followed by an analog-to digital convertor. The time resolution obtained had a resolution of
1.6 ns FWHM. A similar measurement on the 20x10x20 mm LSO block yielded a 2.2 ns FWHM time
resolution.
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Figure 4: (Left) Energy spectrum for a 20x10x10 mm LSO block, (Right) Time spectrum of a
20x10x10 mm LY SO block measured against a BaF2 crystal coupled to an XP2020Q PMT. The
solid line represents a Gaussian fit through the data
3.4 Imageresolution
A 250 um diameter *Na point source (50 pCi) was placed at radial distance of 1, 6, 11 and 16 mm
respectively from the centre of a simulator set-up. The simulator consists of two detector modules
equipped with 20x10x10 mm LSO blocks. The detector modules are mounted on a rotating gantry
with a diameter of 130 mm [12]. The estimated continuous coordinates of the impinging annihilation
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photons, obtained with neural networks, were first rebinned in 1x1 mm virtual pixels. The coordinates
of the centre of these pixels were then used to fill up the sinograms. Table I gives the radial and
tangential resolution at the different positions of the point source in FBP or OSEM reconstructed
images. A square filter function with a cut-off at the Nyquist frequency was used in the FBP
reconstruction. The OSEM algorithm used 8 subsets and 5 iterations. In both cases the image matrix
consisted of 0.5 mm’ voxels. Close to the centre, the resolution is 1.7 mm FWHM in the FBP
reconstructed image and 1.3 mm FWHM in the OSEM reconstructed image. The degradation of the
radial resolution at some distance from the centre is probably due to the fact that the incidence position
of the photons was estimated using only the neural network trained for perpendicular incident photons,
i.e. non-parallax corrected positions.

The axial resolution was obtained from the width of the profile showing the number of coincidences
measured in 0.5 mm thick transaxial slices. The FWHM of this distribution was 1.8 mm.

FBP OSEM
Position Radial | Tangential Radial | Tangential
1 mm 1.7 mm 1.7 mm 1.3 mm 1.3 mm
6 mm 1.8 mm 1.7 mm 1.4 mm 1.3 mm
11 mm 1.9 mm 1.7 mm 1.45 mm 1.3 mm
16 mm 2.0 mm 1.8 mm 1.6 mm 1.4 mm

Table I : FWHM radial and tangential resolution in FBP and OSEM reconstructed images of a point
source at various radial distances from the centre

4. Conclusion

A high-sensitivity, high-resolution PET detector concept using a neural network positioning algorithm
was evaluated. We achieved a 1.7 mm FWHM resolution in a 10 mm thick LSO block and 2.0 mm
FWHM resolution in a 20 mm thick LSO block. These results still include the influence of the finite
size of the collimated photon beam used in the set-up. The study also indicates that a PET scanner
design based on continuous blocks should preferably be build using a double layer of 10 mm thick
LSO blocks coupled to a single APD in stead of a single 20 mm thick LSO blocks read out on both
sides. The nonlinearity in the position estimation is negligible up to 1 mm from the edge of the LSO
block. The corresponding resolution near the center of a PET image acquired on a simulator set-up
was 1.7 mm FWHM using FBP and 1.3 mm FWHM using OSEM.

When training data sets are acquired for different incidence angles, we observed a slight degradation
of the intrinsic detector resolution from 1.7 mm FWHM at 0° to 2.0 mm FWHM at 30° when a 350
keV threshold is applied.

The absence of multiple reflections due to the light piping effect found in the traditional crystal pixel
matrices results in a larger light output and hence a better energy resolution of 12 % that remains
rather uniform over the length of the block. Despite the summing of the 32 APD pixels signals to
trigger an event, we achieved a time resolution of 1.6 ns.

Given the above performances, we see this photon detection and localization principle as a viable
alternative to the classical designs. Because of the high sensitivity and parallax-free photon detection
property, we foresee the implementation of this technology in a future BrainPET system.
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ABSTRACT

Currently thereis avast interest for [*®F]-labelled amino acid-analogues for tumour specific
diagnosis with PET. We hereby present the in vivo evaluation in R1IM tumour bearing rats
of [*®F]-2-fluoromethyl-L-phenylalanineas a new tumour specific PET tracer.

The precursor, N-Boc-2-Bromomethyl-L-phenylalaine-tButylester, is radiofluorinated in
conditions comparable to FDG synthesis with a good radiochemical yield. After HPLC
separation and deprotection the [*2F]-2-fluoromethyl-L-phenylalanine is recovered in n.c.a
conditions. Traces of free radiofluoride were removed using a custom appatite filter before
sterilisation. 3.7 — 10 MBq were injected into R1IM tumour bearings rats and imaging was
performed with a human PET camera from 5 to 45 minutes p.i.. The obtained
tumour/background and tumour/blood ratios were at least 3 coupled to an appropriate
biodistribution and cleaning pattern.

N.c.a[*®F] 2-fluoromethyl-L-phenylalanine is currently used in a Phase | study for tumour
diagnosis with PET.

1. I ntroduction

Currently there is a vast interest for [*®F]-labelled amino acid-analogues for tumour specific diagnosis
with PET because the widespread 2-[**F]fluorodeoxyglucose ([**F]FDG) lacks the tumour cell
specificity required for control and follow-up after surgery, radiotherapy and chemotherapy [1,5]. A
key-point in the development of this new type of tracers is the Na+-independent LAT1 amino acid
transport system for neutral and lipophilic amino acids, which is overexpressed in tumour tissue
relative to normal tissug[6-10]. We have already proven in vitro and in vivo that 2-1-L-phenylaanine,
a SPECT tracer, is taken up for the major part by LAT1 system in a R1IM rhabdomyaosarcoma tumour
cel line and in several types of human cancer cells[11]. This radio-iodinated amino acid shows a very
high tumour selectivity when compared to the clinically routinely used [*®F]-FDG, which is taken up
considerably in brain and inflammatory tissue [3-5]. On this basis we developed a new fluorinated
phenylalanine analogue, [*®F]-2-fluoromethyl-L-phenylalanine, considering that the spatial volumes of
FCH; and lodine are comparable and that [*°F]-2-fluoromethyl-L-phenylalanine can be prepared with
the ease of [**F]-FDG to allow clinical routine. The challenge was to develop a suitable precursor and
radiolabeling strategy that would reduce the chemistry to a simple aliphatic nucleophilic substitution
on the methyl side chain, thus avoiding the difficult low-yield multistep radiolabeling procedures as
often encountered in previous attempts to introduce a suitable PET amino acid for routinely use. The
[*®F] for bromine substitution strategy that we developed at our lab alows to prepare the [®F]-2-
fluoromethyl-L-phenylalanine with the ease of [**F]FDG in a clinical routine and thus filling the gap
between radiolabeled amino acids and [*®F]FDG. The aim of this study was to evaluate in vivo n.c.a
2-[*®F]fluoromethyl-L-phenylaanine in tumour-bearing rats by means of PET acquisition.

2. Materialsand M ethods

All the conventional products mentioned were at least analytical or clinical grade. The solvents were
of HPLC quality and were all from Sigma-Aldrich unless stated otherwise.
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2.1 Radiosynthesis

The labelling has been described in detail elsewhere (submitted Nucl Med Bial). In short: 10 umoles
of N-Boc-2-bromomethyl-L-phenylalanine-tButyl ester were labelled with [18F-] in presence of Ko
and K,COz in ACN(400 pL) within 5 minutes at 120°C. The n.c.a. N-Boc-2-[ 18F]-fluoromethyl-L -
phenylalanine-tButyl ester was recovered from HPLC speration..Complete deprotection was achieved
in 400 puL of a dichloromethane/trifluoroacetic acid: 3/1 mixture in presence of CaCl, within 20
minutes at 50 °C. After removal of the original solvents by evaporation using the N2-flow at room
temperature the 2-[*®F]Fluoromethyl-L-phenylalanine is recovered in an isotonic agueous solution that
is successively sent through a mini C18 column and a custom apatite column before sterilising through
a0.20 u Cathivex filter for sterilization.

2.2 Quality and shelf-life control

Quality control of 2-[*®F]fluoromethyl-L-phenylaanine (spiked with a small amount of KF) was
achieved by HPLC, using a Prevail C18-column (5 mm, 250 x 4 mm) (Alltech, Belgium) and
ethanol/water (1/99, v/v) as eluent with aflow of 1 ml/min (k' = 5.6), while monitoring UV absorption
(Shimadzu UV detector, 280 nm) and radioactivity (Nal(Tl)-detector, Harshaw Chemie, Belgium) at
the same time.

2.3 Invivo experiments

2.3.1 Laboratory Animals

Water and food were ad libitum during the experimental period. For the tumour model, male Wag/Rij
rats (Harlan, The Netherlands) were injected subcutaneously in the right flank (armpit region) with 15
x 10° RIM rhabdomyosarcoma cells. Imaging experiments with 2-[**F]fluoromethyl-L-phenylalanine
were performed 6 weeks after injection of the R1M cells. The average tumour size was 12 cms3. During
al imaging experiments, the animals were anaesthetized intraperitoneal (IP) with 350 ml of a solution
containing 60 mg pentobarbital/ml (Nembutal, 60 mg/ml, Ceva Sante’ Animale, Belgium). 2-
[*®F]Fluoromethyl-L-phenylalanine was injected intravenously (V) in the penis vein. The study
protocol was approved by the ethical committee for animal studies of our institution. Guidelines of the
National Institute of Health principles of laboratory animal care (NIH publication 86-23, revised 1985)
were followed.

2.3.2 PET acquisition

The scanner is a2D/3D human Accel PET camera (Siemens) with a resolution of 6mm at the centre of
the field of view. RIM bearing Wag/Rij rats were injected with 3.7MBq of 2-[**F]fluoromethyl-L-
phenylalanine, which was eluted over a custom made appatite filter just before injection, and imaging
was performed at 5, 15 and 30 min p.i. (1 acquisition sequence lasts about 10 min) in 3D mode. The
rats were positioned crosswise to allow a faster acquisition so that coronal slices are seen as sagitta
rat-slices. The injected activity was calculated as the amount of radioactivity in the syringe before and
after injection (Capintec CRC-15R, Ramsey, NJ, USA). Quantification of activity uptake occurred by
using the 3D-isocontour ROI feature of the medical imaging data analysis program Amide (VA Linux
Systems), alowing accurate outlining of the tumour and tissues of interest. The ROIs for muscle were
taken in the contra-lateral background region, while the heart was taken as a measure for the blood
pool activity. Differential uptake ratios (DUR) were calculated as (mean tissue activity/voxel)/(mean
total body activity/voxel).

3. Results and discussion

3.1. Radiosynthesisand formulation of 2-[*®F]fluoromethyl-L -phenylalanine
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The labeling of Boc-2-bromomethyl-L-phenylalanine-tButylester with [*®F] provided the Boc-2-
[*®F]fluoromethyl-L phenylalanine- tButylester with a radiochemical yield of at least 85 %. After
deprotection, adjusting the isotonicity and sterilising the solution, 2-[**F]fluoromethyl-L-
phenylalanine could be obtained ready for use with an overall average radiochemical yield of about 57
% (corrected for decay it is 83 % zelfde als artikel), with a radiochemical purity of at least 98%.
Radiodefluorination during deprotection and in the agueous radiopharmaceutical formulation were
major problems.

When applying deprotection on the ACN soluble compounds in the reaction mixture up to 50 % of
radiofluorination was noticed. The presence of CaCl, reduces defluorination considerably.

Several shelf life tests, where 2-[**F]Fluoromethyl-L-phenylalanine was incubated in milliQ water at
room temperature for several hours, showed that n.c.a. 2-[*®F]Fluoromethyl-L-phenylalanine was not
stable in aguaous solutions and showed a defluorination rate of 33 %/hour due to hydrolysis. A
significant stabilisation could be achieved by adding non-radioactive 2-fluoromethyl-L-phenylaanine
in a concentration of 50uM to the solution containing 2-[*®F]Fluoromethyl-L-phenylalanine, reducing
the radiodefluorination rate to a mere 3 %/hour, as shown in Fig. 1. Applying this method should be at
the cost of the n.c.a. characteristic. The Ca," ions aready present from deprotection also inhibits the
radiodefluorination of the n.c.a. 2-[*®F]Fluoromethyl-L-phenylalanine and represents an interesting
aternative.
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Fig. 1: Defluorination of [**F]fluoromethyl-L -phenylalanine at room temperature in water as a
function of time, n.c.a. or in presence of 50uM 2-Fluoromethyl-L-phenylalanine (+2FMethylphe)

In the animal experiments described in this work n.c.a 2-['®F]fluoromethyl-L-phenylaanine was
injected n.c.a.

3.2. Invivoresults: PET acquisition

Fig. 2 depicts the mean DUR values ( 3 R1M bearing rats) of the tumour and different tissues of
interest at 5, 15 and 30 min p.i..
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Fig. 2: Graph, showing the DUR values of the tumour and different tissues of interest at 5, 15 and 30
minutes p.i..

The PET acquisitions at three time points clearly show a high uptake in the tumour and a fast
clearance of the tracer via the kidney to the bladder without rena accumulation. The
tumour/background (contralateral shoulder or flank) ratios were about 5, tumour/heart ratios about 2.5
and the tumour/brain ratios about 3 at 30 min p.i. The latter shows that this new tracer allows to obtain
good contrast for brain tumour imaging.

4. Conclusion

The new PET-tracer 2-[**F]fluoromethyl-L-phenylalanine can be obtained in a reasonable yield with a
high radiochemical purity using aradiochemistry similar to [*®F]FDG. However, in order to establish a
reproducible procedure which can be adapted into a routine procedure, a considerable reduction of
radiodefluorination during radiosynthesis and in the radiopharmaceutical formulation is of major
priority. The new tracer is taken up in a high amount in the tumours in the rats and also shows a
favourable biodistribution and clearance. The results coupled to the fact that this compound shows no
toxicity alow that n.c.a 2-[**F]Fluoromethyl-L-phenylalanine could be used in Phase | clinica
studies.
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ABSTRACT

The health effects of low doses of ionising radiations are controversial since the concept

of low doses remains ambiguous. However, it is clearly established that the risk of the

corresponding stochastic effects, i.e., cancers or hereditary disease, if it exists, isvery

small. The linear no threshold hypothesis cannot be retained to establish a collective risk.

Thus progress can only result from research in radiation biology. DNA lesions have been
documented at doses as low as 1 mGy, but the pathway between one DNA lesion and a cancer
is not known yet. On the basis that ionising radiations are genotoxic, the regulator must apply

the current rules of radiation protection and look forward to the development of new radiation

biology paradigm.

1 Introduction
Low doses of ionising radiations are usually defined as the doses below which no health effects have
been observed, i.e., an effective dose of about 200mSv. This definition raises numerous issues:

o Epidemiologic studies have shown that lower values should probably be retained, about
100mSv in adults and 50mSv in children.

o These values do not take into account the dose rate and the duration of exposure; indeed a
total dose of 100 mSv delivered in afew seconds and in one year are not identical in terms of
effects because the number and type of DNA lesions and the rate at which they are produced
are totally different and the corresponding repair mechanisms of DNA are not involved in the
same way in the 2 situations.

o The confusion regarding the definition appears in many publications which are impossible to
categorize : the authors claim the use of low dose of ionizing radiations in experimental
animals and it appears clearly that the total dose delivered can be greater than 200 mSv
although delivered at low doses.

With such an ambiguous definition of low doses of ionising radiations, it is not surprising that the
potential corresponding health effects are so controversial. By definition, it is not known if below the
level of dose setting up the upper limit of the low dose domain some stochastic effects do appear.
Epidemiology will remain unable to make such a demonstration because of alack of statistical power.
Therefore, since it has not been possible to demonstrate health effects of low doses of ionising
radiations, one can clearly state that the risk of low doses of ionising radiations, if it exists, is very
small. At this level of doses, only stochastic effects, i.e., cancers or hereditary diseases might be
observed.

2. Thelinear no treshold hypothesis

A linear relationship between health effects and doses has been observed at high doses and dose rates
and has been extended as an hypothesis to the low dose domain for radiation protection purposes. The
linear no treshold hypothesis (LNT) is by definition a hypothesis; since it states that each ray has an
health effect, it is over-evaluating the risk of ionising radiations. Consequently, the subsequent
radiation protection rules, i.e., justification, optimisation and limitation of doses, have proved useful in
the sense that they help protect the workers and the population by decreasing the dose of exposures.
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However it is very clear that the LNT remains an hypothesis and a simplification: it is not established
asascientific fact ; consequently collective doses must not be used to evaluate the risks related to low
doses and this has been clearly stated by ICRP in itslast recommendations (still to be published).

3. Progressin radiation biology

How to make further progress regarding the potential health effects (cancer or hereditary effect) of low
doses of ionising radiations ? We have seen above that it is not possible to clearly answer this question
with epidemiologic studies in humans. The only way to progress is to better understand the
mechanisms of the effects of ionising radiations at the molecular/cellular/tissular level: progress can
only result from the research in radiation biology.

Variation in individual sensitivity to ionising radiation has emerged as a new critical issue (1,2). It is
clearly linked to the DNA repair mechanisms and signalling pathways. However the significance of
individual sensitivity to low doses of ionising radiations needs to be confirmed by further research.

The demonstration of the existence of non targeted effects, i.e., bystander effects and genomic
instability, has challenged the existing paradigm that DNA is the prime target of concern (3,4). These
findings raise more than ever the possibility that the LNT hypothesis may not be appropriate in many
cicumstances.

Numerous experiments have demonstrated the potential benefits of low doses of ionising radiations,
this phenomenon of adaptive reponse being known as hormesis. These experiments which have been
highlighted in the report of the French academies show real effects (5). There are no reason not to
accept these results which have been clearly published in peer review journals. However it isalso clear
that these effects appear in some paradigms of exposure to ionising radiations, and this does not mean
that they appear in all type of exposures. Furthermore, many of these effects are not true beneficial
effects but appear as a decrease of the detriment caused by alarge dose of ionising radiations delivered
after chronic exposures at low “training” doses in comparison with “untrained” animals.

On another hand, one can observe in the litterature the numerous reports describing cellular and
molecular effects of ionising radiations. One of these reports must be highlighted. The demonstration
by Rothkamm (6) that DNA double strand breaks can be demonstrated by anti YH2AX fluorescent
antibodies and appear at doses as low as 1 mGy constitutes a major event because this level of doseis
about 100 times lower than previously reported. Indeed it is not a true surprise that ionising radiations
create DNA lesions, but it isthe first time that it is demonstrated for such low doses. It must be noticed
that ImGy is the level of dose currently delivered by medical imaging examinations (radiology and
nuclear medicine).

However, thereisavery large gap between one DNA lesion and a cancer. An adverse biological effect
a the cellular or molecular level does not necessarily mean the appearance of adverse health
consequences. So far it has been said that about 10 gene mutations are necessary to produce a cancer.
Recent findings indicate that it is likely that many more gene mutations are necessary, up to 100.
Indeed “cancer genes’ are not equivalent : the activation of oncogenes is more powerful than the
inactivation of tumor suppressor genes. Because gene mutations and cancer incidence increase in the
elderly, mostly because of the inactivation of tumor suppressor genes, it is wise /necessary to limit the
exposure to all genotoxic compounds e.g., chemicals, radiations..., which can contribute to these
mutations.

Radio-induced hereditary effects have never been demonstrated in humans but have been observed in
plants and animals exposed to rather high doses of ionising radiations (range of 1 Gy). The last
scientific results which have been validated by UNSCEAR indicate that the risk of hereditary effects
in humans is lower than initially expected. Consequently, ICRP has retained for its new coming
recommendation an estimation of risk for the hereditary effects 10 times lower than the risk of radio-
induced cancer.
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Finally, the most recent researches in genomics and proteomics tend to indicate that there might be
some signature of radio-induction of cancers. Further research in these domains will certainly bring
new insights on the effects of ionising radiations at the molecular and cellular levels, and on the
cellular responses to theinitial injuries.

4. The position of aregulator
On the basis of the current knowledge regarding the effects of ionising radiations, what can be the
position of aregulator ?

Although the health risk related to the exposure to low doses of ionising radiations is small, it is a'so
very clear that ionising radiations are genotoxic. Genotoxicity does not mean health effects, i.e., cancer
or hereditary disease. But since a cancer results from an accumulation of gene lesions, there are no
reason to remain voluntarily exposed to ionising radiations, especially when it is not so difficult to
decrease the level of exposure. Thisis the case for both medical exposures and radon exposures which
are respectively number one in the artificial and natural exposures to ionising radiations, far greater
than any other type of exposure such asindustrial exposure.

Consequently, the regulator must apply the current rules of radiation protection to protect the public,
the patients and the workers and inform the population of the potentia risks of exposure to ionising
radiations.

In terms of policy challenge, the development of new radiation biology paradigm, including targeted
and non-targeted effects and individual susceptibility to ionising radiations, may require changes to the
current system of radiation protection in the future (7).
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ABSTRACT

Single-photon emission computed tomography (SPECT) is one of the image modalities
within a clinical environment. This technique is based on the detection of gamma photons
that originate from injected radioactive tracers to image the body’s physiology. Nearly al
clinical SPECT uses pardlel-hole collimation as the image-forming aperture. These
collimators are a limiting component for the spatial resolution, typically >1cm. In recent
years, SPECT has become a very attractive modality for in-vivo imaging of physiological
functions in small animals. Although, one might be pessimistic about the utility of SPECT
for imaging small animals due to its inadequate spatial resolution, SPECT imaging using
pinhole collimators can provide sub-millimetre spatial resolution. Pinhole collimation is
based on the camera obscura principle. Through magnification, pinhole imaging reduces
the apparent intrinsic resolution of the gamma detector. This paper demonstrates that
pinhole SPECT combined with advanced software algorithms can provide high-quality
three-dimensional images of small animals.

1. Introduction

Single-photon emission computed tomography (SPECT) is one of the image modalities within a
clinical environment. This technique is based on the detection of gamma photons that originate from
injected radioactive tracers to image the body’s physiology in a three-dimensional manner. Nearly all
clinical SPECT uses parallel-hole collimation as the image-forming aperture. These collimators are a
limiting component for the spatial resolution, which are typically larger than 1cm. A recent trend in
nuclear medicine is the growing interest for the application of SPECT in small animal studies. The
development of new experimental therapies, such as stem cell therapy and gene therapy, and of new
cardiovascular drugs requires severa stages of animal testing before proceeding to clinical trials.
Although in-vitro imaging is a common tool in this field, it requires sacrificing the animals. This can
be a severe limitation because a same animal cannot be followed by sequentia studies over time.
Furthermore, the cost of in-vitro studies is dramatically higher than that of in-vivo studies, because a
larger number of animals are needed, not only because sacrificed animals cannot be reused, but aso
because a larger number of experiments must be carried out in order to eliminate variability due to
small physiological differences between normal animals. The understanding of the advantages of non-
invasive in-vivo imaging has given rise to the need for high resolution imaging devices that can image
low concentrations of biochemical agents on very small scales. Although, one might be pessimistic
about the utility of SPECT for imaging small animals due to its inadequate spatial resolution, SPECT
imaging using pinhole collimators can provide this required high spatial resolution (1, 2).

Historicaly, the pinhole collimator was the very first collimator used on a gamma camera. Pinhole
collimation is based on the camera obscura principle as shown in Fig 1.
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Fig 1. Pinhole collimation is based on the camera obscura principle. Here you can see an artist’s
impression using early pinhole imaging. However, in aclinical setting, pinhole imaging is not used to
shrink an image, but to magnify it with the intention to improve the spatial resolution.
Through magnification, pinhole imaging reduces the apparent intrinsic resolution of the gamma
detector, resulting in an overall spatial resolution predominantly determined by the diameter of the
pinhole opening (Fig 2). Although, sub-millimetre spatia resolution can be obtained by using pinhole
inserts with a sufficiently small diameter, the use of pinhole SPECT has been mainly hampered due to

atrade-off between the spatial resolution, the sensitivity, and the size of the field-of-view (FOV).

Fig 2. With paralel-hole coalli mation (Ieft) the image obtained of the small frog is degraded by the
intrinsic camera resolution. With pinhole collimation (right), the information loss due to intrinsic
camerablurring is suppressed by the magnification.

When a system is desired with high spatial resolution, very small pinhole diameters should be used
and the object should be positioned close to the pinhole opening to obtain large magnification.
However, small pinhole diameters will reduce the efficiency of photon detection and the large
magnification will reduce the size of the FOV. Moreover, the high spatial resolution will make the
system very sensitive to imperfect camera motion, which is necessary to perform a tomographic
acquisition. This is equivalent to camera shake when taking pictures in conventional photography
using large zoom lenses.

Alternatively, when a system is required that efficiently detect gamma photons, large pinhole
diameters should be used and the object should be acquired close to the pinhole opening. This is
because the solid angle, at which the gamma photons from each point in the object are able to pass
through the pinhole opening, increases enormously for points close to the pinhole opening and also
increases when the pinhole diameter increases. However, the large magnification obtained in this way
will reduce the size of the FOV and the large pinhole diameter will deteriorate the spatial resolution.
Finally, when a large FOV is required, one should acquire an object far away from the pinhole
opening to reduce the magnification, which will result in poor spatial resolution and sensitivity.

The aim of this paper is to demonstrate that with the development of advanced software algorithms
pinhole SPECT imaging can provide high-quality three-dimensional images of small animals, even
though its resolution/sensitivity/FOV trade-off.

2. Imagereconstruction

Tomographic reconstruction algorithms are necessary to transform the acquired two-dimensional
projection images into a three-dimensional volume. As is done in Computed Tomography (CT), the
reconstruction of pinhole SPECT projection images can be performed analytically using a filtered
back projection algorithm (3). Although, these algorithms are fast because they have a low
computational burden, they are not very adaptable to incorporate the physical properties of the
imaging system and to model the transport of the gamma photons from the object to the imaging
system. Therefore, at present, most pinhole SPECT systems use iterative reconstruction based on the
Maximum-Likelihood Expectation-Maximization (MLEM) algorithm (4). Fig 3 illustrates the basic
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steps involved in this iterative reconstruction approach. The slow convergence of the MLEM
algorithm results in long reconstruction times, which restricts its practical application. With the
introduction of the Ordered-Subsets Expectation-Maximization (OSEM) approach (5, 6), the algorithm
was made more efficient and could generate usable results within clinically acceptable time limits. The
OSEM algorithm was maodified by our group (7) to alow iterative reconstruction of pinhole SPECT
images, by modelling the pinhole SPECT acquisition geometry.
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Fig 3. Iterative reconstruction. Projection images simulated from the current reconstruction estimate
are arithmetically compared with the measured projections and the result is back projected to update
the reconstruction estimate. The physical properties of the imaging system and image degrading
effects can be modelled in the forward and the back projector.

3. Characterization of pinhole SPECT acquisition geometry

When a system is desired with sub-millimetre spatial resolution, very small pinhole diameters should
be used and the object should be positioned close to the pinhole opening to obtain large magnification.
This high spatial resolution will make the system very sensitive to imperfect camera motion, motion
that is necessary to perform a tomographic acquisition. To avoid loss of resolution, the reconstruction
of the data acquired with a pinhole camera requires a detailed description of the camera geometry,
which has to be incorporated into the iterative reconstruction algorithm. This can be achieved by doing
a geometric calibration of the pinhole SPECT system (8, 9). The technique first acquires circular orbit
SPECT projection data of a calibration object consisting of three point sources, which form atriangle
with known dimensions. The location of the three sources on each projection image is then determined
using simple segmentation techniques. By iteratively fitting analytically calculated locations to the
measured locations, three intrinsic and six extrinsic parameters can be determined to accurately
describe the pinhole acquisition geometry. The three intrinsic parameters are independent of the
position of the detector during the pinhole SPECT acquisition and give information about the focal
length of the pinhole collimator and the two coordinates of the orthogona projection of the pinhole
opening onto the surface of the gamma detector. For each position of the gamma detector during a
tomographic acquisition, six extrinsic parameters give information about the three-dimensiona
location of the pinhole opening in space together with three angles to determine the orientation of the
gamma detector. Fig 4 shows the effect of accurately describing the pinhole acquisition geometry
during reconstruction.
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Fig 4. Trans-axial dice of a phantom containing hot rods with diameters varying from 2mm down to
Immin steps of 0.2mm. On the left, three intrinsic parameters and only one extrinsic parameter was
used to describe the pinhole geometry, on the right side three intrinsic parameters and six extrinsic
parameter were used to describe the pinhole SPECT acquisition geometry.

4.  Modelling thefinite dimensions of the pinhole opening

When a system is required that efficiently detect gamma photons, a large pinhole diameter should be
used and objects should be scanned close to the pinhole opening, to increase the solid angle at which
the gamma photons from each point in the object are able to pass through the pinhole opening.
However, a large pinhole diameter will deteriorate the spatial resolution. This resolution-sensitivity
trade-off can be improved by modelling the finite dimension of the pinhole opening during iterative
reconstruction. During the process of reconstruction it is usually assumed that the pinhole opening is
infinitesimally small. This assumption is acceptable for very small pinhole openings but may introduce
artefacts when using larger pinhole openings. To incorporate the finite dimension of the pinhole
opening an approach based on multi-ray projections can be used (10). The method is based on the
theory of Gaussian quadratures and prescribes a set of rays that can be incorporated in the forward and
back projector of an iterative reconstruction algorithm to model the pinhole opening. Instead of using
one ray, when assuming an infinitesimally small pinhole diameter, typically seven or twenty-one rays
are used in the forward and back projector of the OSEM agorithm to model the finite dimension of the
pinhole opening. The effect of resolution recoveryisillustrated in Fig 5.
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Fig 5. Trans-axial dlice of a phantom containing hot rods with diameters varying from 3mm down to
1.5mm in steps of 0.3mm, reconstructed assuming that the pinhole opening was infinitesimally small
(Ieft) and reconstructed using the multi-ray technique modelling a 3mm pinhole opening (right).

5.  Multiple-pinhole SPECT

As mentioned above, the pinhole collimator can deliver high spatial resolution and improved detection
efficiency when imaging small subjects close to the pinhole aperture. However, this comes at the
expense of a severely reduced FOV. By setting up additional pinholes and focus them on different
regions in the FOV, it is possible to increase the size of the FOV. We have developed a three-pinhole
collimator to abtain an axial FOV of 160 mm (11), allowing to reconstruct three-dimensional whole-
body images of rats. Fig 6 illustrates the principle of image formation using this three-pinhole
collimator. To characterize such a three-pinhole system, the calibration procedure described in the
third paragraph can be used. However, the three intrinsic parameters should be defined for each of the
individual pinhole openings.
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Fig 6. Principle of image formation when using a three-pinhole collimator, each pinhole focussing on
another part of the object. The detector surface is tiled with three different projections of the object.

6. Conclusions

The resolution/sensitivity/FOV trade-off in pinhole SPECT can be improved using advanced software
agorithms. Multiple-pinhole systems, geometrically characterized with calibration software, used in
combination with iterative reconstruction algorithms that allows incorporating this pinhole acquisition
geometry, can extend the axial FOV. By modelling the finite dimensions of the pinhole apertures
during the iterative reconstruction process, larger pinhole openings can be used to improve the
efficiency gamma photons detection while remaining good spatial resolution.
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ABSTRACT

This paper reports a brief review of the state of the art in PET, SPECT and multi-modality
scanners for small animals. At the University of Pisa a prototype version of the
PET/SPECT scanner for small animal YAP-(S)PET II is available. The performance in
both PET and SPECT modalities are reported together with some examples of experimental
applications on small animals. X-ray transmission images of a mouse obtained with a high
resolution CT prototype are also shown. This CT scanner will be soon plugged on the
YAP-(S)PET 1I.

1. I ntroduction

The study of biochemical processes at a molecular level is of great importance for pharmacology,
genetic, and pathology investigations. This field of research is usually called “molecular imaging” [1].
In-vivo imaging techniques for small animals [2] have demonstrated to be very valuable investigation
methods for molecular imaging in the pre-clinical phase. Among the various imaging techniques
Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography (SPECT)
have a great success that is largely due to the continuous development of high resolution, high
sensitivity instrumentation for gamma ray detection. The latest advances in radiation detection
technology have strongly improved the performance of small animal scanners with respect to the
clinical ones. This is especially true for the spatial resolution figure of merit so as to fulfil the
requirements for small size animal study. On the shadow of the successful application of combined
PET-CT scanners in the clinical environment this combined technique has been recently transferred to
small animal scanners.

2. State-of-theart in PET and SPECT

The relatively small size of the objects under study in small animal imaging (small organs or brain
regions of rats and mice), makes it difficult the use of imaging instruments developed for human
subjects, i.e., the spatial resolution of the available clinical PET scanners is not satisfactory for the
quantitative and qualitative assessment of in vivo gene expression [1]. Molecular small animal
imaging requires instruments with a finer spatial resolution than that of the available clinical scanners,
that is not better than 4-6 mm FWHM. In small animals, it is usually acceptable to work with a spatial
resolution better than 2 mm FWHM for rats (for example for the imaging of the brain), whilst for mice
it would be ideal to use instruments with a resolution better than 1 mm FWHM.

21 PET

The best achievable spatial resolution in PET is limited because of both the physics of the B+ decay
(positron range and angular deviation from collinearity) and the available technology for the position
detection of two gamma rays in coincidence (crystal size, crystal position readout coding and image
reconstruction algorithm). The best spatial resolution of a PET scanner can be expressed in terms of
the FWHM of the point spread function (PSF) after a filtered backprojection (FBP) reconstruction
with the following formula [3]:
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where: 1.2 = degradation factor due to tomographic reconstruction; d = crystal pitch; b = coding error;
D = tomograph ring diameter; r = effective source diameter including positron range; p = parallax
error. Considering all the contributions included in the formula it can be found that the spatial
resolution in PET is intrinsically limited and cannot be better than 0.7-0.8 mm FWHM. The present
best scanners offers a spatial resolution which is of the order of 1.4-1.6 mm FWHM at the center of
the field-of-view (FOV). This is good enough for most cases (especially for rats). On the other hand,
the sensitivity of small animal PET scanners has now reached values of the order of 8-10% at the
center of the FOV.

Siemens MicroPET® FocusTM 120 (http://www.medical.siemens.com/) and GE eXplore Vista
(http://www.gehealthcare.com/usen/fun_img/pcimaging/products/vista.html) systems represent the
state-of-the-art in high resolution small animal PET scanners. These systems offer a very high
resolution and a good sensitivity. For both systems a special care is devoted to keep the spatial
resolution as constant as possible over the whole FOV. Two different approaches are used:
microPET® FocusTM 120 uses thinner crystal elements with a larger gantry aperture, while GE
eXplore Vista makes use of a more complex phoswich technology to limit the parallax error. The
performance of these systems (expressed as the best value measured at the center of the FOV) offers a
spatial resolution of 1.3 mm FWHM and 1.4 mm FWHM and a sensitivity of 6.5% and 4% for the
Siemens and GE scanners, respectively. Other examples of small animal PET scanners available on the
market are the HIDAC-PET (http://www.oxpos.co.uk/), that uses a detector technology based on gas
multiwire proportional chambers coupled to solid, high Z, converters and the LabPET from Advanced
Molecular Imaging (AMI Inc.), that is based on a one-to-one coupling between APD’s and phoswich
LYSO/LGSO crystal assembly.

2.2 SPECT

SPECT does not suffer from intrisic spatial resolution limitations. On the other hand, the main goal is
to find the optimal compromise between spatial resolution, sensitivity and size of the field-of-view
that drives the choice of the collimator type and dimensions as well as the source to collimator
distance and detector intrinsic resolution. For example, the use of pinhole collimators is a solution for
ultra high resolution SPECT. A pinhole collimator consists in a single hole shaped like a double cone.
This type of collimators are usually made of high Z materials (such as gold) in order to reduce the
radiation penetration at the edge of the hole. For this type of collimators the FWHM of the spatial
resolution is given by [4]:

FWHM =D, -(d+ b) /b

where d is the distance between the object and the pinhole and b is the distance between the pinhole
and the scintillator. D, represents the effective diameter of the pinhole, depending also on the
attenuation coefficient of the collimator material and on the hole aperture. Differently from parallel
holes collimator, the sensitivity of a pinhole is proportional to 1/d”. Thus, the closer is the object to the
hole the higher is the sensitivity. However, the sensitivity rapidly decreases as the distance increases.
By using more holes (multi-pinholes) it is possible to enlarge the FOV to obtain “whole-body” high
resolution images of small animals.

X-SPECT® by Gamma Medica-Ideas (http://www.gammamedica.com/X-SPECT.php) and
NanoSPECT system by Bioscan (http://www.bioscan.com/product.php?p=nanospect) are examples of
commercially available SPECT imaging system for small animals. They are both based on rotating
Nal detectors. These systems can be equipped with a wide range of collimators in order to give access
to the best spatial resolution/sensitivity/FOV size compromise for the protocol under study. By using
high resolution pinhole collimators they can reach a spatial resolution in the submillimeter range.

2.3 Multi-modality systems

Multi-modality systems handle functional imaging provided by the SPECT and/or PET modalities,
fused with high-resolution anatomical imaging provided by X-ray CT. In most cases the different
modalities are combined by assembling two or more scanners that have the same axis. In this way the
different systems are accessible with the same animal bed and the image fusion can be obtained by a

41 of 82



1-D translation. The CT part usually consists of a rotating flat-panel X-ray detector and a microfocus
X-ray source.

An example of such a system is the X-FLEX preclinical imaging platform from Gamma Medica-Ideas.
In this case the already mentioned X-SPECT (see section 2.2) is combined with a PET ring called X-
PET and a CT scanner called X-O. A similar configuration is offered by the Siemens Inveon system
that provides integrated small animal PET, SPECT and CT with multiple configuration options. The
PET part is based on the MicroPET Focus technology upgraded in sensitivity (10 % at the center of
the FOV) and in field-of-view (12.7 cm axially). The SPECT part is made up of two or four Nal
pixellated detectors. Conversely to X-FLEX, the Inveon CT scanner is not separated from the SPECT
scanner but they share the same rotation gantry and are co-planar. For this reason the CT is available
with two SPECT head configuration only. Also the NanoSPECT is available with a CT scanner. In
this case the CT shares the same rotational gantry with SPECT but it is displaced axially. It is made up
with a CMOS flat panel detector coupled to a microfocus X-ray source.

Among the commercial systems, YAP-(S)PET II (http://www.ise-srl.com) is the only scanner that
includes PET and SPECT on the same gantry [5]. This is possible because of the four-planar rotating
scintillator detectors, made up of a pixellated, medium Z scintillator (YAP:Ce): each matrix is
composed of a 4 cm x 4 cm YAP:Ce matrix of 27 x 27 elements, 1.5 x 1.5 x 20 mm’ each, and is
coupled to a PS-PMT. The SPECT imaging is obtained by simply adding a lead parallel hole
collimator (0.6 mm @, 0.15 mm septum) in front of each crystal. Such architecture has the advantage
of a reduction of number of detectors, meaning simplicity and affordability in terms of cost and
maintenance, but at the same time maintaining the resolution and sensitivity as required for pre-
clinical applications. The system operates in 3-D data acquisition mode and both FBP (Filtered Back
Projection) and EM (Expectation Maximization) algorithms can be used for image reconstruction. For
both PET and SPECT modalities the scanner has an axial field of view of 4 cm and the diameter of
the transaxial FoV is 4 cm.

3.  TheYAP-(S)PET scanner prototype of the University of Pisa

At the Department of Physics of the University of Pisa, a prototype version of the YAP-(S)PET II
small animal scanner is installed (figure 1). In this version the distance between the opposing heads
can be varied between 100 mm and 250 mm. In this way it is possible to tune the sensitivity-to-spatial
resolution compromise according to the experiment requirements. In fact, the sensitivity in PET mode
at the center of the FOV is 17 cps/kBq at 150 mm, 24 cps/kBq at 125 mm and 35 cps/kBq at 100 mm
while the spatial resolution slightly improves as the distance increases. The peak NEC is nearly
independent from the head-to-head distance (about 42 kcps) but it is reached for increasing values of
activity with increasing distance. Figure 2 reports the spatial resolution measured at the standard head-
to-head distance of 125 mm in the central plane. The FWHM of the images of a **Na point source (1
mm X 1 mm & nominal size) reconstructed with FBP is plotted against the radial position of the
source. On the other hand when working in SPECT mode the minimum distance, according to the
animal size, is always preferable in order to maximize the spatial resolution. In the SPECT modality
the spatial resolution measured on a glass capillary (1.0 mm nominal diameter) filled with a **™Tc
solution is 2.9 mm FWHM using FBP. The measured SPECT sensitivity is 30 cps/MBq, in the 140-
250 keV energy window, constant over the whole FOV.
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Fig 2. Plot of the spatial resolution measured in PET mode. The FWHM of the profile of the image of
a *Na point-like source is plotted against the radial position in the FOV
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Fig 3. Images of the mini Derenzo phantom. The diameter of the rods are 3.0 mm, 2.5 mm, 2.0mm, 1.5
mm and 1.2 mm; the center-to-center distance is twice the diameter. Left: PET images (‘°F)
reconstructed with 2D-FBP+FORE (A) and 3-D OSEM (B). Right: SPECT image (**™Tc)
reconstructed with 2-D FBP (C).

As an example of the spatial resolution figure of merit in both PET ('*F) and SPECT (*™Tc)
modalities we have used a mini Derenzo phantom. Reconstructed images are shown in figure 3.

We have used the YAP-(S)PET II scanner prototype in PET and SPECT for animal imaging. The
simple procedure for switching between the two modalities allow us the user to perform both PET and
SPECT experiment in the same day. As an example of PET imaging, figure 4 shows the glucose
metabolism of a normal rat obtained injecting 37 MBq of "*F-FDG and acquiring for 45 min. after 30
min. of uptake. Principal structures such as cortex, thalamus and striatum are visible.
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Fig 4. Coronal sections through a rat brain obtained in PET with ['*F]-FDG.

Examples of the experiments performed in SPECT mode on rats are shown in figure 5.

A CT scanner has been also developed using a CMOS flat panel detector (2048x1048 pixels, 48 um
pitch coupled to a Gd,O,S scintillator screen) and a microfocus X-ray source. The CT will be soon
integrated with the YAP-(S)PET II prototype. An image of a mouse is shown in figure 6. The image
was obtained with a scan time of 200 seconds (single view, axial FOV 40 mm).
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Fig 5. Left: rat myocardium perfusion studies performed in SPECT mode (**"Tc-Myoview). Right:
Double tracer study on a rat heart with ischemia and subsequent re-perfusion; short axis, vertical long
axis and horizontal long axis projection are shown from left to right. Top row: perfusion study (**"Tc-

Myoview), central row ischemia study (" Tc-Annexin), bottom row: fused images.

Fig 6. Left and center: transaxial and horizontal sections ( 80um thick) of the mouse skull and thorax

(single bed view). Right: side view of the volume rendering of the image. The acquisition parameters

were 40kV, 250 pA, 1mm Al filtering, continuous rotation (500 views over 360°). Total acquisition
time 200 s. Reconstruction parameters: 512°image size (binning two), 80x80x80 um® voxel size.

4. Conclusions

Our experience with the YAP-(S)PET II indicates that its spatial resolution and sensitivity are
adequate for molecular imaging investigation in both PET and SPECT. The availability of both
emission techniques on the same gantry allows multimodality study in a very easy and effective way.
The future availability of an integrated CT will be a critical improvement for a better visualization of
anatomical repere, attenuation correction and morphological characterization.
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TUMOUR MOTION TRACKING: EXPERIENCESWITH
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ABSTRACT

The objective of this research is to address a significant need that currently exists in
medical radiotherapy. Radiotherapy is compromised by the mobility of tumours in the
chest. The motion induced while breathing often makes it difficult to target tumours,
meaning that patients often have to endure extended treatment times or carry out difficult
breath-control techniques. A way to account for such motion is often desirable during
radiotherapy treatments. By using tumour tracking, physicians can irradiate tumours more
accurately without exposing the healthy tissue around the tumour to radiation.

A diminutive inertial sensor developed at Lancaster is capable of measuring position and
orientation about three orthogonal axes. The sensor is intended for tracking the position
and orientation of a medical target within the human body without the need for an external
imaging system. Embodiments of this sensor may be applied to tumour tracking in
radiation oncology.

1. Introduction

The major goal of radiotherapy is the delivery of a prescribed radiation dose as accurately as possible
to a tumour region while minimising the dose distribution to the surrounding healthy tissue. There are
several factors which tend to compromise this goal such as improper placement of shielding blocks,
shifting of skin marks relative to internal anatomy, incorrect beam alignment and, of course,
movement of internal organs and tumours. The source of internal organ motion varies from case to
case, but generally falls into one of the following: organ filling and wriggling [1], peristalsis and
digestive processes that alter the contents of the waste-disposal organs [2], standard behaviour of the
skeletal muscular, cardiac or gastrointestinal systems [3], and finally and the more significant source
of internal motion: the respiratory system.

It is well know that internal organs in the chest move due to breathing, and some tumours may move
by as much as few centimetres [4]. Radiotherapy, has traditionally addressed the issue of tumour
motion by treating what is known as the planning target volume (PTV). This includes not only the
region where the clinical target volume (CTV) is during imaging and planning, but also where it might
be during the treatment. These tumour definitions where formally adopted in 1993 [5] by the medical
community.

2. Background

In an ideal case, treating the CTV would be preferable, because in doing so, healthy structures are not
over-irradiated. Instead, the bigger and ‘static’ PTV is generally treated since no method to ‘view’
mobile tumours during treatment is normally utilized. X-rays imaging systems cannot sensibly be used
to view tumour motion throughout therapy fractions because of the unwanted increase to the radiation
dose that this would cause. Instead, surrogates [6], and respiration control methods [7] are sometimes
employed.

46 of 82



Even though the use of surrogates (as in gated-radiotherapy) has demonstrated great effectiveness,
these techniques raise another issue: the increase of the length of the treatment, which is never
desirable in clinical practise. To account for such issues, alternative methods to track tumour motion
are proposed by the scientific community.

The CALYPSO system [8] is a method to perform continuous target location tracking based upon AC
electromagnetic technology. This system utilizes permanently implantable wireless transponders of 8
mm x 1.85 mm diameter, without the need of additional ionizing radiation. The PeTrack [9] proposes a
real-time tumour tracking system using implanted positron emission markers, containing low activity
positron emitting isotopes, such as '**I, "*As, or **Rb with half-lives comparable to the duration of
radiation therapy (from a few days to a few weeks). The size of the proposed PeTrack marker will be
500-800 micrometres. Position detection requires external instrumentation for both the CALYPSO and
the PeTrack systems.

3.  Active navigational approach

The Powered, IN-vivo POsition Indication for Therapies (PINPOINT) system was developed at
Lancaster University as an inexpensive method to detect position and orientation of a moving target.
The system is comprised by a six-degrees-of-freedom sensor and an embedded DSP that conform an
inertial navigation system (INS).

An INS uses accelerometers to measure the acceleration for object position and gyroscopes to measure
the orientation of the object. Ideally, both are deployed in orthogonal triples (for 3D position in X; Y,
and Z, and 3D orientation in roll, pitch, and yaw, in order to estimate 6D pose [10]. Fig. 1 illustrates
the general operation of an INS.

Tx

Fig 1. Inertial navigation performance defining the six degrees of freedom:
three components of translation, and three components of rotation.

The prototype consists of two symmetrically- bonded PCB boards of size of 30 mm x 20 mm x 10
mm. With conditioned analog signals that are digitised, possessed, and transmitted wirelessly via
Bluetooth; the power consumption is comparatively low, less than 20 mA at 3.3 V. The practical
implementation of the sensor is shown in Fig. 3.

4.  Trackingalgorithm

Inertial sensors detect and measure motion based on the laws of nature and do not rely on external
signals. Therefore, this tracking method does not require external instrumentation. The only drawback
is the need of considering the gravity component.

In order to know how much gravity affects the axes where the accelerometers are, let us consider the
relation between the sensor’s reference frame and the earth’s reference frame to witch the gravity
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component is linked (see fig. 2). If the vectors associated to the accelerometers are Uy, Uy and Uy, it is
necessary to establish a equation to know their components when the systems rotates around 0;, 6, and
03. Therefore

u'=uR, €))
Where X, y and z are the components of vector Uy, Uy and U,. And

tX’+C txy+sz txz—sy
R =|txy—sz ty’+c tyz+sx
txz+sy tyz—sx tz’+c O

If K is the accelerometer scale factor given in V/g, then the accelerometers output is affected by the
addition of the gravity offset Vg

Vs =K, Xcos@ or Vs =K, x 94 (3)

Fig 2. Representation of the earth’s reference frame (black axes)
against the sensor’s reference frame (grey axes).

If Vp is the accelerometer output voltage and V7 the component when the device in immobile, then the
final acceleration is:

V4V -V,
KO

A )

The computation of velocity and position are made by software by implementing numerical
integration algorithms:

V1= 3 3 6 =ty bl Do, @

i=1

o= 3 2 6t el D+ k) ®

i=1
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Fig 2. 30 mm x 20 mm x 10 mm prototype of the inertial sensor.

5. Experimental setup

The sensor was located inside a custom-made gimballed gyroscope (Lancaster University) for rotation
tests (fig. 4a). Similarly, it was mounted on a 2-axis rig, capable of moving a small platform in two
dimensions. Each individual degree of freedom was tested independently. Both the gimballed
gyroscopes and the rig were marked using standard dimension measurement tools, so that the marks
could be used to compare against the displacement and the angular motion of the sensor. The testing
was repeated ten times. The results of this particular experiment have been submitted to publication

[11].

Fig 4. (a) The sensor in a gimballed gyroscope for testing. (b) The sensor in a 2-axis rig for testing.

6. Radiation effects

As the sensor will remain implanted during the course of treatment, the total radiation dose will be a
factor that may limit the operational lifetime of the sensor internal electronics. The electrical properties
of solid-state components change upon exposure to radiation [12]. As the dose accumulates, these
changes drive the component parameters outside of the design range for the circuits in which they are
used. Ultimately, these changes cause the circuit to cease proper functioning. We are carrying out a set
of experiments to determine the hardness of the DPS core. The DSP will be given similar doses as a
common treatment course. The results of this experiment will be presented in the ENC, September
2007.
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ABSTRACT

Man, technology and organisation are essential attributes of a healthy nuclear safety
culture, with a goal of creating a framework for open discussion and continuing evolution
of safety culture throughout the commercial nuclear electric generating industry.

A variety of operation experiences over the years have improved the safety culture at
nuclear electric generating plants. The nuclear industry does not allow decreasing the
safety margins, which could cause occurrences. Many fundamental principles involving
hardware, procedures, training, and attitudes toward safety and regulation contributed to
the error prevention.

Response from operation experience from both industry and regulatory organisations was
extending. Improvements were made in standards, hardware, emergency procedures,
processes, training (including simulators), emergency preparedness, design and
configuration control, testing, human performance, and attitude toward safety.

But still, analysis of the available nuclear operating experience shows that human
performance is a key factor in a large proportion of events.

1. Introduction

Safety culture, what is a safety culture? “An organisation’s values and behaviours — modelled by its
leaders and internalised by its members — that serve to make nuclear safety the overriding priority”.
Therefore, safety culture has to be inherent in the thoughts and actions of all the individuals at every
level in an organization. The principles and associated attributes for a strong safety culture have a
basis in plant events and operation experience. These principles and attributes influence values,
assumptions, experiences, behaviours, beliefs, and norms that describe how things are done at specific
utility.

Utility leading personnel have to be encouraged to make comparisons between established principles
and their day-to-day policies and practices and to use any differences as a basis for improvement.
Subcontractors, vendors, third-party engineering and authority support should be included in the
efforts of improving safety culture. Safety culture awareness and recognition of the importance of
nuclear safety and its value to the organisation should be reflected in supplemental personnel
performance.

Analysis of the available nuclear operating experience shows that man - human performance is a key
factor in a large proportion of events. The safety gains achievable through improved human
performance become increasingly important in deciding where to apply resources; “Arrives the time to
invest in people, not only in equipment”. Plant management establishes performance standards and
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requirements for the conduct of plant activities that are consistent with corporate policies and
objectives, nuclear safety philosophy and other requirements. Management also establishes methods to
communicate effectively upward, downward and horizontally within the organisation.

The organisation of the plant helps achieve a high level of performance and nuclear safety during plant
operation and shutdown conditions through effective implementation and control of plant activities.
The organisation provides the administrative and functional structure that determines where people are
assigned and defines how they are expected to accomplish their tasks. The complexity of a nuclear
generating plant requires that the organisation be clearly defined.

Policies, directives, procedures, goals and objectives and performance standards provide
administrative controls and management direction to implement the organisational structure.

The basic assumptions that have worked well in current organisation should be considered as a valid to
new organisation and facilities built in the future.

2.  Men, technology and organisation

Earlier industry attempts to improve human performance focused on results and individual behaviour
at the worker level, a common response to human error that exists today in many organisations.
However, organisation and management influences on human behaviour are equally important, but
often overlooked or underestimated. Experience has revealed that most causes of human performance
problems exist in the work environment, indicating weaknesses in organisation and management.

To optimise successful performance, appropriate individual and leader behaviours must occur together
with appropriate organisational processes and values. All three must work together during all phases
of a work, from work identification through completion of documentation.

2.1 Man-Human Performance and M anagement

It was learned form industry: “When a program agrees to spend less money or accelerate a schedule
beyond what the engineers and program managers think is reasonable, a small amount of overall risk
is added. These little pieces of risk add up until managers are no longer aware of the total program
risk, and are, in fact, gambling”

Human performance is a series of behaviours executed to accomplish specific task objectives (results).
Behaviour is what people do. Results are achieved by behaviours, the mental and physical efforts to
perform a task. Although results that add value are important, desired behaviour must be the target for
improvement efforts.

We have to be aware that excellence in human performance becomes an important measure to reduce
events. A key way to improve human performance is to focus on instilling in people the correct
behaviour patterns in all stages of the NPP life cycle. The installation of this ‘ethos’ is of much greater
importance than attempting to solve post event problems created by its lack. Human error is caused by
a variety of conditions related to individual behaviour, management and leadership, organisational
processes and values. Alignment involves facilitating organisational processes and values to support
desired behaviour.

Particular organisation has to establish its own principles for excellence in human performance to
promote behaviours throughout an organisation that support safe and reliable operation of the plant.
Progress toward excellent human performance requires a work environment in which individuals and
leaders routinely exhibit desired behaviours. Such behaviours must be clearly described,
communicated and what is a most importantly reinforced. Open communication and positive
reinforcement can establish a culture in which individuals, leaders and organisational processes
eliminate barriers to excellent human performance, what results in reduce or even elimination of
significant plant events due to human error. Experience with error prevention and human performance
improvement has revealed that the most capable defences against events are open communication and
positive reinforcement of desired behaviours.

How to reach environment where we can proudly say ‘that is the way we do things here’?.
Achievement of that goal includes:
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. Systematic performance assessment of the operational experience related with human
factors/human errors, following worldwide good practices criteria and specific experience of
operators internationally

. Establishment of an analysis tool for human errors

. Establishment of measures for human error prevention

. Establishment of a system for near misses reporting and resolution
. Safety culture improvement and safety culture audits

. Establishment of basis for safety culture assessment.

2.2 Technology

Changes to plant design and improved equipment deliver high levels of safety. It based on the
implementation of operating experience programme. This contributes to safe, reliable and efficient
nuclear plant operation. Events, which occur today, reveal a completely new cause or failure
mechanism. Most investigations find that external operating experience was available which, if used
effectively, could have prevented recurrence of the event. The best use of operating experience is to
look for similarities that could apply to particular plant, rather than look for differences that should
lead to screen the experience out.

Effectively using operating experience includes analysing both internal and external operating
experience to identify fundamental weaknesses and then determining appropriate plant specific
corrective actions that will minimise the likelihood of similar events. Plants have to be encouraged to
share operating experience.

The plant’s goal for operating experience is, to effectively and efficiently use lessons learned from
plant and external operating experience to improve plant safety and reliability. Learning and applying
the lessons from operating experience is an integral part of plant safety culture and has to be
encouraged by managers throughout the organisation. Plant personnel have to be encouraged to use
operating experience information at every opportunity as a helpful. Strength methods of using
operating experience assured provision of applicable information to the right personnel in write time.
When plant personnel analyse the causes of plant events, operating experience has to be routinely
reviewed to determine if and why previous lessons were not effectively learned.

2.3 Organisation

An effectively implemented organisational structure establishes the framework to accomplish the
organisation’s mission. Responsibilities and authorities for accomplishing assigned tasks have to be
clearly defined and communicated in organisations. Various administrative elements have to be
established to ensure that management's expectations are clearly communicated and understood and
effectively implemented. Administrative elements include formally established goals and objectives.
Administrative elements also include policies, procedures and methods to conduct plant activities and
maintain nuclear safety. Policies and procedures have to be clearly written, technically correct and
readily available so plant personnel can easily determine and properly implement actions required
under varying circumstances. Management monitoring and assessment activities are an integral part of
the administrative elements to identify strength and week performance area.

3. Safety Cultureand Human Perfor mance — Per spective for the future

The recent events like Davis-Besse Nuclear Power Station reactor vessel head and the severe damage
to fuel external to the reactor at Paks Nuclear Power Plant have highlighted problems, which happened
when the safety environment does not have sufficient attention. A common thing in these cases is that,
that they are mostly result of the plant culture. If the weaknesses are recognised and resolved on time,
the events could have been prevented or their severity lessened. The series of decisions and actions
that resulted in these events can usually be traced to the shared assumptions, values, and beliefs of the
organisation. Organisational culture is the shared basic assumptions that are developed in an
organisation as it learns and copes with problems. The basic assumptions for strong culture have to be
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taught to new employees of the organisation as the correct way to perceive, think, act, and feel.
Culture is the sum total of a group’s learning.

In addition to a healthy organisational culture, each nuclear power station, because of the special
characteristics and unique hazards of the technology — radioactive products, concentration of energy in
the reactor core, and decay heat — needs a strong safety culture.

Implied in the definition of the Safety Culture is the notion that nuclear power plants are designed,
built, and operated to produce power in a safe, reliable, efficient manner; that the concept of safety
culture applies to every employee in the nuclear organisation, from the board of directors to the
individual contributor; that the focus is on nuclear safety, although the same principles apply to
radiological safety, industrial safety, and environmental safety; and that nuclear safety is the first value
adopted at a nuclear station and is never abandoned.

Even the nuclear plants are designed to perform safely under a full range of scenarios, events
happened. Where is the problem? Corporate cultures must embrace the reality of human fallibility
because even the best people make mistakes. The relieving factor is the fact that error-likely situations
are predictable, manageable, and, preventable. Organizational processes and values influence
individual behaviour. People achieve high levels of performance based largely on the encouragement
and reinforcement received from leaders and subordinates. Events can be avoided by an understanding
of the reasons mistakes occur and application of the lessons learned from past events.

The following statistic makes more clear answer why human performance:

100,000 people die every year due to medical errors

17,000 people are seriously injured or die every year due to driver errors
21 out of 26 fuel damaging events due to human error

75 % of all reportable nuclear power plant events are due to human error
70 % of causes are related to weaknesses in the organization

But it has to be clear that human error is not always a sign of poor safety culture.

Could we find if Safety culture is present or it is not present? Safety culture is present, when people
feel good, when a well done work can be found, when the workers are satisfied, when open
communication exists, etc. There are different indicators to “measure” safety culture and allow
ongoing assessment of it. Each facility has to address their own indicators, depends on their culture,
people, organisation. Some of them are: Compliance with rules and licensing requirements;
Challenges to operation; Radiation protection programme effectiveness; Number of human factor
related events; Number of self-assessments.

And what is perspective for future, what means improvement in human performance, what are next
steps: emotional intelligence? What is emotional intelligence: “ The ability to monitor one's own and
others emotions, to discriminate among them, and to use the information to guide one's thinking and
actions’ and why emotional intelligence: “ Business has become, in this last half-century, the most
powerful institution on the planet -- the dominant institution in any society needs to take responsibility
for the whole and emotional intelligence is emerging as a critical factor in high performance at work,
school, and at home”

Everyone has emotional intelligence. Research shows: can be taught or increased or can change
leadership styles. We can increase emotional intelligence by:

e Practicing being more aware — Listening and Observing

e Being more conscious of our choices

e Deliberately blending our thinking plus feelings to generate better decisions

What is important emotional intelligence does not mean “being nice”, it equals “Consciously and
carefully processing and using emotional information and emotional energy”.
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If we value emotions as a source of information and energy, we will begin to get more positive results
in our relationship with others and ourselves.

4. Conclusion

Commercial nuclear electric generating plants are designed, built, and operated to produce electricity.
Safety, production, and cost control are necessary goals for the operation of such a plant. These
outcomes are quite complementary, and most plants today achieve high levels of safety, impressive
production records, and competitive costs, reinforced by decisions and actions made with a long-term
view. This perspective keeps safety as the overriding priority for each plant and for each individual
associated with it.

Nuclear safety is a collective responsibility. No one in the organisation is exempt from the obligation
to ensure safety first. The following principles are important:

. Everyone is personally responsible for nuclear safety.

. Leaders demonstrate commitment to safety.

. Trust permeates the organisation.

. Decision-making reflects safety first.

. Nuclear technology is recognised as special and unique.
. A questioning attitude is cultivated.

. Organisational learning is embraced.

. Nuclear safety undergoes constant examination.

The following should be sufficient:

. Communication on all levels

. Safety culture

. Procedures and documentation

. Quality assurance and motivation for it.
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Human Performance to Avoid Failures and to Improve Reliability

Ginter Baro, Thomas H. Dent, Dirk Ebert, Bernd Wilkes
Westinghouse Electric Germany GmbH

Dudenstrasse 44, 68167 Mannheim

Reasons and Goals

Human Performance is a program that has been recommended to the US operators of nuclear power
plants by INPO the Institute of Nuclear Power Operators. The reason is to increase the reliability and
hence the availability of a plant. Having this in mind, the overall goal is to prevent errors and to avoid fail-
ures. If we reduce the failure rate, we will increase the reliability and therefore the availability of a plant’. In
principle, we know such a phenomenon from accident pyramids. These pyramids show us that there
seems to be a unique relationship for events of different significances. We are going to encounter 1 seri-
ous event per 10 significant events, 30 near misses and 600 minor incidents. The numbers may change
per organization, but the principle holds. If we have less minor incidents, we will reduce the probability of
increased risks for larger problems, accidents or catastrophies, automatically.

What can be done to reduce the number of failures and the failure rates. Within the Human Performan
Program of INPO, there are several methods and tools, to accomplish this goal. In Europe, there has been
some reluctance to employ the Human Performance Program, despite the fact that WANO the World As-
sociation of Nuclear Operators supported the utilization of the tools and methods recommended by INPO.
One of the essentials of this program is a standardized process with structured procedures, structured
briefings and debriefings as well as a structured communication to strive for an exclusion of misunder-
standings.

Westinghouse noted that a large portion of the problems which are encountered during the execution of a
project seems to be due to communication problems. Such problems are enhanced if you work in an in-
ternational environment, in which people have to cooperate who do not have a common mother tongue
and a common cultural background. Potentially country-specific attitudes and methods to accomplish a
communication have to be unified and structured such that misunderstandings are nearly excludable in
our international work environments. In addition, a standardized and structured communication helps to
avoid emotional problems between people who are working in such groups.

This paper presents the program that Westinghouse employed to improve the performance of her em-
ployees and how this program is being implemented and realized in Germany and in Europe.

! Human Performance Improvement — Overview Training, W. Earl Carnes, 2006 DOE Price-Anderson Co-
ordinator Training April 4-6, 2006, http://www.eh.doe.gov/enforce/2006presentations/day3/Carnes(5).pdf
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Human Performance — Basic Considerations

The primary goal of the INPO program of Human Performance is to prevent errors which could jeopardize
safety respectively the execution of a task. During the execution of a project, each deviation or even each
irritation indicates that there is a deviation of the originally qualified parameters. A correction of such an
irritation or deviation requires an additional effort and enhances the risk of a failure, because of the exten-
sion to unknown parameters which have not been qualified, so far. This by itself may create problems
which have not been considered and which could create unexpected disturbances at other sites respec-
tively process steps. Such properties and such a performance are known from manufacturing materials.
Changing the manufacturing parameters changes the material properties. In case of highly automated
systems, this effect is known, too. Slight disturbances may be indicators or even causes of unexpected
and sometimes even dramatic results. Those who work with complex databases know that the solution of
a problem in one part of the program may create a new problem at another unexpected part of the pro-
gram.

0 Why a Human Performance

Approach? US Nuclear Trends

Human Errars
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Helping the field succeed with safe and reliable operations. Helping the field succeed with safe and reliable operations.

Fig. 1: INPO Information about Human Performance Fig. 2: INPO Information about Human Performance
Improvement - Overview Training by W. Earl Carnes, 2006 Improvement - Overview Training by W. Earl Carnes, 2006
DOE Price-Anderson Coordinator Training, April 4-6, 2006 DOE Price-Anderson Coordinator Training, April 4-6, 2006

INPO showed that the interaction between man, machine and organization needs to be understood, to
improve the performance of complex, profoundly jeopardized systems. Human errors account for about
80% of the occurrences, and 70 % of these human errors are due to latent organizational weaknesses. In
other words, there are only 20% of occurrences or events due to equipment or material failures. We elimi-
nate technically risky products before they fail unexpectedly utilizing regular, preventive and corrective
maintenance, surveillances as well as inspection and audit results. A safe and reliable, disturbance free
operation increases the capacity factor and the availability. This is what drives us to go for methods and
tools which reduce human errors and failures significantly.

Event-free work and reliability are a product that is achieved by the own performance at work and the
achieved results. If we are going to make mistakes or failures en route, we have to encounter additional
work time and furthermore irritation and annoyance of the customer. This customer irritation and annoy-
ance by itself is creating extra time efforts and, hence, extra costs.

On top of all of this, there are customer expectations to do specific tasks and provide deliveries, which
have neither been specified nor agreed upon, explicitly. Such a delivery could be file records of a docu-
mentation, a specific warning signal of a switch or button, or the explicitly defined extended limits of ser-
vice deliveries, which is interpreted differently by the parties involved. An early common understanding is
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needed, to increase the rate of being without errors and to get such unexpressed expectations under con-
trol.

The process to avoid errors and failures has the very first priority and the complete management has to
fulfill the assigned role within this process. This means that the management has to ensure that all of the
regulatory rules, the Westinghouse policies and procedures, as well as the product specific processes and
guidelines are to be met, followed up and if necessary trained repeatedly.

Avoiding Failures and Errors — Definitions and Methods

An error is an action that unintentionally departs from an expected behavior. A violation is a deliberate, in-
tentional act to evade a known policy or procedure requirement for personal advantage usually adopted
for fun, comfort, expedience, or convenience.

Up to now we had the following view of a human error: A human error is the cause of accidents. To ex-
plain a failure you must seek failure. You must find people’s inaccurate assessments, wrong decisions,
and bad judgments. However, human errors are often symptoms of trouble deeper inside a system.
Therefore, the new view is to explain the failure, and not to try to find where people went wrong. We are
trying to find how people’s assessments and actions made sense at the time, given the circumstances that
surrounded them. It is more important to find the reasons that caused the error than the people.

Human Performance describes a behavior to achieve a work according to well described processes with-
out running into errors or failures. If we understand and accept the situations for actions and decisions, we
are enabled to develop tools that help us to avoid errors and failures. It is obvious that we have to agree
on standard behavior patterns to avoid failures and errors due to communication problems within an inter-
national work group with people of different mother tongues and business / work cultures.

Process Based Leadership is an indispensable process to assure that the procedural adherence has the
first priority. Managers have to reinforce the use of methods and tools employed within this process.

Tools to Optimize the Human Performance of Westinghouse

e Avoid errors by applying
o Procedure use, adherence, placekeeping, i.e. use standardized processes and check lists
0 3-way-communication
o time out and collaborate in case of doubts
0 create situational awareness by monitoring tasks to identify undesirable situations
e reinforce exchanges of ideas and what is done by
o verbalizing and challenging - share own ideas with employees/colleagues when acting
o briefings and debriefings
e reveal and eliminate error causing organizational weaknesses by
o0 self and peer checking
0 persistent, repeated observation of working procedures & employees
0 persistent, repeated registration of error events
0 active participation in the Root Cause Analysis (RCA)
e to support continuous enhancement in a learning environment
0 to coach and support efficient and error preventive practices
0 to communicate error solutions and behaviors
0 to provide resources and tools
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It is the task of the management to get involved with the work which is performed by their employees. This
is essential for a manager or a lead, in order to coach and to identify themselves with the work done.
Therefore, the application of these tools is to be watched, to assure the persistent implementation and us-
age of them. For that purpose, the management will reveal their observations in a database without violat-
ing the employee’s right of privacy applying a top down process. So called Learning Clocks and Human
Performance Event Investigations shall demonstrate how Westinghouse applies and uses the same pro-
cedures worldwide, in order to reveal and to remedy defects. In each European country an organizational
entity is established serving the site management to take care and to observe the implementation of the
procedures. For the European locations, a coordinating entity assures that in all sites the same tools and
methods are applied as in the US and that local management persistently reinforces the implementation
and usage of the measures/actions. When implementing the process barriers and obstacles because of
regional cultural and linguistic phenomena are to be identified and overcome by the local groups and
should not be disregarded. A significant amount of training is given to everybody, and especially to leads
and managers. By getting involved the management and the leads will support the application, observe
and coach their personnel and reinforce the use of methods and tools.

Barriers in Germany

The mentioned tools are well known since years. But we have difficulties to apply them. We face cultural
and mental barriers/difficulties, which might be different in each country. It is very important that the man-
agers including the directors are getting involved and clarify that we are not looking for the guilty ones but
for the latent system and organizational errors. They have to commit themselves to follow up the meas-
ures, to record observations and events and to enhance the application of the tools. Typical German
barriers have been:

Observations are not done to find something to be blamed for
Differences in education and culture

Differences in management systems

Linguistic incorrectness in the translations

Missing error culture (acticle in the FAZ dtd. 04-06-06)

Only setting good examples and the persistent usage of the mentioned tools can eliminate these barriers
and change the mindset. Managers must set a good example in order to overcome those barriers as well
as to assure the procedure.

Summarization

Early error perception and prevention has a top priority since several years. The procedure to enhance the
work performance safety and reliability, e.g. in order to avoid errors, is being introduced as a top down
procedure within Westinghouse. A prerequisite for the persistent implementation is the management’s atti-
tude that must do their utmost to realize and support the procedure. Within Westinghouse the worldwide
implementation of identical tools and methods is assuring a harmonized procedure. The management is
committed to follow up and to assure the application and usage of the predefined tools and methods. They
record any respective observation, while events and errors and related corrective actions are published.
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MONITORING THE EFFECTIVENESS OF MAINTENANCE
PROGRAMMES THROUGH THE USE OF PERFORMANCE
INDICATORS

P. VAISNY S, M. BIETH, PCONTRI

Institute for Energy, Joint Research Center, European Commission
Westerduinweg 3, NL-1755 LE Petten, Niederlands

ABSTRACT

Optimization of the maintenance strategy, enhancement of the maintenance efficiency and
monitoring the performance are becoming the key attributes to ensure the survival of
nuclear utilities in the energy market. To monitor the maintenance performance in an
effective and objective way, the relevant measurable indicators were selected and a
maintenance performance monitoring framework was proposed. Three attributes associated
with the excellence of the maintenance program are proposed at the top of this structure.
Using the attributes as a starting point, eight key performance indicators were proposed to
cover the key aspects of maintenance. Finally each key performance indicator is supported
by a set of specific indicators representing the measurable metrics of the maintenance
program.

1. Introduction

Economic deregulation of electricity markets in many countries has placed nuclear power plantsin a
new competitive environment where capital, operating and maintenance costs must be minimized.
Optimization of the maintenance strategy, enhancement of the maintenance efficiency and monitoring
the performance are becoming the key attributes to ensure the survival of nuclear utilities in the energy
market. The maintenance performance monitoring was one of the research tasks of the SENUF (Safety
of European Nuclear Facilities) network established in 2003 to facilitate the harmonization of safety
cultures between the Candidate Countries and the European Union. After 4 years of successful
operations, the SENUF network was integrated into the new Direct Action of the European
Commission, SONIS (Safe Operation of Nuclear Installations), where research on maintenance
monitoring and optimisation plays a mgjor role. The objective of this paper is to present the results of
research activities carried out by the institute of Energy in the area of the use of numerical indicators
in the monitoring of maintenance performance.

To monitor the maintenance performance in an effective and objective way, the relevant measurable
performance indicators should be used. However, experience has shown that focusing on any single
aspect of performance is ineffective and can be misleading. A range of specific leading and lagging
indicators should be considered in order to provide a general sense of the overall performance of a
maintenance programme and its trend over time. The best performance measurement systems contain
amix of lagging and leading indicators. When dealing with the maintenance performance monitoring
we apply the business process approach to the maintenance function. This concept of process
management is based on the assumption that the process itself produces the desired results and
therefore the process has to be managed and measured. This approach ensures successful management
of the maintenance process in order to achieve optimal levels of equipment reliability, availability and
cost effectiveness. For the maintenance application, the leading indicators measure the effectiveness of
the maintenance process, while lagging indicators measure results. The necessity for tracking the
maintenance performance indicators other than just equipment reliability and availability is to pinpoint
areas responsible for negative trends (leading indicators). In addition the performance indicators
should not be considered just a measure/demonstration of success but should be used as a tool to
manage successfully. The utilities should utilize performance indicators to identify opportunities for
improvement rather than measures of success or failure.
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2. Maintenance performanceindicators (MPI) system

As a first step in the development of the maintenance performance monitoring framework, we
consider the definition of the maintenance monitoring concept. It is assumed that the maintenance
monitoring system is established at the power plant with the aim to achieve the maintenance
excellence, by removing the existing or potential deficiencies. The proposed approach to monitoring
of maintenance performance is presented in Fig. 1. On the top of the maintenance performance
hierarchical structure we propose the Maintenance Excellence, from which we develop three attributes
that are associated with the excellence of the maintenance programme:

e Preventive character of maintenance (including predictive maintenance);

e Maintenance management;

e Maintenance budget.

Using the attributes as a starting point, a set of maintenance performance indicators is proposed. The
key performance indicators are envisioned to provide overal evaluation of relevant aspects of
maintenance performance. Below each attribute, key performance indicators are established. Each key
performance indicator is supported by a set of specific indicators, some of which are already in usein
the industry. Specific or plant specific indicators represent quantifiable measures of performance.
Specific indicators are chosen for their ability to identify declining performance trends or problem
areas quickly, so that after proper investigation the management could take corrective actions to
prevent further maintenance performance degradation.

N\

What is required MAINTENANCE
from maintenance > ATTRIBUTES
programme to achieve the
maintenance excellence
-'.
KEY
Parametersthat represent the —— % PERFORMANCE
’ strategical aspects of INDICATORS
maintenance
SPECIFIC
Measurable parameters INDICATORS

Ty

Fig1l. Anapproach to the monitoring of maintenance performance

3. Key performanceindicators

3.1 Preventive maintenance

For the preventive attributes of maintenance the following three key indicators are proposed:
e System and equipment availability;
o Reliability of the systems and components;
o Effectiveness of preventive maintenance.

The performance indicators structure for preventive maintenance is shown in Fig. 2.
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(including predictive measures)
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maintenance (MTBM) L—  activities

Fig2. Performanceindicatorsfor the preventive maintenance

Preventive maintenance programs are established at the mgjority of nuclear facilities to maintain
equipment within design operating conditions and/or to extend equipment life. In conjunction to the
predictive maintenance measures, preventive maintenance helps to correct many potential problems
before they occur. Preventive maintenance allows equipment to be repaired at times that do not
interfere with production schedules, thereby removing one of the largest factors from downtime cost,
increasing profitability. Preventive maintenance activities can be planned in advance facilitating the
control of the backlog at the reasonable level.

3.2 Maintenance management

A comprehensive work planning and control system applying the defense in depth principle should be
implemented so that maintenance activities can be properly authorized, scheduled and carried out by
either plant personnel or contractors, in accordance with appropriate procedures, and can be completed
in atimely manner. The maintenance management system should ensure the allocation on and off the
site of the resources necessary to efficiently accomplish the maintenance activities. Effective
coordination should be established among different maintenance groups and among the different
departments of the plant. To reflect the maintenance management aspects we propose the following
key indicators:

e Planning and scheduling;

¢ Interface with operations;

e Work control;

e Material management.

The structure of the performance indicators to reflect the maintenance management is presented in

Fig. 3.
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Fig 3. Indicators structure for the maintenance management
3.3 Maintenance budget

The objective of the plant management of nuclear generating utility is to maximize production of
electricity at the lowest cost, the highest quality and within the established safety standards. The
maintenance budget is an increasingly important aspect in the new economical environment in the
energy market. Reducing the production costs, including the maintenance costs in particular is the
condition of survival in the competitive energy market. Figure 4 shows the proposed indicators
structure for the maintenance budgeting.

MAINTENANCE BUDGET
I

Cost effective maintenance

Maintenance cost per
—— kwh produced

—— Overtime maintenance cost

—— Unplanned costs as percentage of total
mai ntenance costs

—— Work orders complete within
the determined costs (20%)

—— Ratio of replacement asset value
(RAV) to craft/wage head count

L—— Annual maintenance cost as a percent of
replacement asset value (RAV)

Figd4. Indicators for the maintenance budget
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However we realize that because the main emphasis in our approach was put on the safe operation of a
power plant, the economic effectiveness of the maintenance program, despite its unquestionable
importance, was not developed in such a depth that is sufficient to represent all the budgetary aspects
of a cost-effective maintenance.

4. Conclusions

The proposed system for the maintenance performance indicators is the initial step in the development
of the framework for the monitoring of the maintenance efficiency using measurable performance
indicators. As afurther step, the pilot studies should be initiated in order to validate the applicability,
usefulness and viability of the approach for implementation of proposed system of maintenance
indicators at nuclear power plants. Not all indicators proposed in this paper will be found meaningful
at the specific power plant. The establishing of clear and simple definition for each selected indicator
is a key part of the progranme implementation. When selecting the indicators for the validation
studies at certain power plant it is recommended to review each indicator and to modify to plant
specific definition if necessary. The elaboration of the best definition for the selected indicator is a
very challenging task as it provides the evidence on how meaningful is that indicator for the power
plant. More information on the proposed maintenance monitoring framework including the definitions
of the selected performance indicators can be found in the EU Summary Report EUR 22602 [1]. The
Report also provides recommendations to nuclear power plants for the implementation of the proposed
maintenance performance monitoring system.
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Abstract
This paper outlines the potential to provide smaller, potentially modular radwaste plants, suitable for new reactor proposals,
within increasingly strict environmental control regimes, and with reduced discharge authorisations. Aker Kvaerner have been
involved in the design, build and commissioning of radwaste plants over many years and provided the plant for Sizewell B, one
of the last major PWR'’ s to be built anywhere in the world. Unit operations and design characteristics of radioactive waste
processing plant are discussed. It is concluded that these have changed little in the past 30 years. The traditional build
characteristics and metrics of large radioactive waste processing facilities are described in both the reprocessing and the power
generation industries. New reactor and fuel characteristics are described and used to highlight areas of potential design
improvement, reducing the size, complexity, construction programme and cost of future power reactor radwaste facilities.

1. Introduction
The historical process design of large waste facilities has changed little in the past 30 years, the
principal unit operations are given in Figure 1.

SOLID LIQUID GAS
Incinerate lon Exchange Filtration
Compact Precipitation / Filtration Adsorption

Encapsulate Evaporation

Table 1. Unit Operations
Some Examples of these processes are given below:
2. Conventional Design Practice

At Sellafield, the Site lon Exchange
: Effluent Plant (SIXEP) isan early

FLOW INLET i .

SPREADER generation of Radwaste plant for the
treatment of site magnox sourced
liquid effluents, designed in the late

Sl 1970’s, and based on the use of

SUSPENSION POINT filtration and ion exchange. The

plant is monalithic, some 100m x

50m x 30m and the processing

capacity some 4000m3/day. 70,000

te of concrete were used in

G construction.

v Figure 1 shows aview of a

S Universal Vessel designed for the

SIXEP facility at Sellafield. This

common vessel was designed for

operation with both mediafiltration
and ion exchange.

ING' SPRAY !
SN CONTENTS DISCHARGE
PIPE.

WIRE
ED NOZZLES ~

Figure 1. SIXEP Universal Vessel
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Figure 2 shows a view of the Enhanced Actinide Removal Plant (EARP) processing plant. This
large (65m x 45m x 35m) effluent treatment facility at Sellafield is still in service, and was
constructed to meet waste requirements for medium and low active waste streams. The process
basis for this facility was advanced chemical adsorption, and ultrafiltration, engineered to meet
exacting operational and performance standards. High DF s were achieved for Actinides, Cs, Sr
and Co. This plant is also monolithic, and used some 60,000 te of concrete, with over 30 km of
pipework and 50 km of cabling.

Sizewell B Radwaste Plant is afully integrated facility, designed in the late 1980's, and of similar
size to the previous examples. In contrast, this plant uses the whole range of available process
technologies for the treatment of gaseous, liquid and solid wastes from the operation of the
Sizewell B PWR. Thisfacility has nearly 400 cells, and processes ailmost al the active wastes on
the site.

3. Process Performance

These plants have had a significant effect on operational performance. Figure 3 shows the
reduction in historical Discharges from Sellafield in relation to SIXEP and EARP.
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Fiaure 3. Historical Discharaes at Sellafield

4. Commonalities
These examples serve toillustrate the similarities:
- All use the basic unit operations to provide very effective operation
- All thesefacilities required large buildings of bulk poured concrete, with Monolithic
construction
- All contained many interacting and inter-related systems, requiring along and complex
design and build.

5. Impact of New Technologies

We now have new or intensified technologies in a number of areas such asion exchange and
filtration. These have allowed performance improvements on a scale we could not conceive just a
few years ago.

6. UK Energy Supply Issues

In the face of global energy demand, global warming and security of supply economics, the
development of safe, economic advanced reactor designsis now of great importance.

In the historical context above, conventional radwaste plant may not at first sight meet improved
safety, cost and construction objectives.

Accordingly, this paper describes how improved safety, cost and performance objectives can be
achieved in radwaste processing for advanced reactors..

7. Advanced Reactor Design

For illustration, the AP1000 design basis has been used to assess the design of afuture radwaste
facility:

Figure 4 shows the design metrics for the AP1000 compared with previous generation PWR
technology: These achievements will deliver improvementsin safety, operability, shortened
construction programme and reduced cost.

69 of 82



50% Fewer ~ 35% Fewer 80%Less 2% Less 85% Less
Valves Pumps Pipe* Seismic Cable
— = = =

Buildimg
" Volume- In applying these metricsto a future
radwaste plant design, we also note
the following:

a) Fabricated PWR Fuel
Quality isnow higher than
ever; the operational design
basis for Sizewell
expressed as Y%Failed Fuel
can now be exceeded by up
to x100. This produces
reductionsin fission
product activity.

b) Materials development and improved water chemistry have lead to much reduced
corrosion product formation.
c) Thesein turn lead to much reduced primary and secondary coolant activities, giving:
- Reduced shielding requirement in normal operation.
- Reduced environmental impact, lower activity discharge.
d) The use of conventional effluent treatment processes as described earlier is now
significantly enhanced by the availability of new materialsin lon Exchange and
membrane technology.

e
T —cug

i

| — | H

=]
Figure 4. AP1000 Metrics. Source: Westinghouse

8.0 Summary: Implicationsfor Design
Taking these factors into account, we can now expect that compared to Sizewell B radwaste
plant, it is possible to match the AP1000 metrics given in Figure 4 above.

Thiswould deliver abuilding and plant volume of the order of one third to one half of that for
Sizewell. It may be possible to make larger reductionsin building volume although thisis
primarily due to the removal of evaporation and relocation of gaseous waste processing.

Figure 5 shows a view of one process area of asimplified future radwaste plant, designed
with these principles:

Figure 5. Cutaway view of New Radwaste Facility

The expected improvements are:

- Reduced complexity and interactions significantly improve operational safety

- Processintensification and close alignment of processes against reactor waste streams deliver
reduced plant size.
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Accelerated construction; this becomes possible because of reduced building size, and improved,
fit-for-purpose building design.

Programme: The use of skid mounted package plant, modular ‘ pack’ systemsfor filtersand ion
exchangers, can shorten construction time.

Allowance for sub contractor support service, by provision of Docking Bays and subcontractor
Laydown areas, alows the future use of specialist waste services.

Environmental; Reduced operational source terms gives potential for significantly reduced liquid
and gaseous effluent levels.

Solid Waste; improved ion exchange processes deliver equivalent performance with reduced
waste volumes.

New Radwaste plants need not be large monoalithic structures, and can make more use of modular
design and skid mounted systems.

Asawhole, these allow optimal design for the whole life cycle.

Although more intensive, the processes have still not changed from those of the past. Hence,
Back to the Future.

References:
1. M. Howden, Progressin the reduction of radioactive discharges from Sellafield, BNFL
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ABSTRACT

The present work is devoted to near-field coupled modelling of a hypothetical underground
high level waste disposal in fractured granitic rock (“In-situ” experiment, FEBEX Project),
performed a the Grimsel Test Site (GTS, Switzerland). First, a 3-dimensional
reconstruction of the fractured network surrounding the FEBEX gallery is performed by
Monte Carlo simulation, taking into account geomorphological data. Then, we estimate the
equivalent coefficients of the fractured network by applying a superposition method [1].
Finally, a continuum equivalent model for 3D coupled Thermo-Hydro-Mechanics (THM)
is developed and transient simulations of the excavation of the FEBEX gallery and the
heating experiment are conducted using the Comsol Multiphysics ® software (3D finite
eements). Preliminary comparisons of simulation results with time series data collected
during the “In-situ” experiment yield encouraging results.

1. Introduction

FEBEX | and Il is a demonstration and research project [2], which was carried out by an international
consortium led by the Spanish agency ENRESA and co-funded by the European Commission and
performed as part of the fifth EURATOM framework program, key action Nuclear Fission (1998-
2002). This project aims to simulate the components of the engineering barrier system in accordance
with the ENRESA’s AGP (* Almacenamiento Geoldgico Profundo’, deep geological disposal) Granite
reference concept. The project includes tests on three scales. an ‘In-situ’ test at full scale in natural
conditions; a ‘Mock-up’ test at almost full scale in controlled conditions; and a series of laboratory
tests to complement the information from the two large-scal e experiments.

The ‘In-situ’ experiment is being performed within a new drift which was excavated in the northern
zone of the underground laboratory Grimsel Test Site (GTS), managed by NAGRA in Switzerland [3].
An important part of the demonstration experiment lays in the modelling tasks. Being able to model
the processes occurring in such coupled and complex conditions is a fundamental step to assess this
kind of disposals as a feasible and safe solution for the nuclear waste management.

This work aims to model both the near field (fractured rock) and the coupled Thermo-Hydro-
Mechanical (THM) processes occurring in the FEBEX ‘In-situ’ experiment at the GTS.
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2. Monte Carlo simulation of the 3D fractured networ k

A reconstruction of the 3D fracture network in a 70 mx200 mx70 m block surrounding the FEBEX
galery was obtained by Monte Carlo simulation, taking into account the geo-morphological data
collected in exploratory boreholes. The following information was available [2, 3]:

- Fracture orientation. Four different families of fractures were defined according to both
morphological (exploratory boreholes measurements) and genetic criteria. Uniform distributions
within specific angle intervals were used for the dip (maximum slope direction) and the plunge.
Figure 1 shows the stereonet of the family classification;

- Fracture aperture. Data on fracture aperture are only qualitative. Measurements in the main
tunnel of the GTS only distinguish between filled, open and wet fractures (Figure 2). Initial
values for aperture were assigned to each class and were later fitted to hydraulic measurements;

- Fracture density. The fracture density of the 2D map of traces (Figure 3) of the cylindrical drift,
taken as (X trace length / intersecting plane ared), was adjusted. Moreover, an anisotropic
density was obtained by considering five different density zones in the trace map;

- Fracture location. A homogeneous Poisson process was used to define the coordinates of the
fracture centres. However, the distribution of centres in the proximities of the drift was locally
adapted to fit the non-uniform fracture density observed in the trace map;

...and the following parameters were optimized:

- Fracture size. The power law distribution was used. There are three parameters in this
distribution: Ryn, Rmex @nd the exponentia coefficient b. The R« was set to a fixed value of
100m. The other two parameters were optimized to fit the geologic data.

An optimization procedure based on Simulated Annealing was used to adjust fracture size distribution
so as to minimize the discrepancy between synthetic fractured medium and real fractured medium. The
optimum values of the fracture size distribution are Rj»=0.1985m, R.,,=100m, and b=3.3048. Figure
4 shows a 3D view of the optimized 3D fracture network with N = 2906474 disc fractures.
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Fig 1. Families classification of the fracture Fig 2: Fracture aperture frequency inthe GTS
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Fig 4: 3D view of the simulated fractured medium.

3.  THM simulation of the FEBEX *In-situ” experiment

A continuum equivalent model for 3D coupled THM processes was devel oped based on [4], including:
hydro-mechanical coupling via tensorial Biot equations (non-orthotropic), a Darcian flow in an
equivalent porous medium (anisotropic permeability), as well as thermal stresses and heat transport by
diffusion and convection, taking into account the thermal expansivity of water.

Equivalent homogenized H-M properties were determined from the simulated fractured medium based
on a linear superposition approximation, which may be applied either to the whole domain, or more
generdly, to a partition into subdomains. The superposition approach leads to a conversion of the
discrete 3D fractured medium into an equivalent continuum, by summing up al the individual
contributions due to each singular fracture [1]. Equivalent coefficients such as hydraulic conductivity
and mechanical stiffness were computed. The treatment followed during al the mathematical and
physical developments considers conductivity and stiffness as tensors in the 3D space.

The simulation domain is the 70x200x70m> block mentioned above, with the Geographic North
oriented towards —X and the origin of coordinates in the block centre. There are three connected drifts:
the Main tunnel, the Laboratory tunnel and the FEBEX drift, the last one being centred in the origin of
coordinates (Figure 5). In the test zone of the FEBEX drift there exist a heating process defined here
by atemperature gradient from 100°C at r=0m to 35°C at r=1.14m, being r the radial direction in the
FEBEX drift. Comsol Multiphysics® was used to perform the simulations.

Laboratory tunnel

Mam tmnel FEREX dnft

FEBEX lesd zone

R

Fig 5: Domain of the THM simulation and boundary nomenclature.
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The problem was simulated for different conditions of the rock (homogeneous isotropic, homogeneous
anisotropic or heterogeneous anysotropic), and for three different stages:

- Hydro-lithostatic equilibrium of the rock mass: at this stage, there is no drift and a fully
saturated 365m rock mass is assumed to be lying over the upper boundary of the domain. Both
the hydrostatic and the lithostatic loads were imposed gradually for the time-dependent analysis.
Relative fluid pressure was computed in al the models.

- Drifts excavation simulation: the HM response of the fractured rock is analyzed during the
excavation of the drifts, which was modelled by gradually decreasing both the normal stresses
and the fluid pressure in the boundaries of the excavated tunnels. Real hydraulic conditions
existing in the GTS were used in this case.

- Heating experiment simulation: at this stage, the full THM model is used. A 3-year heating
process is simulated around the FEBEX test zone (last 17 m of FEBEX drift). Heat load profile
was determined from FEBEX “In-situ” experiment. The test zone was filled with bentonite [2].

We only present here some results of the heating experiment simulation (third stage). Figure 6 shows
the final state of the fluid pressure in the 3D domain, as well as the flow lines at z = Om. Figure 7
shows the Von-Misses stress at a cross-section through the FEBEX gallery axis, where the effect of
thermal stresses can be appreciated. Finally, Figure 8 shows a comparison of measured and simulated
temperatures at different distancesin aradia borehole drilled in the test zone.
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Fig 6: Final state of the fluid pressure in the heating experiment simulation.
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Fig 7: Final state of the Von-Misses stress (cross-section) in the
heating experiment simulation.
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4. Conclusions

Thiswork develops an integrated methodology to model coupled processes occurring in a hypothetical
radi oactive waste underground repository in crystalline fractured rock (FEBEX “In-situ” experiment).

First, the 3D fractured network was simulated based on geomorphological information, and the locally
heterogeneous fracture density around the FEBEX drift was notably well reproduced. Then, a
continuum thermo-hydro-mechanical model was developed and implemented in the Comsol
Multiphysics® numerical package. An up-scaling methodology was used to feed the numerical model
with homogenized coefficients computed from the simulated fractured network. The advantage of the
continuum approach is that it can be used for modelling coupled THM processes in the presence of
many, variously oriented fractures, while a discrete fractures approach would become rapidly
intractable as the number of fractures and their geometrical complexity increases. Fully anisotropic
(non-orthotropic) spatially variable homogenized coefficients were computed to feed the model.

Three different stages were simulated with this modelling approach. Here, we focused mainly on the
simulation of the FEBEX “In-Situ” heating experiment. The preliminary comparisons of simulations
with time series data collected during the experiment yield encouraging results, and provide a good
starting point to assess the validity of such models for nuclear waste underground disposals.
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ABSTRACT

Loviisa Nuclear Power Plant uses evaporation for treatment of different waste waters. With
highly selective ion exchanger radioactive cesium is removed from concentrates for storage
and disposal. After treatment the processed liquid can be released to the sea.

Highly selective inorganic ion exchange materias, CsTreat® for cesium, SrTreat® for
strontium, and CoTreat for cobalt and other corrosion products, were developed. Several
industrial applications have proven their efficiency for different waste types. Typically
decontamination factors of several thousands can be achieved.

Since 1991 only 160 liters of CsTreat®, has been used to purify about 1100 m® of
evaporator concentrates at the Loviisa NPP. This volume reduction has created good
savingsin treatment, conditioning and disposal costs.

Selective ion exchangers are typically used in small columns. Spent ion exchange columns
can be disposed of in concrete containers. In the Loviisa NPP 12 pieces of columns are
sealed into one concrete container with inner volume of one cubic meter.

1. Introduction

Fortum's (formerly: Imatran Voima Oy, IVO) Loviisa Nuclear Power Plant has two VVER-type
pressurised water reactor units. The commercial operation of Loviisa 1l (LO1) began on May 9, 1977,
and that of Loviisa2 (LO2) on January 5, 1981.

Many improvements have been made over the years at the Loviisa NPP. The electrical power of the
Loviisa NPP has been increased to a nominal output of 2x488 MW, (net), and the life time has been
extended to 50 years. The load factors of the Loviisa NPP have always been high, e.g. in 2006, they
were 93.3 % for LO1 and 88.6 % for LO2.

Many improvements in radioactive waste management have been made, too. The goal has been to
optimize the whole waste management from collection of waste to its final disposal. One very
important area was treatment of waste waters and liquid wastes by effective volume reduction.

The evaporators for floor drain waters have been modified in 1986, in order to reach a salt content of
350 g/liter in concentrates. A Nuclide Remova System (NURES), based on the use of inorganic ion
exchange material in columns, has been in operation since 1991 for removal of cesium from
evaporator concentrates. A solidification plant (based on cementation and using concrete containers as
final disposal packages) has been designed and constructed, and it will be commissioned in 2007. The
underground final repository for LILW is situated at the site of the Loviisa NPP. It was licensed in
1998, and after 1 January 2007 about 7000 drums (each 200 litres) have been disposed of .

Treatment of liquid wastes by highly selective ion exchangers separates radioactive elements for
storage and disposal. Even from high salt solutions radioactive target nuclides can be removed. After
treatment the processed liquid can be released.
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Since 1991, the NURES technology has been exported also to foreign customers. A mobile NURES-
unit has been constructed and used in two projects, and highly selective materials have been used in
tens of different projects in various countries. Over 200 test cases have been realized. Best benefit for
users come from high volume reduction of waste and from high decontamination of purified liquid.

2. Treatment of evaporator concentrates at the L oviisa NPP

Evaporator concentrates are collected into the liquid waste storage, which is situated in a separate
building. Annually 50-70 m® of evaporator concentrates and 10-15 m°of spent resins are collected.
Four 300 m® stainless steel storage tanks for evaporator concentrates and four similar tanks for spent
resins are located in concrete blocks with inside stainless steel linings.

The large liquid waste storage capacity made it possible to store the evaporator concentrates for many
years prior to additional treatment, i.e. cesium removal and release to the sea, or solidification. On 1st
January 2007 the accumulated amounts of concentrates were 691.5 m* with 1297 GBq.

Due to natural decay, the amount of short lived radionuclides decreases considerably during the
storage period. Most corrosion products settle onto the bottom of the tanks. During the 1980s, it was
found that over 50% of the content of radionuclidesin the evaporator concentrates consisted of Cs-137
and Cs-134, and over 90% of atotal solution activity was of Cs. The second dominating radionuclide,
Co-60, was associated with the solid precipitates on the tank bottom. By removing cesium from the
tank solution, the purified liquid could be released within licensed release limits, and Co-60 would be
left in a small waste volume on the bottom of the tank.

Fortum and the Radiochemistry Laboratory of the Helsinki University developed together a cesium
selective inorganic ion exchange material CsTreat®, which is stable, granular material (with very high
total ion exchange capacity and extremely high selectivity for cesium). In the nuclide removal system,
CsTreat® istypically used in granular form in columns. In the column use CsTreat® is normally used in
the grain size of 0.3-0.85 mm, and it can be used in pH area 1-13 in high salt (up to 400 g/l) liquids
and in pH 2-11.5 in very low salt solutions. Later on two other highly selective ion exchangers,
SrTreat® for strontium, and CoTreat for cobalt and other corrosion products, were developed.

3. Nuclide Removal System (NURES)

The principle of NURES is simple (Figure 1). The first phase is efficient particle filtering, which
removes particle bound radioactivity as totally as possible and protects the ion exchange bed from
plugging, and the second phase is ion exchange with selective material to remove ionic radioactivity.
The full size NURES, as constructed in the Loviisa NPP, is also shown in Figure 1.

Table 1 shows the results for the purification of five tanks of evaporator concentrates at the Loviisa
NPP since 1991 (2). After treatment of fourth tank the average processing capacity for about 900 m®
was about 12.2 m*/kg. After the fifth tank about 1100 m® has been treated, and the average processing
capacity is about 10.4 m%kg. Processing capacity for the fifth tank was much lower than that for the
previous tanks. Probable reason for this was noticed to be higher amount of solids in the waste liquid.
In the case of fifth tank there was about 3.4 mg/l of solid material with very small particle size. 0.1 um
particle filter probably could not remove enough solid particles, which led to plugging of part of ion
exchange capacity. Because of this more columns were used for purification of this tank than for other
tanks. Efficient filtering before ion exchange is essential for nuclide removal.

A final disposal container for spent ion exchange columns has the same outer dimensions (height and
diameter 1.3 m) as the container for solidified waste, having 12 disposal holesin the concrete filling of
the container (Figure 2). Spent columns are sealed with lead plugsinto holes of the concrete container.
When all holes are full, a concrete cover is cast on top of the container.
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Figure 1. Principle of NURES and its realization at the Loviisa NPP.

Figure 2. Thefinal disposal container for spent ion exchange columns.

In treatment of about 1100 m® of evaporator concentrates in Loviisa NPP the average decontamination
factors have been well over 1000 [1, 2]. Figure 3 gives a typical performance curve for one 8 liter
column. DF is relatively low in the beginning of treatment of high salt liquids, but it rather soon
reaches good decontamination levels (DF = 10 000 or above). After some time, in the case of Fig. 3
after about 40 m®, DF starts to decrease, because of exhaustion of the ion exchange capacity. At any
level the operator can decide, which level he accepts for final shut-down of the column.

Treated in | Volume | IX mass | Total salt | Decontamina | Processing Volume
treated, | used. conc., g/l | tion factor, capacity, I/kg | reduction
m’ liters DF factor
VRF
Tank 1 | 1991-92 | 253 24 240 >2000 16 000 2000
Tank 2 | 1993 210 32 176 >2000 10 000 1260
max 30 000
Tank 3 | 1995 230 24 228 >1000 15000 1840
Tank 4 | 2000 202.6 32 220 >1000 9600 1200
max >28 500
Tank 5 | 2002-03 | 200.7 48 >220 >1000 6400 800
max >16 100

Table 1. Results from purification of five evaporator concentrate tanks at the Loviisa NPP
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Fig. 3. Decontamination factor (DF) for one eight liter column during its operation time
4. Volumereduction of waste with the use of selective ion exchanger

Highly selective ion exchangers can be utilized in many different ways. Most efficient way is to use
compact columns with volume of 2-12 liters. Until now, totally 1100 m® of evaporator concentrates
have been purified at the Loviisa NPP by CsTreat® with only 20 pieces of 8-liter columns. Between
1991 and 2006, 112.7 GBq of Cs-137 and 2.6 GBq of Cs-134 (calculated on 25th April 2007) were
removed from liquid to CsTreat®, and the purified liquid was released to the sea.

The volume reduction factor (VRF) of the waste itself, comparing the volume of the origina liquid to
the volume of the CsTreat® columns, is close to 7000.

Cementation of 1100 m® of concentrates would result in about 2310 m® of solid concrete product, i.e.
2310 pieces of concrete containers. Present amount of 20 spent columns will not fully occupy even
two containers. Thus, the volume reduction of packed waste is close to 1400.

5. Savings dueto selective ion exchange

Selective ion exchange and release of purified liquid gives economic savings due to decreased
cementation needs, due to some reduction in storage costs, due to reduced transportation costs, and
dueto reduction in final disposal volume.

Remarkable savings have been achieved at the Loviisa NPP, when cementation of about 1100 m® of
evaporator concentrates has been avoided.

Estimating that about 3-5 m® of sludge is left for cementation from annual 50-70 m® of concentrate
collection, well over 90 % of total cementation, storage and transportation needs are avoided.

In final disposal the savings come from reduction of disposal cavern. Low- and intermediate-level
wastes from the Loviisa NPP are disposed of in a repository constructed in the bedrock of the power
plant site. By 1st January 2007, aready a total of about 7000 stee drums (each 200 litres) of
maintenance waste have been disposed of. In the design and construction of a cavern for solidified
waste the reduction of cemented waste due to treatment with selective ion exchange was taken into
account.

The cavern for solidified waste was constructed for 5040 concrete containers. When cementation of
1100 m® was avoided, about 2310 containers were eliminated from final disposal. From annual
concentrate collection of 50-70 m® additionally about 100-140 containers are eliminated annually.
Without the use of selectiveion exchange materials the length of the cavern for solidified waste,
which is now about 84 meters long, would have been at least 50 % longer.
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6. Foreign applications of the NURES system

The NURES technology has been applied successfully also in various foreign applications. A mobile
NURES unit was constructed, too, and it was first used in Paldiski in Estonia to purify 760 m® of low
active waste liquid. After that NURES unit was used in Murmansk in Russia to remove mainly cesium
and strontium from radioactive waste waters accumulated from nuclear-powered ice-breakers.

Typical floor drain waters were purified for example in the Callaway NPP (PWR), MI, USA, and at
the Olkiluoto NPP (BWR) in Finland. Continuous purification is going on at some NPPsin USA. Pool
waters have been purified for example at the US DOE's Savannah River Site and at Sellafield's
reprocessing plant in UK.

Reprocessing waste liquids were purified at Japan Atomic Energy Research Ingtitute's (JAERI) sitein
Tokai-mura in Japan. An interesting application of CsTreat has been at UKAEA's Dounreay site to
remove cesium from Prototype Fast Reactor's sodium coolant.

The construction of a new liquid waste treatment system, including utilization of CsTreat®, has been
completed at the Paks NPP (VVER-440) in Hungary, and the operation is scheduled to start in 2007.
The system is quite similar to that used at the Loviisa NPP. Over 2000 m® of evaporator concentrates
and other liquids will be purified (240 1/h) with this system. A boric acid recovery system has also
been installed. 70-90% of boric acid will be recovered from the existing liquid wastes.

Additionally, plenty of smaller applications of these highly selective ion exchange materials are
operating for special needs.

7. Conclusions

Fortum has taken many practices into use to minimize the amount of wastes going to the on-site
repository for final disposal. The whole waste management chain has been optimized from waste
collection to final disposal. High capacities of treatment equipment and existing systems have made it
possible to store and treat liquid wastes in a different way than at many other power plants.

Treatment of evaporator concentrates included originally the greatest potential for savings. Selective
removal of radionuclides was developed and taken into use. It has proven to be a very efficient way to
minimize the volumes of evaporator concentrates and to reduce the volume of final disposal. Since
1991, selective removal of radionuclides has purified 1100 m® of evaporator concentrates with only
160 liters of selective ion exchange material, giving a volume reduction factor of about 1400 for
packed waste. Avoidance of cement solidification of the origina waste volume has brought
remarkable savings in the cost of treatment, conditioning, storage and final disposal. In the
construction of the underground repository, which is already in operation at the Loviisa NPP site,
reduction in the volume of evaporator concentrate has been taken into account.

Based on Fortum's own experience in the operation of the Loviisa NPP, several practices and systems
are now also used at many nuclear sites around the world.
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