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A B S T R A C T

We present the first results of the MINDVIEW project. An innovative imaging system for the human brain
examination, allowing simultaneous acquisition of PET/MRI images, has been designed and constructed.
It consists of a high sensitivity and high resolution PET scanner integrated in a novel, head-dedicated,
radio frequency coil for a 3T MRI scanner. Preliminary measurements from the PET scanner show
sensitivity 3 times higher than state-of-the-art PET systems that will allow safe repeated studies on the
same patient. The achieved spatial resolution, close to 1 mm, will enable differentiation of relevant brain
structures for schizophrenia. A cost-effective and simple method of radiopharmaceutical production
from 11C-carbon monoxide and a mini-clean room has been demonstrated. It has been shown that
11C-raclopride has higher binding potential in a new VAAT null mutant mouse model of schizophrenia
compared to wild type control animals. A significant reduction in TSPO binding has been found in gray
matter in a small sample of drug-naïve, first episode psychosis patients, suggesting a reduced number or
an altered function of immune cells in brain at early stage schizophrenia.

© 2018 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Currently, the two main functional imaging modalities,
functional MRI (fMRI) and Molecular Imaging (MI), cannot be
used to clinically diagnose schizophrenia nor depression, two
major mental disorders, for a variety of reasons. MRI and fMRI
have been shown to differentiate diagnosed schizophrenia from
healthy controls only on a statistical basis within a population
sample but not on individual basis. Molecular Imaging (especially
PET, Positron Emission Tomography) is an extremely useful
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technique for understanding the pharmacological treatment of
schizophrenia and severe depression and it has helped developing
the most recent generation of effective drugs. However, the utility
of PET imaging for the clinical diagnosis of mental disorders is
practically limited by: the significant high cost, the complexity of
the infrastructure required to generate radiopharmaceuticals and
the limited sensitivity and resolution of current scanners.
Unfortunately, the recent advent of PET/MR has not improved
the situation on psychiatric disorders since some limitations of PET
technology remain unsolved:

� PET scanner sensitivity is still poor, not allowing follow-up
studies on the same patient to be safely performed due to the
high radioactive dose necessary.
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� PET scanner resolution does not allow the visualization of brain
critical structures. The standard PET/CT and the new PET/MRI
whole body scanners result in a PET image resolution in the
4–5 mm FWHM range and, therefore, they are not optimized for
imaging critical structures of the brain with dimensions of few
millimetres. Even for processes localized within the amygdala, a
part of the limbic system related to fear and anxiety, it is
currently not possible to differentiate if they are occurring within
the basolateral complex or the central nucleus [1].

� Current PET/MRI scanners are extremely expensive, hampering a
wide expansion of this technology.

� The infrastructure required to synthesize radiotracers is still
complex, expensive and occupies a large space. Moreover, most
new radiopharmaceuticals require a new expensive specific
module, in a hot cell. Therefore, although some radiopharma-
ceuticals have the potential for clinical use in relation to mental
disorders, none is actually used in the clinical practice.

The dopamine system has since long been of central interest in
schizophrenia research. Over the years, PET imaging has shown
evidence for abnormalities in the brain dopaminergic system [2]
and that clinically useful treatments interact with dopamine
receptors in the central nervous system [3]. The imaging findings
support the view that striatal dysregulation of dopamine
neurotransmission may be central to the disruption of neuronal
networks and symptoms of schizophrenia.

Apart from the striatum, the dopamine subsystems also
innervate several small brain structures in which there is a limited
expression of dopaminergic markers, for instance the amygdala,
the entorhinal cortex and subnuclei of the thalamus. Considering
the hierarchical organization of the brain it cannot be excluded
that some of these structures may have a key role in the
pathophysiology of schizophrenia. The advent of PET systems
having a resolution of about 1 mm will thus provide a significant
improvement for such examinations.

Beyond dopamine, present evidence suggests alterations in
other major neurotransmission systems in neuropsychiatric
disorders including schizophrenia. For instance, the glutamate
hypothesis arose initially from observations that administration of
ketamine and other non-competitive antagonists at the gluta-
matergic NMDA receptor (NMDAR) leads to psychological effects,
which closely resemble symptoms that occur in schizophrenia [4].
Interplay between hippocampal glutamate and striatal dopamine
systems has recently been found to be disturbed in subjects at risk
of psychosis, with the degree to which it is changed being related to
the risk of transition to psychosis [5]. Among the metabotropic
glutamate receptors, mGluR5 is of particular interest as it shares a
functional link with the NMDAR [6]. Importantly, several radio-
ligands have been developed for PET imaging of the mGluR5
receptor in humans [7–9]. However, none has to our knowledge
been applied to schizophrenia research so far.

Beyond the neurotransmission systems, several lines of
evidence are indicative of a role for immune activation in the
pathophysiology of schizophrenia. However, studies using PET and
radioligands for the translocator protein (TSPO), a marker for glial
activation, have yielded inconsistent results. Importantly, patients
investigated in initial studies have been on antipsychotic medica-
tion, i.e. compounds that may dampen immune cell activity.

2. The MINDVIEW project

MINDVIEW (Multimodal Imaging of Neurological Disorders) is a
European project addressing the topic: “Development of effective
imaging tools for diagnosis, monitoring and management of
mental disorders”. It is therefore a project of a multidisciplinary
nature. The main objective of MINDVIEW is the design and
oi.org/10.1016/j.eurpsy.2018.01.002 Published online by Cambridge University Press
construction of an innovative high sensitivity and resolution
PET/MRI scanner, dedicated to the brain examination, for the study
of psychiatric disorders in a clinical research setting, and its
validation and preliminary application in clinical populations for
the diagnosis and monitoring of schizophrenia.

Another goal is the development of a mini radiopharmaceutical
platform that will trigger an expansion of PET technology by
facilitating the use of new compounds and by reducing laboratory
costs. Furthermore, this tool will be essential for the assurance of
same quality production and protocols in multi centric clinical
trials and make new radiopharmaceuticals more broadly available
for specific imaging of neurotransmitters (endogenous and
exogenous) pathways relevant for schizophrenia and depression
disorders. Finally, it is also an objective of MINDVIEW the
development of reliable animal models to be used for the
validation of new radiopharmaceuticals for the diagnosis of
schizophrenia.

3. Materials

In this section, we describe several tools that have been
developed within the MINDVIEW project: an innovative brain
dedicated PET/MRI scanner and a new mini clean room for
radiopharmaceutical production.

3.1. MINDVIEW integrated PET-RF coil imager

The MINDVIEW approach to achieve simultaneous PET/MRI
imaging is based on the development of a brain PET imager
integrated into a purposely designed head dedicated transmitter/
receiver (TR) RF coil system. Therefore, MINDVIEW takes advan-
tage of current MRI scanners and upgrades them with a brain
dedicated PET/RF device. The dimensions of the full PET/RF system
represent a balance between PET and RF performance as well as
patient comfort, resulting into a portable and compact design.

The new head dedicated RF coil system has a birdcage TR
design, with 16 coil rungs, providing a geometric aperture of 25 cm,
ample for comfortable head allocation [10]. In order to minimize
distortions in the MRI performance, the distance between the PET
shielding and the RF rungs conductor is about 3 cm [11].

The PET subsystem consists of 3 rings of 20 detector modules
per ring (Fig. 1), leaving a geometrical aperture of �33 cm in
diameter to allow enough vision to schizophrenia patients. Each
detector module is made of a single LYSO crystal
(5 cm � 5 cm � 2 cm), a SiPM (Silicon Photomultiplier) photo-
sensor array and the related frontend electronics. The 3 rings
cover an axial field of view (FOV) of 15,2 cm. Coincidences of
gamma rays between one PET detector module and any of the 9
opposite modules produces a transaxial FOV of about 24 cm, which
ensures full coverage of the human brain [12].

Achieving 1 mm spatial resolution in the central brain region
with PET detectors close to the object, such as in MINDVIEW, is not
trivial and requires depth of interaction (DOI) determination of the
gamma rays inside the thick scintillating crystals, to avoid blurring
produced by parallax error. Two major LYSO scintillator crystal
configurations have been considered: a staggered pixelated crystal
array and a monolithic approach [13]. There are advantages and
disadvantages for each configuration that have been described in
the literature [14,15]. We decided to build the prototype using
monolithic blocks, as detailed elsewhere [13]. For monolithic
crystal designs, several DOI schemes have been proposed based
on the correlation between the DOI and the measured light
distribution [16–20].

Different crystal surface treatments have been proposed to
optimize the performance of detectors based on thick monolithic
crystals: specular reflectors, black absorbent paint or white Teflon

https://doi.org/10.1016/j.eurpsy.2018.01.002


Fig. 1. Left, sketch of the PET ring. Right, front photograph of the PET insert in the lab bench.
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[21]. The final block treatment design for our PET system uses black
painted lateral walls combined with a retroreflector (RR) layer [19]
on the 50 mm � 50 mm entrance surface (Fig. 2).

The light coming from each scintillating crystal is detected
using high-density, custom designed, SiPM arrays from SensL
(MINDVIEW-Series type, similar to the now-in-production J-series
technology) [22]. New developments in SiPM fabrication technol-
ogy and packaging were utilized. SensL engineered a low defect
active area into the CMOS foundry process. This resulted in a dark
count reduction from 744 kHz/mm2 in previous SiPM devices to a
value of 30 kHz/mm2 at typical room temperatures. To provide
MRI compatibility, a custom through-silicon-via (TSV) process &
package was developed. This wafer scale package uses no
ferromagnetic material in its construction. The photosensor matrix
Fig. 2. Top-left, photograph of the custom 12 � 12 SiPM array. Bottom-left, photograph 

monolithic block and the expected light distribution.

rg/10.1016/j.eurpsy.2018.01.002 Published online by Cambridge University Press
is composed of 144 SiPMs (35 mm cell size), arranged in 12 by 12
columns and rows, covering an active area of approximately
51 mm � 51 mm (Fig. 2). The SiPM package was tested inside high
magnetic fields with no measured change in performance [23].
Each individual SiPM presents an active area of 3 mm � 3 mm with
4.36 mm pitch, and is typically operated at a bias voltage of about
31 V, 6,5 V over breakdown voltage.

Each SiPM array is directly connected to a readout circuit that
provides outputs for each row and column of the array [19]. This
readout scheme significantly reduces the number of channels to be
digitized, while allowing accurate sampling of the scintillation
light distribution produced by gamma photon interactions in the
monolithic crystal. The 24 row and column signals are digitized by
custom ADC boards (12-bit precision).
of the 20 mm thick crystal showing a RR across the scintillator. Right, sketch of the

https://doi.org/10.1016/j.eurpsy.2018.01.002
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A special algorithm that uses the information on the integral
and the maximum of the scintillation light distribution has been
developed. It allows fast and efficient DOI determination of the
gamma ray in a continuous way [20,24]. In order to improve the
determination of the 3D position of interaction of gamma-
photons in the crystal, a simplified algorithm customized for rows
and columns readout, and able to take into account the DOI
information, has been implemented. This DOI-dependent [20]
algorithm, named RTP [25], corrects the error in position
estimation for gamma rays that interact close to the crystal
edges, for which a cut-off of the scintillation light distribution
occurs.

3.2. Mini clean room and labelling synthesis platforms for
radiopharmaceutical production

A mini clean room that simplifies GMP production and makes it
more reliable and cheaper, aiming for an easy access to various
tracers, has been developed. The mini clean room concept can be
adjusted to the platform technology used and allows protocols to
keep a GMP environment in control. In this project, the focus has
then been to develop tracer technology on new platforms, mainly
on the preparation of 11C-labelled tracers, which is adapted to the
mini clean room concept in order to make the tracer production
more applicable [26]. In particular, the use of 11C-carbon monoxide
in new applications [27] and on new technology platforms [28] has
been developed. Both 11C-methyl iodide or 11C-carbon monoxide
were used in the labelling of an established dopaminergic tracer
like Raclopride, but now labelled in various positions to show the
flexibility and potential of the labelling strategies explored.
Furthermore, we have re-examined production methods for
11C-methyl iodide [29] applied to these new technology platforms.
In a monkey study, 11C-methyl iodide and 11C��CO were used to
produce 11C-raclopride labelled in 2 different positions, exploring
its impact on the images due to differences in metabolism [30]. The
use of 11C-carbon monoxide is opening up new avenues to label
many potential tracers.

4. Results

4.1. Performance measurements of the MINDVIEW scanner

Performance tests of the PET detectors were carried out both
with non-encapsulated radioactive sources and with FDG filled
phantoms. We found detector resolution (FWHM) values ranging
from 1.7 mm on average at the entrance layer (20–15 mm from
photosensor), to 0.7 mm at the layer nearest to the photosensor
[19]. The RR layer tends to return an energy resolution that slightly
depends on the interaction depth. The overall energy resolution is
better than 13%. We determined an average DOI resolution around
Fig. 3. Reconstructed images of a Derenzo-like phantom filled with about 150 mCi of FD
(right) shows the LM-OS reconstruction.
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4 mm with a continuous response and excellent linearity, making it
possible to efficiently correct for the parallax error using such thick
monolithic crystals.

A solution of FDG with an activity of about 150 mCi was filled in
a Derenzo-like phantom, and acquired during 20 min after
positioning near the CFOV [31]. The phantom has several groups
of rods with diameters ranging from 1.2 mm to 4.8 mm.

Fig. 3 shows on the left the FBP-STIR-3D algorithm with
0.8 mm virtual pixel size and 0.4 mm voxels. On the right, we
show the reconstructed image using LM-OS [32] with virtual
pixels of 1 mm and 0.5 mm voxels. Here, 100 subsets and 1
iteration were used. Scatter and random corrections were applied
but not attenuation correction. In both methods, it can be
observed that the 1.6 mm rods can be visualized albeit with a
limited signal to noise ratio.

An alternative approach based on the use of an Iterative
Random IDRF Sampling (IRIS) projector [33] can further improve
results. This previously proposed projector has been modified for
monolithic crystal based detectors modeling the response
associated with a given line of response. Implemented within an
iterative reconstruction, it has the potential to further improve
image resolution and signal to noise ratio performance as shown in
the simulated Derenzo phantom images in Fig. 4. Scanner
sensitivity, measured with a point source at the center of the
FOV, is 2,7%.

The PET scanner has been tested within the MR system of the
hybrid PET-MR from Siemens (mMR) at Klinikum Rechts der Isar in
Munich, finding no significant interference from the MRI working
at very demanding gradient duty cycle sequences. In a different
test, several MRI images (see Fig. 5) were acquired from the head of
a patient with the hybrid device, with a dummy version of the PET
system.

4.2. Establishing an animal model with altered sensorimotor gating

To validate and extend on the use of radiotracers, we
established a mouse model that affects the aminergic systems
of the brain. Specifically, we used mice that had the allele
encoding the vesicular aminergic associated transporter VAAT, or
Slc10A4, deleted [34,35]. VAAT adds functionality to aminergic
neurons through a mechanism involving presynaptic vesicles.
VAAT null mutant mice have been shown to develop normally
without obvious abnormalities and normal motor function in
spite of defective cholinergic synaptic transmission at the
neuromuscular junction [36]. However, VAAT null mutant mice
show clear alterations in aminergic homeostasis, have increased
susceptibility to a cholinergic form of status epilepticus [34] and
are hypersensitive to dopaminergic stimulants such as amphet-
amine [35]. Moreover, decreased dopamine uptake has been
observed in vesicle preparations from VAAT null mutant mice,
G and scanned during 20 min: (left) shows the reconstruction using FBP STIR-3D;
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Fig. 4. LM-OSEM reconstructed images of simulated MINDVIEW datasets of a Derenzo phantom using (left) the first interaction coordinates in the crystal (ideal case ground
truth), and (right) the IRIS projector (IDRF estimated using twenty samples for each line of response).

Fig. 5. Reconstructed MRI images with the MINDVIEW RF coil hybrid prototype. (a) T1 weighted fast low angle shot, TR 250, TE 2.49, slice thickness 4 mm, number of averages
1, matrix 256 � 320, flip angle 70� , field of view 220 � 220 and (b) T2 weighted turbo spin echo, TR 6000, TE 100, slice thickness 4 mm, number of averages 1, matrix 512 � 512,
flip angle 150� , field of view 220 � 220.

Fig. 6. Evaluation of mice lacking VAAT or overexpressing VAAT (Slc10A4) in the PPI
test. PPI values are shown as percentages of the average startle response measured
at the beginning of each session of each animal � SEM, nWT = 17, nKO = 21,
nNSE = 13 animals. Statistic analyses by one-way ANOVA followed by Tukey’s MCT
(GraphPad Prism 5) *p < 0.05, **p < 0.01, ***p < 0.001.
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while over expression of VAAT resulted in increased acidification
of synaptic vesicles. These alterations led us to hypothesize that
VAAT null mutants were affected in systems where aminergic
functionality is a prerequisite, such as in behaviours related to the
symptoms of schizophrenia. For this purpose, we here investi-
gated whether the deletion of the VAAT gene in mice would alter
sensorimotor gating, similar to the deficient sensorimotor gating
seen in the dopamine overactivity rodent model of schizophrenia
[37].

Mice were analysed in different pre-pulse inhibition regimens;
high amplitude (20 db above back ground noise) and short vs long
inter-stimuli intervals (Fig. 6). Mice that were either wild-type
(WT, n = 17), VAAT knock-outs (KO, n = 21) or overexpressing the
VAAT gene (NSE, n = 13) displayed either normal or enhanced
sensorimotor gating responses in the pre-pulse inhibition (PPI) test
at 30 ms inter-stimuli intervals (short IEI) at 85 dB (high amp)
pre-stimulus amplitudes. At 100 ms inter-stimuli intervals (long
IEI) VAAT null mutant mice show increased sensorimotor gating.
Mice overexpressing VAAT (Slc10a4 NSE mice) showed responses
similar to wild type (WT) littermate controls. VAAT null mutant
animals had a higher ability to filter, process and link the pre-pulse
and startle pulse compared to control animals. In contrary, mice
overexpressing Slc10a4 did not show any differences in the PPI test.
Such mice were constructed to overexpress Slc10a4 under the
neuronal specific enolase promoter, Slc10a4-NSE [35]. Our results
suggest that VAAT null mutant mice may be used as a small animal
schizophrenia model based on their response to the pre-pulse
inhibition (PPI) test.
rg/10.1016/j.eurpsy.2018.01.002 Published online by Cambridge University Press
4.3. Validation of radiopharmaceuticals with the schizophrenia animal
model

We next evaluated uptake and distribution of radiopharma-
ceuticals in VAAT null mutant mice using established and novel
radioligands in PET. We used the dopamine D2 antagonist
11C-raclopride, which is a reliable and robust radioligand with
well characterized properties in small animal models. Importantly,
11C-raclopride has since long been used in clinical studies to

https://doi.org/10.1016/j.eurpsy.2018.01.002
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evaluate patients with schizophrenia [38,1]. In addition to
dopamine, serotonin has also been associated to schizophrenia [
39]. Thus, we also used the novel serotonin 2A (5-HT2A) receptor
agonist 11C-Cimbi [40]. On the same experimental day, two PET
measurements with 11C-raclopride and 11C-Cimbi, respectively,
were conducted in each animal. We imaged four wild type mice
and five VAAT null mutant mice with 11C-raclopride. Three wild
type mice and five VAAT null mutant mice were imaged with
11C-Cimbi. In a preliminary analysis, we found that Slc10a4 null
mutant mice have higher binding potential of 11C-raclopride
compared to wild type control animals (Fig. 7) whereas no such
evident effect could be observed for 11C-Cimbi binding.

4.4. Clinical findings in schizophrenia studies

At the Karolinska Institutet there have recently been examined
16 drug-naïve, first episode psychosis patients and 16 healthy
controls using PET and the TSPO radioligand 11C-PBR28 [41]. There
was a significant reduction of 11C-PBR28 VT in patients compared
to healthy controls in gray matter (GM) as well as in secondary
regions of interest. In this limited sample, there was no correlation
between GM binding and clinical or cognitive measures after
correction for multiple comparisons. The observed decrease in
TSPO binding suggests reduced number or altered function of
immune cells in brain in early stage schizophrenia.

5. Discussion

Increasing the sensitivity of PET scanners is mandatory for
routine imaging diagnosis and follow-up of patients with mental
disorders. One way of increasing the sensitivity of current PET
scanners is by augmenting significantly the axial FOV, which
implies a very high associated cost. The approach followed by the
MINDVIEW project, i.e. integrating the PET system with the RF coil,
has the advantage of increasing significantly the sensitivity of the
Fig. 7. Radiotracer time activity and binding potential. Top, average Time Activity
Curves in the striatum and cerebellum for 11C-Raclopride. Bottom, binding potential
BPND of wild type control mice (WT, n = 4) and VAAT null mutant mice (KO, n = 5)
measured in the striatum.

oi.org/10.1016/j.eurpsy.2018.01.002 Published online by Cambridge University Press
scanner for the brain examination with a reduced number of
detector modules. This alternative method of increasing the PET
sensitivity has the potential of further extending the PET/MRI
technique through upgrading the large MRI installed base with a
cost-effective and portable brain PET/RF scanner.

PET images were obtained with phantoms. The MRI system was
working with highly demanding pulse sequences. On the other
hand, high quality MRI images were obtained with the RF coil of
the integrated hybrid system. Simultaneous PET/MRI images with
patients are expected early 2018.

From the study on the binding potential with WT and VAAT
mice it could be concluded that the alterations found in the
monoamine homeostasis are more readily detectable with
Raclopride than with Cimbi. Whether this is due to a larger effect
on the dopaminergic system in Slc10a4 mutant mice or to the
properties of the radiotracers used in this study remains to be
established. For the latter, we are devising an approach where we
specifically target the serotonergic system, in which we should be
able to discriminate serotonergic specific effects.

The clinical finding that reduced numbers or altered function of
immune cells in brain appears in early stage schizophrenia is very
relevant. However, the study also illustrates the problems in
recruiting a large sample of first-episode medication free patients
with schizophrenia. Despite a clinical research organization
covering a large catchment area of Northern Stockholm it took
4 years to recruit the 16 patients. In order to recruit larger patient
samples future research would therefore benefit significantly from
multi-center studies using more widely available PET-systems, that
may even be shipped on a nation-wide basis.

In addition, schizophrenia research would benefit from the
potential to examine each patient with two or more radioligands
targeting different neurotransmission systems or functional
markers such as TSPO. Ideally these studies should be repeated
during different states of the disorder. The sensitivity of the next
generation PET-systems will be critical to allow for such extended
protocols within as low as reasonably acceptable limits of radiation
exposure.

6. Conclusions

Several important tools have been developed during the
MINDVIEW project for the diagnosis and follow up of schizophre-
nia disease. In particular, an innovative and cost-effective 1,6 mm
spatial resolution, over the entire FOV, PET scanner has been
developed, which has been integrated with a head dedicated RF
coil. As stated in the introduction, it is estimated that a PET spatial
resolution of �1 mm is required to answer specific questions
relating to brain function in small brain regions and improve the
diagnostic potential of the images. Therefore, we have achieved the
required resolution, and at the same time increased the sensitivity,
by designing a method to provide good DOI information, which is
critical due to the close proximity to the brain.

The high sensitivity of the PET scanner of 2,7% (state-of-the-art
whole body PET systems provide sensitivities close to 1%) should
allow for longitudinal examinations on the same patient.

The use of 11C-carbon monoxide in new applications within a
mini clean room and on new technology platforms has been
demonstrated. The mini-clean room simplifies GMP production
and will facilitate the access to various tracers.

VAAT null mutant mice has proven to be an animal model with
altered sensorimotor gating, a symptom associated to schizophre-
nia. Higher binding potential of 11C-raclopride has been measured
with this model compared to wild type control animals.

We may conclude that the tools developed within the MIND-
VIEW project will facilitate and extend the technique of dynamic
and simultaneous PET and MR imaging, opening new vistas for

https://doi.org/10.1016/j.eurpsy.2018.01.002
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understanding mental disorders. It will enable the full breath of
activation paradigms to be used. These include dynamic imaging
using activation paradigms as the perturbation method for
studying the brain from several aspects: morphological, functional,
metabolic, neurotransmitter and neuro-receptor effects. The
ability to perform serial studies, i.e., examinations within the
same subject, paves the way for personalized medicine such as
early diagnosis of disease onset and therapy monitoring.
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