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Description of the main S&T results/foregrounds 
 

1 Clinical Investigation 
1.1 Rationale 
The diagnosis of schizophrenia is usually performed clinically by an operational approach, such as that 
implemented in the two most widespread diagnostic systems ICD-10 and DSM-V. A schizophrenic disorder 
is primarily characterized by so-called “positive symptoms” such as delusions, hallucinations and thought 
disturbances, and “negative symptoms” such as blunted emotions, social withdrawal, catatonic behaviour and 
lack of spontaneity [Liddle PF, et al. Br J Psychiatry 2000; 177:402-7].  
The dopamine system is the neurotransmitter system most commonly associated with schizophrenia.  Under 
this hypothesis, schizophrenic patients undergo an increased dopamine synthesis capacity in the striatum as 
compared to healthy subjects [Howes OD, et al. Brain 2013; 136:3242-51]. While an enhanced activity within 
the subcortical mesolimbic dopaminergic pathway is associated with positive symptoms, negative symptoms 
and cognitive deficits are related to a hypoactive prefrontal mesocortical dopaminergic system [Weinberger 
DR. Arch Gen Psychiatry 187;44:660-9], [Davis KL et al. Am J Psychiatry 1991;148:1474]. However, in 
healthy volunteers the N-methyl-D-aspartate (NMDA) receptor antagonist ketamine led to more effects like 
negative symptoms than the serotonin 5-HT2A agonist N, N- dimethyltryptamine (DMT) as a typical 
hallucinogen [Gouzolis-Mayfrank E, et al. Pharmacopsychiatry 2005;38:301-11]. Meta- analyses have 
reported that the NMDA receptor agonist D-serine, and the glycine transporter type 1 inhibitor sarcosine, 
reduce total and negative symptoms as an adjunct to antipsychotics [Singh SP et al. CNS Drug 2011;25:859-
85]. Based on these observations, it can be inferred that glutamate is also involved in the pathophysiology 
underlying negative and cognitive symptoms in schizophrenia.  
While alterations in brain structure are robustly seen in schizophrenia with standard magnetic resonance (MR) 
techniques, they may be not diagnostic, particularly during the prodromal phase of the illness, and structural 
alterations may be common to patients with psychotic features across diagnostic boundaries [Strasser HC, et 
al. Biol Psychiatry 2005;57:633-9]. Further, structural changes in the schizophrenic brain are likely to be the 
end point in the chain of pathological events that lead to symptoms. Unlike structural investigations of the 
brain, it has only been possible to study alterations in brain function with the advent of functional neuroimaging 
techniques. Positron emission tomography (PET) is a well-established imaging technique in the field of 
oncology, cardiology and neurology [Del Guerra A, et al. Rivista Nuovo Cimento 2016;39:155-223]. PET and 
blood oxygenation level dependent (BOLD)-based fMRI provide a reasonable balance of spatial and temporal 
resolution to study regional brain function. On the one hand, fMRI does not require ionizing radiation and 
rather relies on the magnetic properties of endogenous haemoglobin in the brain. On the other hand, PET 
allows metabolism and neuroreceptors to be interrogated in a way that MRI simply cannot. In fact, whereas in 
BOLD-based fMRI studies, the detected signal is related to the haemodynamic responses accompanying neural 
activity, PET allows studying at different stages, specific biochemical processes involved in the control of 
cerebral activity. This is possible thanks to the development of new radiotracers, such as dopaminergic (e.g., 
F-DOPA), gabaminergic and glutamatergic radiotracers, now available for research and for clinical 
applications.  
Neurophysiological techniques involve the assessment of electrical activity of the brain using scalp electrodes 
at rest or while the subjects participate in a given experimental paradigm. Electroencephalography (EEG) is a 
routine approach in clinical psychiatry today. Especially evoked potential parameters such as mismatch 
negativity (MMN), P300 [Takahashi H, et al. Neuroimage 2013;66:594-603] and NoGo-Anteriorization [Ehlis 
A-C et al. World J Biol Psychiatry 2012;66:594-603] are being introduced into clinical routine due to their 
high sensitivity in detecting schizophrenic disorders. EEG is advantageous for its temporal resolution, far better 
than in other imaging methods, and for the time course analysis. The drawback is the relatively poor spatial 
information, e.g. 1 cm in the cortex with evoked potentials [Kawohl W, et al. J Clin Neurophysiology 
2007;24:257-62]. Substantial research has been carried out to clarify the relationship between 
neurotransmission and evoked potentials in EEG. For example, the mismatch negativity (MMN) is closely 
related to glutamatergic transmission [Heekeren K, et al. Psychopharmacology, 2008; 199:77-88], [Kenemans 
JL, et al. Neuropsychopharmacology 2011;36:26].  
In summary, PET, MR and EEG provide complementary anatomical, physiological, metabolic, and functional 
information about the brain. Pooling information obtained with each modality has long been performed 
through parallel analysis of the sequentially acquired data and, more commonly today, by using software co-
registration techniques. The rationale for multimodal imaging in the form of simultaneous MR/EEG, and the 
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extension thereof to the triple modality PET/MR/EEG has been already discussed in the literature [Shah NJ, 
et al. Magn Res 2013;229:101-15.]. However, an off-line combination of the MRI and PET data acquired 
separately at different times is still insufficient because a number of correlated, patient-specific influences, 
such as blood flow, breathing, pulse rate and other physiological parameters may vary over time and therefore 
potentially in different ways in the two scanners. As a consequence, the full integration of different diagnostic 
modalities into a seamless clinical PET/MR/EEG tool is mandatory for the acquisition of multi- parametric 
measurements on a routine basis in schizophrenia patients.  

1.2 Experimental clinical investigations 
Within the TRIMAGE project, two pilot studies were conducted to search for possible biomarkers of 
schizophrenia using PET/MR and PET/MR/EEG scanners, which were available to the collaboration [Del 
Guerra A, et al. European Psychiatry 2018;50:7-20]. It was decided to use two different PET tracers: a 
dopaminergic tracer in Munich and a glutamatergic tracer in Jülich. In Munich, subjects were measured in a 
PET/MR and MR combination. In Jülich, a simultaneous EEG, MR and PET scan was used. For better 
comparability, the scan parameters of both study sites were unified as far as possible. 
The recruitment of subjects with schizophrenia, diagnosed according to ICD-10, and age- and education-
matched healthy controls is described in the following. The recruitment took place at the two sites, Jülich and 
Munich.  
Inclusion criteria were identical for both study sites: 

- age between 18 and 55 years  
- no persons unable to give informed consent will be involved 
- no mental retardation (IQ < 80) estimated with the WST (Wortschatztest) or MWT-B (tests for the 

premorbid intellectual performance level) 
- no drug dependency (except of nicotine) 
- no depressive or manic episode, no bipolar disorder, no schizoaffective disorder, no PTSD 
- no neurologic or other severe somatic disorder 
- no contraindication for MRI or PET 

Additional inclusion criteria for each group: 
- for healthy controls:  
- no current (or history of) mental disorder, checked with the operationalized Mini International 

Neuropsychiatric Interview (MINI) 
for subjects with manifest schizophrenia: 

- diagnostic criteria according to ICD-10 are met.  
- patients in acute states of psychosis are excluded according to PANSS ratings ≤ 3 in the subscales 

'delusions (P1)', 'conceptual disorganisation (P2)', 'hallucinatory behaviour (P3)', 'mannerisms and 
posturing (G5)' and 'unusual thought content (G9)' [van Os et al., Acta Psychiatr Scand. 
2006;113(2):91-5] 

- stable antipsychotic medication for at least 15 days 
 

1.3 Experimental Results with [18F]-Dopa on PET/MR at Munich 
In Munich, the pilot study made use of simultaneous [18-F]DOPA positron emission tomography (PET) and 
magnetic resonance imaging (MRI) in a combined PET/MRI scanner (Siemens). [18-F]DOPA is a 
radioactively labelled precursor of dopamine that allows the measurement presynaptic dopamine synthesis in 
the brain.   
PET scanning lasted 70 min and was started simultaneously with intravenous injection of 140±20 MBq of [18-
F]DOPA. PET data was reconstructed using ordered subset expectation maximization (OSEM) with a voxel 
size of 1.7x1.7x2 mm and corrected for attenuation and scatter. 30 dynamic frames were created (1x30s, 
10x15s, 3x20s, 2x60s, 2x120s, 12x300s). 
The MRI sequences were acquired simultaneously with PET. Resting-state functional MRI data were obtained 
by three separate sequences: whole-brain, focus on basal ganglia and orbitofrontal cortex, and focus on medial 
temporal lobe. Furthermore, T1-weighted anatomical data, perfusion imaging using pseudo-continuous arterial 
spin labelling (pCASL), and a fluid-attenuated inversion recovery (FLAIR) sequence were acquired to exclude 
structural brain lesions. 

1.3.1 Additional task-fMRI 
In order to investigate neural correlates of human decision making, as well as to be able to compare 
simultaneous and non-simultaneous PET/MRI, we conducted a second MRI session with all subjects in a 
different scanner (Philips). In this session, participants did the two-step-decision-task during functional MRI 
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scanning. Additionally, we obtained whole-brain resting-state fMRI (200 volumes, voxel size 2x2x2mm), 
anatomical T1, FLAIR, and field map sequences. 

1.3.2 Patients cohort 
27 patients with schizophrenia (mean age: 40.9 ± 11.9 years; 8 female) and 24 healthy control subjects (mean 
age: 37.1 ± 11.9 years; 9 female) were included in the study. All participants provided informed consent in 
accordance with the Human Research Committee guidelines of the Klinikum rechts der Isar, Technische 
Universität München. Patients were recruited from the Department of Psychiatry by treating psychiatrists, and 
healthy control subjects were recruited from the area of Munich by word-of-mouth advertising. Participants’ 
examination included medical history, psychiatric interview, and psychometric assessment. Included patients 
suffered from chronic schizophrenia (≥2 psychotic episodes) and were currently in psychotic remission. The 
mean total PANSS score was 51.7. Twenty-five patients were taking antipsychotic drugs at the time of 
measurement. 

1.3.3 Results 
PET data were motion corrected by realigning all frames starting from 5 min to the last PET frame (65-70 
minutes), and then applying the transformation matrix for the 5-min-frame to all the early frames. To obtain 
whole-brain Kc maps using the cerebellum as reference tissue for of the input function, a graphical Patlak 
analysis was conducted using the time frames from 20 to 60 min. Then, anatomical masks of sub-striatal 
regions from the Harvard-Oxford subcortical atlas (accumbens, caudate and putamen), and functional masks 
from the Oxford-GSK-Imanova connectivity atlas (limbic, sensorimotor and executive), were non-linearly co-
registered to the PET images. Regional Kc values were then extracted from all voxels within the mask and 
two-sided t-tests were conducted to investigate group differences. Preliminary results for 12 patients with 
schizophrenia (mean age: 46.33 ± 10.52 years; 5 female) and 13 healthy control subjects (mean age: 
43.76 ± 12.26 years; 6 female) are shown in Figure 1 [Del Guerra A, et al. European Psychiatry 2018;51:104-
5]. 
 

 

Figure 1. Net influx rate of FDOPA, as measured by Kc, in the caudate nucleus, executive region, putamen, 
sensorimotor region, and whole striatum, measured with the PET/MR (mMR) at Munich. 

 
Schizophrenic patients showed decreased Kc values in the caudate nucleus (0.0103±0.001 min-1) compared 
to healthy controls (0.0132±0.001 min-1) (p<0.001). Similarly, a decrease of Kc values was found in the 
functional executive region, which largely overlaps with the anatomical region of the caudate, for 
schizophrenic patients (0.0120±0.001 min-1) compared to controls (0.0145±0.001 min-1) (p=0.002). 
Additionally, patients showed decreased Kc values in the putamen (0.0131±0.001 min-1) compared to healthy 
controls (0.0152±0.002 min-1) (p=0.017), and the functional correspondent in the sensorimotor striatum for 
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patients (0.0119±0.002 min-1) compared to healthy controls (0.0160±0.002 min-1) (p<0.001). Finally, a 
decrease in Kc values was found for the whole striatum in patients (0.0120±0.001 min-1) compared to healthy 
controls (0.0144±0.001 min-1) (p=0.002). No differences were found for the accumbens nucleus (p=0.71) and 
the corresponding functional subdivision, namely the limbic striatum (p=0.65). 
 
The results from the experiment in Munich demonstrate that a biomarker can be feasibly used in a multi-modal 
platform. The evaluation shows that group differences between healthy controls and schizophrenic patients are 
replicable. Due to the clear overlap between the two groups, a statement on the individual level is possible 
only to a limited extent. Further investigations are needed, especially for correlations studies with the fMRI 
resting state data.  

1.4 Experimental Results with [11C]-ABP688 in Jülich 
In Jülich, the pilot study was done using the trimodality opportunity given by the 3T MR-BrainPET scanner 
(Siemens, Germany) equipped with a 64 Channel MR compatible EEG system (Brain Products, Germany). 
The tracer used was [11C]-ABP688 - a special ligand of the mGlu5-receptor [Hinterman S,et al. Biorganic 
Med Chemistry 2007;15(2):903-14.]. A maximum dose of 600 MBq [11C]-ABP688 was administered so that 
radioactive exposure was not exceeding 5 mSv per subject. Image processing and quantification steps were 
performed with the PMOD software (PMOD Technologies, Zurich, Switzerland, www.pmod.com).  
The following MRI sequences were acquired simultaneously with PET: Anatomical images were acquired via 
MPRAGE sequence (TR = 2250 ms, TE = 3.03 ms, 176 sagittal slices, 1 mm slice thickness, GRAPPA factor 
2). A T2*-weighted EPI sequence (TR = 2.2 s, TE = 30 ms, FOV = 200 mm, slice thickness = 3 mm, 36 slices) 
was used for the acquisition of the functional images (21 minutes). Resting state fMRI data was acquired 
before and after the auditory paradigm T2*-weighted EPI sequence (TR2.2/TE30ms/FOV200mm/6 
minutes/eyes closed). DTI opens up the investigation of structural connectivity via fibre tracking and 
complements the investigation of functional connectivity via resting state fMRI. Diffusion-weighted data are 
acquired using a standard double-refocused spin-echo EPI sequence with bipolar gradient pulses (TR = 7300 
ms, TE = 105 ms, voxel-size = 2.5 x 2.5 x 2.5 mm3, flip angle = 90°, number of frames = 120). 

1.4.1 Magnetic resonance spectroscopy (MRS) 
The MRS/MRI scans were performed on the Siemens 3T MR-BrainPET unit. To enable unambiguous and 
simultaneous quantification of in vivo glutamate (Glu), glutamine (Gln) and Gamma-aminobutyric acid 
(GABA) concentrations 1H MRS, data was acquired using a point resolved spectroscopy (PRESS) sequence 
(TE1 = 14 ms, TE = 105 ms, TR = 2.5 s, NA = 128, 25 mm × 25 mm × 25 mm voxel size, RF pulse centred at 
2.4 ppm, 128 averages). In order to record a water peak reference for eddy current correction and absolute 
metabolite concentration calibration one extra complete phase cycle was measured without a water suppression 
RF pulse. Data were quantified using LCModel software (version 6.3 - 10) [Provencher SW, NMR in 
Biomedicne 2001;14(4):260-4]. The anterior cingulate cortex (ACC) and the posterior cingulate cortex (PCC) 
were predefined as regions-of-interest (ROIs). 

1.4.2 Simultaneous MMN-paradigm in EEG-fMRI 
The mismatch negativity (MMN) paradigm was adapted to simultaneous EEG-fMRI measurements. MMN is 
mainly generated by a change detection process occurring bilaterally in the auditory cortices and occurs even 
in the absence of attention or behavioural tasks [Naatanen R, et al. Cl Neurophysiology 2007;118(12):2544-
2590]. Strong evidence exists indicating that MMN deficiency reflects deficient N-methyl-D-aspartate 
receptor (NMDA)-receptor functioning [Heekeren et al. Psychopharmacology 2008;199(1):77-88]. NMDA-
receptor is a specific type in the glutamatergic system. The MMN amplitude is attenuated concomitantly with 
disease progression in schizophrenia patients [Umbricht D, et al. Schizophrenia Research 2005;76(1):1-23] 
and could therefore serve as a follow up marker during therapeutic interventions. MMN is already reduced in 
at-risk subjects for psychosis and may contribute to the prediction of conversion into a manifest disease 
[Bodatsch M, et al.Biol Psychiatry 2011;69(19):959-966]. An altered MMN brain activation in patients with 
schizophrenia could also be detected in fMRI [Kircher TT, et al. Am J Psychiatry 2004;161(2):294-304]. MMN 
thus appears as a suitable biomarker for measuring the glutamatergic system and helps in assisting in diagnostic 
and early intervention processes.  
The MMN paradigm included changes in tone duration (deviant tone 100 ms, standard tone 50 ms). Auditory 
stimulation was delivered binaurally using an insert earphone system for fMRI research 
(http://www.sens.com/products/model-s14/#overview), tones were generated by NBS Presentation software 
(Neurobehavioral Systems, Inc., Albany CA https://www.neurobs.com) on a PC with a sound card. A system 
specific constant time delay of 3 ms respective to the stimulus onset was taken into account and later subtracted 
for analysis. Stimuli (1kHz, 10 ms attack/decay) were presented in alternating sequences of mostly 50 ms 
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standard tones with fewer 100 ms deviant tones in position 9 up to 16 after the standard tone (SOA 0.85 s +/- 
50 ms). The deviant positions were pseudo-randomized (only two equal positions following each other). A 
total of 1410 trials (8% deviant, 92% standard) were presented. The deviants were positioned such that their 
estimated combined BOLD response peaked during image acquisition. 
1.4.3 Patient cohort 
Twelve healthy subjects (age: 42.4 ± 11.5) were matched to schizophrenic patients (age: 43 ± 10.4;) with 
regard to gender (all subjects were male), ethnicity and education. A recently published PET study with SZ 
patients (Akkus F,et al. Schizophrenia Research 2017;183:95-101) shows that the smoking status strongly 
influences the distribution volume ratio (DVR) of metabotropic glutamate receptor 5 (mGluR5) in [11-
C]ABP688. This finding was further considered in the recruitment process of this study and all the healthy 
subjects were matched for smoking status of the schizophrenic subjects as well. PET data were analysed for 
matched and non-matched groups in 17 brain regions of interest, associated to the salience and auditory default 
mode networks (DMN) already described in neuropsychiatric disorders (Whitfield-Gabrieli S.  and Ford JM, 
Annual Rev Cl Physiology 2012;8(1): 49-76) and frequently used in functional magnetic resonance imaging 
(fMRI). 

1.4.4 Data acquisition 
The trimodal data acquisition protocol (Shah et al. Scientific Report 2017; 7(1):6452], [Neuner et al. Eur 
Radiology 2012; 22(12) 2568-80) is illustrated in Figure 2. PET data acquisition in list mode started 
immediately after the injection of the [11-C]ABP688 tracer along with MRI (structural and functional – MMN 
task) and EEG (only during MMN task).  
Resting state (RS) (eyes closed, 6 minutes) fMRI, [11-C]ABP688-PET and EEG data were recorded 
simultaneously from 16 male subjects (nSZ= nHC = 8, agesz  = 36.5 ± 10.5, ageHC = 37.8 ± 11.2) in a 3T hybrid 
MR-PET system (Siemens, Germany) equipped with a 64 channel EEG recording system (Brainproducts, 
Germany).  HC and SZ subjects were matched for age, gender, smoking status, education and ethnical 
background.  

1.4.5 fMRI data 
Resting state-fMRI (rs-fMRI) images were thickness = 3 mm, 36 slices, volumes = 160.  Degree centrality 
(DC) was calculated from the rs-fMRI data using MATLAB based software packages, SPM12 and DPABI, 
following the required pre-processing steps and co-registered to the MNI152 (2×2×2 mm3) standard space. 

1.4.6 PET data 
[11-C]ABP688 was injected (521 ± 45 MBq) as bolus + infusion (B/I ratio = 60 minutes) while the subject 
was lying in the scanner. Volume of distribution (Vt) was calculated during the resting state frame (exactly 
corresponding to rs-fMRI acquisition) using metabolites corrected plasma. Vt image was co-registered to the 
MNI152 (2×2×2 mm3) standard space. 

1.4.7 EEG data 
EEG data were processed using EEGLAB. EEG data pre-processing included down-sampling (1000 Hz), 
corrections for gradient, ballistic-cardiogram and eye movement artefacts, and band-pass filtering (2-20 Hz). 
An independent component analysis-based decomposition was performed, and noisy components were 
removed. Microstates in the cleaned EEG data were computed using the Microstate plug-in in EEGLAB. The 
dominant topographical maps across all subjects (group template) were identified and manually sorted into 
microstates A, B, C, and D (Figure 3). The mean GFP in each of the four-microstate maps for each subject 
was calculated and used in the subsequent analysis.  
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Figure 2. Trimodal data acquisition protocol developed and implemented by the Jülich group. 

 
 

 

Figure 3. The four prominent microstates (group template) identified and sorted across healthy subjects. 
 

1.4.8 Statistical Analysis 
A mask of the ventral-DMN (vDMN) regions was obtained from an atlas The DC and Vt of voxels within the 
vDMN mask were extracted and their means were calculated. The Wilcoxon rank sum test was performed to 
analyse group differences. Spearman’s rank correlation test was performed between mean values of Vt and 
mean GFP of the microstates. Since PET studies with[11-C]ABP688 is highly sensitive to smoking status, 
further comparisons were performed considering the smoking status within HC and the SZ group. The family-
wise error rate (FWER), due to multiple comparisons, was controlled via a permutation test.  
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1.4.9 Results 
Since the data analysis is still on going, the processed data presented here is only a sub-set of the whole data 
collected. (submitted as abstract for Annual Meeting of the International Society for Magnetic Resonance in 
Medicine – ISMRM, 2019.) 
The DC measure showed significant difference between HC and SZ group in the vDMN region (p = 0.02) 
(Figure 4). Similarly, the PET Vt measure shows significant difference between HC and SZ only in non-
smokers (Figure 5). The mean GFP of microstates do not show any significant difference between HC and SZ 
group (Figure 6). However, a trend of increased GFP in each microstate can be noticed in SZ group. 
Spearman’s rank correlation test between PET Vt measure and global filed power (GFP) of EEG microstates 
do not show any significant correlations (Figure 7).  
 

 

Figure 4. Comparison of the mean DC (fMRI measure) in the ventral-DMN region of healthy controls (HC) and 
schizophrenic (SZ) patients. The schizophrenic patients show significantly increased DC connectivity values within the 

ventral-DMN. 

 

 

Figure 5. The PET measure, Vt, in the ventral-DMN of both diagnostic groups, divided into non-smokers [nSZ(non-
smokers) = nHC (non-smokers) = 4, left] and smokers [nSZ(smokers) = nHC(smokers) = 4, right]. A significant 

difference in Vt is seen between non-smoker group of healthy controls and schizophrenic patients. However, in the case 
of smokers, the trend is reversed. 

The results of DC show hyperactivity in vDMN regions of SZ patients (Figure 4). Similarly, a significant 
decrease in Vt of SZ patients is observed in the non-smoker group (Figure 5). These results are comparable 
with previous studies. The correlation results between Vt and GFP did not reveal any significant results (Figure 
7), but the trend suggests a strong influence of smoking status and its association with global reductions in 
mGluR5 availability. This exploratory study will be continued with a larger sample size to verify the mGluR5 
availability changes in detail, particularly the relation between PET and EEG. 
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Figure 6. Comparison of the mean global filed power (GFP) of EEG microstates between healthy controls and 
schizophrenic patients. The differences are not significant however the schizophrenic patients show a trend of increased 

GFP in each microstate. 

 

 

Figure 7. Scatter plot and the least square regression line between the PET measure (Vt) in vDMN and global field 
power (GFP) of EEG microstates in each diagnostic group. The correlations are not significant. 
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2 The PET scanner 
2.1 The design of the PET scanner 
The PET component of the TRIMAGE system is designed to feature better performance than present clinical 
PET/MR systems. Design specifications for spatial resolution and maximum sensitivity at the centre of the 
field of view are <2.5 mm FWHM and 6%, respectively. These values are significantly better than state of the 
art clinical systems, such as the GE SIGNA PET/MR that has a spatial resolution of about 4.0 mm at the centre 
of the field of view and a maximum sensitivity of 2.3% [A. M. Grant, et al., Medical Physics, 2016 43(5):2334–
2343]. The TRIMAGE PET is made of a full ring of 18 sectors in the form of rectangular detectors, 55 mm 
(transversal) × 163 mm (axial) size. The number and size of sectors is chosen as a compromise between FOV 
extension (enough for accommodating a RF head coil inside it) and compactness (for fitting into the MR 
system). The ring is permanently attached to the MR system through a vibration absorbing support. The inner 
diameter of the PET ring (including bore cover) is 306 mm, thus leaving enough space for the insertion of the 
RF head coil that is attached to the PET structure (Figure 8). 
 

2.2 The TRIMAGE PET detectors 
Each PET sector consists of three square detector modules hosted in a RF shielded cassette. Each PET cassette 
is 70.5 mm thick and the ring outer diameter is then 452 mm. Each module is divided into four sub-modules, 
which we refer to as tiles (Figure 9, left). Each tile features two segmented LYSO:Ce crystal layers. The top 
layer (the nearest to the centre of the field of view) consists of 7 × 7 crystals of 3.3 × 3.3 × 8 mm3, while the 
bottom layer has 8 × 8 crystals of 3.3 × 3.3 × 12 mm3. Both layers have a pitch of 3.4 mm and are half-pitch 
“staggered”, i.e., each crystal of the top layer is coupled to four crystals of the bottom layer [N. Camarlinghi 
et al., IEEE TNS, 2016; 63(1): 70–74]. This configuration allows a dichotomic depth of interaction 
reconstruction to be performed, as photons interacting in different layers are expected to produce different 
light patterns on the SiPMs. The staggered configuration was chosen in order to reduce the depth of interaction 
uncertainty and to provide a finer sampling of the lines of response with respect to a single layer with the same 
pixel pitch. The free half-entry face of the crystals on the borders of the bottom matrix is covered with a 
reflective adhesive tape. 

 

Figure 8. Cross section drawing of the PET/MR system. The RF head coil, not displayed in the figure, is inserted inside 
the PET bore. 

 

Figure 9. Left: a single dual-layer crystal tile made of 3.3 mm × 3.3 mm LYSO pixels with 3.4 mm pitch. Right: the 
SiPM mini-tile, made of 8 × 4 NUV SiPMs (3.0 mm × 3.0 mm, 3.4 mm pitch) manufactured by Advansid. 
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The crystals in the bottom layer are coupled one-to-one to 64 SiPMs that are arranged in two matrices, 
specifically designed and manufactured by Advansid s.r.l., Trento, Italy. The model used is an extended 
version of the hybrid array ASD-NUV3S-P-4x4TD model with of 4 × 8 SiPMs instead of 4 × 4 as in the 
commercial product (Figure 9, right). Each SiPM of the array is a NUV type, meaning that they have a higher 
efficiency in the near ultraviolet range (peak efficiency at 420 nm, with detection spectrum extending from 
350 nm to 900 nm) that well matches the LYSO emission spectrum. Each element has a size of 3 × 3 mm2 and 
a pitch of 3.4 mm, which is modified from the original 3.2 mm of the commercial version so as to match the 
scintillator pitch.  
 

 

Figure 10. Picture of a TRIMAGE PET detector module. Left: front view showing the four dual-layer tiles. Right: back 
view showing the ASIC board hosting four TRIROC ASICs. 

 
All the 32 SiPMs are mounted on a common package, which is completely covered with transparent epoxy 
layer. A common voltage is used for biasing the whole array through front contacts (i.e., the anode for NUV-
SiPMs). Each SiPM is read out individually from the back of the die (i.e., the cathode for NUV-SiPMs), where 
all the contacts are accessible through an MR-compatible connector. The connector is an application specific 
model manufactured for this project by Samtec Inc. (New Albany, USA) and features nickel-phosphorus (Ni-
Phos) layer plating. The advantage of this solution is that, in contrast to pure nickel (ferromagnetic), Ni-Phos 
layers are diamagnetic, and thus do not interfere with the static B0 field. Each SiPM has 5520 micro-cells, 40 
µm side with a 60% fill-factor. 
The used SiPMs are characterized by a low dark count rate (DCR) and good photon detection efficiency (PDE). 
At the maximum overvoltage, i.e., 6 V over the breakdown voltage, the manufacturer declares a DCR lower 
than 100 kHz/mm2 and a PDE of 43% at 420 nm. 
Figure 10 (left) shows a picture of an assembled detector module. 

2.3 Data acquisition system 
The 64 signals from a tile are read out by a 64-channel TRIROC ASIC [S. Ahmad et al., IEEE TNS 2015; 
62(3):664–668]. Four TRIROC ASICs are hosted on a front-end board, which we refer to as ASIC board. The 
ASIC board is able to read out all the 256 output signals from a module (Figure 10, right). A total of 54 ASIC 
boards form the complete PET front-end data acquisition system.  
The digital part of the TRIROC ASIC manages the conversion and the data transmission to an FPGA-based 
board. We refer to this board as the TX board as it transmits the acquired data to the back-end for coincidence 
processing. The ASIC dead time is about 17.2 μs, corresponding to a maximum output rate of 58k events per 
second [G. Sportelli et al., IEEE TRPMS 2017;1(2) :168–177]. The TX board is capable of managing the 
signals from the 3 ASIC boards (12 ASICs). The FPGA hosted by the TX board is a Cyclone V 
5CEFA7F31C6N (Altera Corp., San Jose, USA). A total of 18 TX boards (one per sector) are used in the 
TRIMAGE PET system. 
Every time a TRIROC detects an event, it produces a series of data packets containing the ADC and TDC 
outputs, one per validated channel [S. Ahmad et al., IEEE TNS 2015; 62(3):664–668], [G. Sportelli et al., 
IEEE TRPMS 2017;1(2):168–177]. Each data packet is decoded by the FPGA and its TDC payload is 
calibrated using a calibration map that is loaded on-chip at boot time. All the data packets of a single event are 
referred to as a frame and are stored in the FPGA for on-line processing.  
Each frame is elaborated to retrieve the interaction position, the scintillating crystal, the time-stamp of the 
event as a whole and the total energy (calibrated in keV) released in the interaction. Single events that do not 
fall within a programmable energy window are discarded. The TX board also executes a monitoring of the 
event rate and transmits it periodically to the backend.  
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The backend system is composed of a motherboard and 9 receiver boards (called RX boards). Each RX board 
receives data from two TX boards (Figure 11). The TX boards communicate with the RX boards through two 
different links: a serial transmission for the slow control commands (such as the transmission of the ASIC 
settings and the read-out of the registers) and a fast LVDS connection for the data transmission. The TX-FPGA 
is also implementing a data buffer, in such a way that all data can be transmitted without any loss and with no 
additional dead time. The connection between the RX board and the two TX boards is mediated by two 
mezzanine boards (called MRX and MTX, respectively) that host LVDS transceivers.  
 

 

 
Figure 11. Picture of the RX board showing the on-board SoC FPGA, the mezzanine board (MTX) and the connections 

to the motherboard and to the two TX boards (named A and B) that are managed by a single RX board. 

 
The RX board acts as a multiplexing interface for the high-speed LVDS data channels between the TX boards 
and the motherboard. The FPGA used in the RX board is a Cyclone V 5CSXFC6D6F31C7N SoC FPGA 
(Altera Corp.). The RX board has an independent Ethernet that allows to stream single events data in order to 
perform coincidence-processing offline for research purposes.  
The motherboard is based on a Cyclone V 5CGXFC7D6F31C6N FPGA (Altera Corp.). The FPGA multiplexes 
the data coming from the RX boards, it handles the slow control and sorts all the single events by timestamp. 
Sorted events are then processed in real time for coincidence detection by timestamp comparison. Only 
coincidences occurring between a sector and one of the opposing nine sectors are accepted. The motherboard 
is connected to a local host PC through a USB 2.0 connection allowing a maximum data transfer rate of about 
40 MB/s. Considering a packet of 24 bytes for each coincidence event, this limit corresponds to a maximum 
coincidence count rate of about 1.5 Mcps. A pictorial scheme of the data acquisition chain can be found in 
Figure 12. 
The design of the PET acquisition system includes a series of choices made for MRI compatibility. The 
standard metallic parts and electronic components are replaced with non-magnetic alternatives whenever 
possible. All the PET electronics are in RF-shielded enclosures. In particular, the RF-shielding of the detectors 
has been specifically designed to optimize the suppression of PET electronics' RF emissions and to be 
transparent to the gradient fields [A. Berneking et al. IEEE TNS 2017; 64(5):1118–1127]. In order to minimize 
any influence of the MR magnetic fields to the analogue photodetector outputs, PET data digitization happens 
in proximity of the SiPMs inside the detectors. Data processing is distributed and parallelized, thus increasing 
the overall processing power and scalability of the DAQ system. This is obtained in exchange for a more 
complex power distribution and dissipation design. The PET acquired data is finally transferred to the operator 
console outside the shielded room through optical fibres. 
A custom power supply has been developed for remotely biasing the SiPMs (30 + or - 3 V range, 10 mA 
maximum current) and suppling the low voltages required by the TX FPGAs and the ASICs, i.e., 1.5 V (12 A 
maximum current) and 3.3 V (10 A). Each low voltage power rail is provided with a feedback line that is used 
to compensate any voltage drop through the power cables. The power supply provides one common SiPM bias 
voltage for each sector, which can be then adjusted on a per-channel basis by the ASICs. The maximum 
applicable adjustment is -2 V. A host board (backplane) can support up to 9 power modules, each providing 
the required power rails for two TX boards. The maximum total power of each module is 40 W. The power 
supply system comes in a standard 19" rack box with removable cassettes, one every two power modules. Each 
channel is controlled by the DAQ PC through the backplane with a serial interface. The power modules are 
designed to have their output voltage disabled at the start-up and in case of overload for safety reasons. Their 
microcontroller will then retrieve the operating values from a non-volatile memory on-board. The remaining 
low voltages (1.1 V and 2.5 V) needed by the TX board are generated by low-dropout (LDO) DC linear voltage 
regulators hosted on the MTX boards. The total power consumption of a PET sector is about 15 W.  A 12 V 
primary supply positioned outside the MR room provides power through the MR-room filter plate to the DAQ 
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cabinet, which is inside the MR room. The DAQ cabinet includes: 1) the motherboard: 2) the DAQ PC; 3) the 
remote power supply for the TX boards and SiPMs and 4) the ethernet-to-fibre adapter that connects the DAQ 
PC to the client PC outside the MR room. 
 

 

Figure 12. Schematic drawing of the data acquisition system. 

 
The power supply network of the PET has been custom designed for MRI compatibility. The following 
solutions have been adopted for this purpose: 1) all the detectors are powered with low voltages in order to 
avoid switching DC/DC converters inside the magnet bore; 2) the PET power supply is located outside the 
magnet bore and it has been designed with remote voltage sensing to allow to compensate voltage drops due 
high current loads; 3) all the power and ground rails follow a star-like pattern in order to avoid loops with 
which the gradient system could couple. This approach is also followed in the routing of PCB layers inside the 
PET detectors. 

2.4 The PET system 
Each PET detector is hosted in a RF-shielded cassette (Figure 13). A liquid cooling system is used to stabilize 
the temperature of components located inside the detector cassette. Cold water is distributed with a water 
chiller and circulated inside each cassette with closed water loops (one every two cassettes). The temperature 
of the water is 18°C so as to avoid any condensation. The pipe inside the cassette is made of copper. Custom 
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designed cooling blocks made of graphite are used to remove the heat from ASICs, DC/DC converters and 
LVDS transceivers while a copper block is used for the FPGA. To avoid eddy currents, the copper block is 
split into two parts and the graphite block is electrically insulated from the pipe. A summary of the 
specifications of the PET component of the TRIMAGE system are listed in Table 1. 
Figure 14 shows the fully assembled PET ring attached to the DAQ system; to the right, the chiller used for 
SiPM temperature stabilization is visible. 

Table 1. Specifications of the PET component of the TRIMAGE scanner. 

 

2.5 Data processing and results 
Flood maps were generated by calculating the 2D histogram of the centre-of-gravity (COG) of each 
reconstructed frame. In fact, even if there is a one-to-one coupling between crystal pixels and SiPMs for the 
bottom layer, the identification of top layer pixels requires the information from more than one SiPM channel. 
The coordinates of the centres are evaluated as 
 

 

Where xi (yi) are the sums of all the signals collected by the i-th SiPM row (column) after having subtracted 
the measured baseline from each signal. Although other methods have been explored with potentially better 
performance in terms of pixel identification, such as Support Vector Machine techniques, the COG calculation 
was chosen because of its simplicity and ease of implementation in the FPGA. When generating the flood 
maps and energy spectra, we do not apply any energy filter and we use a coincidence window of 3 ns. 
 

 

Figure 13. The TRIMAGE PET sector. Top: picture of the three modules attached to the front part of the TX board. 
Bottom: picture of the same TX board hosted in a RF-shielded cassette.  Twelve square holes in the TX board are used 
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to create a thermal contact between cooling blocks (that are attached to the cassette cover) and the ASICs that are 
located right below the holes and that are also thermally connected to graphite blocks. SiPM temperature is about 26°C. 

 
 

 

Figure 14. The TRIMAGE PET ring. Left: the fully assembled PET ring as installed in the laboratory environment 
where the characterization tests were performed. The PET ring is connected to the data acquisition system (DAQ). 

Right: picture of the ring where the water chiller, used for the stabilization of the SiPM temperature is visible. 

An automatic calibration software identifies the crystal centres, using the multiscale dot enhancer filter. The 
pixel identification look-up-tables (LUT) are then built using the centres found in the previous step as seeds 
for a Voronoi partitioning. Using the LUT, events are then attributed to a pixel/layer. 
The raw energy of an event is obtained from the sum of the signals detected by all the validated SiPMs. Once 
the raw energy histogram of each pixel is computed, it is possible to equalize the gain of each channel and to 
calibrate it in keV using the full energy peak as the reference for the 511 keV. Energy spectra for the bottom 
and top layers are then obtained by aligning all spectra to 511 keV and summing up all the events assigned to 
the same layer. No correction for the saturation of the SiPM is applied. A sample flood map of a single tile is 
shown in Figure 15 left, while the peak profile obtained along the diagonal direction (from bottom left to top 
right) of the same tile are shown in Figure 15 right, demonstrating the excellent pixel/layer identification.  
The observed maximum count rate is about 700 kcps, which is approximately twelve times the maximum count 
rate allowed by one ASIC. This observation confirms that the data stream from the twelve ASICs of a PET 
sector to the backend does not suffer from any significant losses. Considering 12 bytes per single event, the 
maximum data rate expected from the TX board to the RX board is 8.4 MB/s, well below the maximum 
bandwidth of the LVDS interface (200 MB/s).  Thanks to the early digitization rate occurring in the TX-FPGA 
the maximum count is not affected by the number of SiPM channels activated in each event. 
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Figure 15. Left: Flood map of a single tile biased -30.3 V. In the image, white is zero, while black corresponds to the 
highest value in the map excluding the outer pixels. Right: Profile of the flood map measured at -31.1 V obtained along 
the diagonal direction, from bottom left to top right. The odd number peaks (1st, 3rd, …) are relative to the bottom layer 

while the even ones (2nd, 4th, …) belongs to the top layer. 

 
An example of the energy spectra of the top and bottom layers of a single tile is shown in Figure 16. The 
applied bias voltage was -31.1 V. The energy resolution at 511 keV is 22% for the top layer and 20% for the 
bottom one. All the tiles were regulated individually to the optimal bias voltage value (as in Table 2). The 
measured CTR for a pair of sectors with all the optimal bias voltages is 515 ps. The CTR was also evaluated 
separately for the two layers. Measured values were 529 ps for the top layer and 501 ps for the bottom layer. 
 

Table 2. Optimal bias voltages for the 24 considered tiles. 

 

 

 

Figure 16. Energy spectra (-31.1 V bias voltage) for a top (blue) and bottom (red) layers. No energy cut was applied to 
the spectra. 
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We measured the performance of the detectors and the data acquisition system of the PET component of the 
TRIMAGE brain trimodality PET/MR/EEG scanner. All pixels can be identified, indicating a negligible 
contribution of pixel identification to the system spatial resolution. The maximum singles count rate of a PET 
sector is about 700 kcps. The energy resolution of a single tile is 20% FWHM and 22% FWHM for the bottom 
and top layer, respectively, while the CTR of two detectors is 515 ps. The data acquisition frontend showed a 
maximum singles count rate capability of 700 kcps for each of the 18 sectors. 
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3 The MR scanner 
Within the TRIMAGE project we have built a 1.5T compact brain MR scanner (Figure 17), designed to be 
fully compatible with the PET scanner, to make an integrated PET/MR scanner. The great technological 
innovation was the use of a cryogen-free superconducting magnet, one of the first ones worldwide to be used 
in clinical MR-PET research.  
 

 

Figure 17. (left) System scheme; (right) The TRIMAGE MR magnet delivered to the Consortium in Strasbourg. 

3.1 The Magnet 
The magnet integrates a new technology developed at SSI (USA), bringing together a very compact magnet 
design with a cryogen-free magnet dewar at the most used clinical field of 1.5T. The superconducting wire 
used for the main coil permits a very high critical current to enable the magnet to have optimized dimensions. 
The coil is cooled with a cryocooler that takes a minimum amount of space near the magnet and allows the 
magnet to work without any cryogenic fluids (no liquid helium, no liquid nitrogen). Eighteen days are needed 
to cool down the magnet before putting it in field. When the cryocooler turns off, the magnet starts quenching 
after 40 minutes. In case of emergency, a kill switch can be activated to quench the magnet immediately (cold-
mass temperature reaches 40K). The magnet is actively shielded, the 5 Gauss line is under 3 m away from the 
isocentre in all directions. In addition, given that the MR magnet is dedicated to brain, it is much shorter axially 
than a conventional clinical magnet. The main magnet parameters and specifications, as well as the magnet 
cooling system specifications are detailed in the following Tables 3, 4 and 5. 
 

Table 3. Magnet parameters. 

Operating field strength   1.5 Tesla 
Magnet type   Cryogen-free superconducting solenoids with self-

shielding 
Field stability over time  <0.1 ppm/h 
Weight   1500 kg 
Length   1300 mm 
Inner diameter   720 mm 

 
Table 4. Magnet specifications. 

Main field   1.5 Tesla (1H @ 64 MHz) 
Magnet warm bore diameter   720 mm (+/- 2 mm) 
Magnet bore tolerance   +/- 2 mm over bore length 
Field homogeneity (after ferro shim)   +/- 1 ppm over 15 cm DSV 

+/- 3 ppm over 22 cm DSV 
Field stability (24 hours after power-up)  < 0.1 ppm/hour 
Fringe field (from center)   5 Gauss line: 

Axial < 2.8 cm 
Radial < 2.2 cm 

Operating current (Nominal)   150 A 
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Ramp Time (Approx.)   120 min. 
Cryostat/Magnet orientation   Horizontal 
Dimensions   See here above 

 
Table 5. Magnet cooling system. 

Cryocooler  Water-cooled helium gas compressor for the magnet 
cooling 

Cooling system   1.5 W – 4 K Pulse tube by Cryomech 
Cryocooler operational requirements 
 

 Power consumption steady maximum 
 50 Hz 7 kW - 8.5 kW 
 Cooling water requirement 
 Inlet temperature 5 to 25 °C 
 Cooling water flow rate 
4–8.0 liter/min. 

 

3.1.1 The Gradient 
The maximum gradient intensity is 40 mT/m, with a rise time from 0 to 40 mT/m of 350 μs. The inner diameter 
of the bore is 580 mm. The gradient specifications are given in Tables 6 and 7. The main parameters involved 
in the elaboration of the MR digital signal and the specifications of the RF transmitter/receiver are reported in 
Table 8. 

Table 6. Coils specification. 

Inner diameter 580 mm 
Outer diameter 712 mm 
Length 1250 mm 
Linearity +/-5 % over DSV of 400 mm 
Minimum gradient efficiency 0.1 mT/m/A. 
Peak current <500 A 
Peak voltage <800 V 
DC resistance 0.2 Ohm 
Inductance 570 uH 
2nd order shim coils Z2, XZ, YZ, X2-Y2, XY 

 
Table 7. Gradient Amplifier Specification. 

Voltage +/- 750 V 
Current +/- 400 A 
Control current mode 100 ms@300A, duty cycle 45% max 
Input sensitivity 1/40 V/A 
Rise time <60us from 0 to 200A on 120uH coil 

 
Table 8. Main parameters for MR digital signal processing and RF transmitter/receiver specifications. 

Transmitter path Frequency stability (5 min)   ±2×10–10 
Frequency control  32 bits (0.1 Hz) 
Phase control  16 bits (0.006 degrees) 
Transmit amplitude  14-bit control 8 ns resolution 
Gain stability (5 min)  0.1 dB (low signal path) 0.15 dB 

(power amplifier) 
Transmitter amplifier 
Transmit amplifier bandwidth  800 kHz 
Peak power  2 kW 
Max. applied RF-Field  25 µT 

Receiver path Receiver bandwidth  119 Hz–4 MHz (for each channel) 
Receiver signal resolution  32 bit 
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Number of independent receiver 
channels 

8 

Sampling rate (sampling resolution)  125 MHz (8 ns) 
Preamplifier noise figure  0.5 dB 
Preamplifier bandwidth  665 kHz 
Total gain 80 B with automatic control 

 

3.2 Assessment of the new 1.5T compact brain MR scanner performance 
3.2.1 Phantom 
The phantom used for the tests described below is a PMMA cube (135x135x135mm3) inside a cylinder 
(200mm diameter and 160mm length) filled with a preparation composed of 5L of demineralized water, 18g 
of NaCl and 6.25g of CuSO4 (see Figure 18). 
 

 

Figure 18. Phantom used for performance measurements. 

3.2.2 Field homogeneity 
B0 homogeneity was measured after ferro-shimming at the manufacture facility: ±3.9ppm over a 250mm 
Diameter of Spherical Volume (DSV) and ±1ppm over a 150mm DSV (Figure 19). 
 

 

Figure 19. Phantom used for performance measurements. 

3.2.3 RF coil 
The final RF coil used is the one manufactured by Affinity Imaging GmbH. The coil initial tests were 
conducted with an engineer from Affinity Imaging GmbH. The DC current used to actively tune and detune 
each of the 8 elements and the transmit bird cage was adapted to deliver the right current on the pin diodes. 
The coil is tuned to the 63.841 MHz frequency, the corresponding resonance frequency of the proton for the 
magnetic field of the magnet. 
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3.2.4 Software development 
Many modifications have been made on the software to integrate new features and improve the workflow. The 
software is compatible with Java11 and OpenJDK; it has fast load time, improved memory efficiency and the 
ability to process and export data in parallel with an acquisition. The dataset viewer offers user friendly screen 
usage, zoomed navigation, multi-receiver handling (memory, power factor sum, …) and the ability to display 
images of real, imaginary, or magnitude MRI data. A database has been implemented with multi criteria search 
for previous acquisitions.  
Sequence versioning is based on git, with graphical visualization of changes. Sequence development is done 
using an integrated feature of the prim software. In the sequence editor, a second TX attenuation block in 
acquisition elements was added to allow low and strong pulses within the same sequence, which is desirable 
for sequences with fat saturation (Fat-Sat). A dynamic TTL channel was added to allow skipping some of the 
Fat-Sat pulses. 

3.3 Results 
B0 maps were acquired after manual adjustment of the shimming. Results are in accordance with the ones 
from the manufacturer for the 250 mm DSV, homogeneity is slightly worse for the 150 mm DSV (see Figure 
20). This is due to the fact that the ferro-shimming was not optimal in the new site and also that the manual 
shimming was done with an inhomogeneous RF coil and not the volume coil supplied by Affinity Imaging 
GmbH. The field stability showed good stability with a variation of under 0.06 ppm per day (Figure 21). 
Since the receiver coil is made from combination of 8 independent receivers, eight different signals are 
recorded and one image per receiver is then reconstructed. The sensitivity of each coil depends on its location. 
The images are then combined using the sum-of-squares of the signals. Due to the inhomogeneous sensitivity 
of every small coil, and because of the signal combination, the final SNR on the entire volume in not perfectly 
homogeneous; this is the same as in clinical scanners from established manufacturers. 
The minimum SNR measured in the phantom (centre) was equal to 2.49/mm3 corresponding to a gain of 13 
with respect to the coils used in early tests. An SNR up to 50 times higher was measured on the edge of the 
phantom, in proximity of the coil. 

3.3.1 Nutation curve and B1 field 
During the RF transmission, the receiver coils are actively detuned and the transmit birdcage is actively tuned. 
B1 maps were acquired to evaluate the field homogeneity of the transmit birdcage (see Figure 22). It fluctuates 
between 90% and 110% of the nominal value. The nutation curves were acquired with a 2 ms pulse and by 
ramping up the power from 0 to 223 W. The nutation curves are sharp and show a relatively good RF coil 
homogeneity. The power dissipation for RF90° and RF180° were 32 W and 140 W respectively. 
Beside the bigger SNR gain, the main improvement of this coil in comparison to the previous ones is that it is 
can be tuned to the proton frequency more accurately. Therefore, any limited quantity of the transmit power is 
reflected to the amplifier. This enables the use of demanding sequences in terms of transmit power, such as 
spin-echo (SE) and fast-spin-echo (FSE) sequences. 
As an example, SE and FSE acquisitions were performed with matrix 256x256; 30 slices; TR/TE = 14.75/3.8s 
and 14.75/0.8s respectively; FOV = 250mm; slice thickness = 5mm. An echo train length of 8 was used for 
the FSE (see Figure 23). High-resolution, multi-slice FSE acquisitions were also acquired in 1min 29 s to show 
the ability of the system. Off-centre sagittal and central axial slices are displayed in Figure 24. 
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Figure 20. B0 map after shimming. 

 

3.3.2 SAR Measurements and prediction 
The MRI system is equipped with a SAR measurement system (SMS). The boards achieving this task are 
contained in the coil interface box, which is fixed on the back of the MRI magnet. The SMS circuitry is a chain 
containing an RF peak detector, an integrator and a resetting switch which discharges the integrator’s capacitor 
through a resistor once the maximum integration voltage threshold has been reached. The signal sent by the 
SMS is a square signal whose frequency is equal to the integrator’s reset frequency and is directly linked to 
the electrical RF power. The SAR testing procedure consists of finding an equation linking the measured 
frequency with the RF power. 
For the tests, two types of sequences were used: a single square pulse sequence and a single sinus cardinal 
pulse sequence. In Table 9, we can see the different parameters that have been set (gray) and the measured 
results (blue). The estimated peak power has been calculated through the MRI software, according to the RF 
amplifier features and the timing settings and the estimated CW power correspond to the average power of the 
whole sequence. 
 

Table 9. RF transmitter/receiver specifications. 

Tx 
attenuation 
(dB) 

Pulse 
Duration 
(ms) 

Duty 
Cycle 
(%) 

Estimated 
CW Power 
(W) 

Estimated 
Peak 
Power (W) 

Frequency 
(Hz) 

Tx rms 
Power 
(W)  

Tx peak 
Power 
(W) 

27 2 16.66 0.33 1.98 27 3.73 32.4 
24 2 16.66 0.685 4.11 35 5.96 70.23 
20 2 16.66 1.82 10.9 52 15.7 202.5 
17 2 16.66 3.77 22.6 72 32.77 469.23 
14 2 16.66 7.8 46.8 82 66.25 883.6 
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Figure 21. Field drift monitoring for one day. 

 

 

Figure 22. Nutation curve and B1 map. 

 

 

Figure 23. Example of SE and FSE acquisitions that were performed with the following parameters: matrix 256x256; 30 
slices; TR/TE = 14.75/3.8s and 14.75/0.8s respectively; FOV = 250mm; slice thickness = 5mm. An echo train length of 

8 was used for the FSE.  
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Figure 24. High-resolution, multi-slice FSE acquisitions acquired in 1min 29 s to show the ability of the system. Off-
centre sagittal and central axial slices are displayed  

A prediction SAR module has been added to the acquisition panel in the PRIM software. The prediction is 
made by accounting for the pulses used by the sequences in the queue against acquisition time. Currently, the 
prediction information is accessible by click on the dedicated button at the bottom of the sequence queue panel. 

3.3.3 RF calibration sequence 
A new sequence has been implemented to measure and observe the RF pulse linearity more accurately. This 
sequence uses a slice selection and a readout gradient on the same axis. This allows observation of the profile 
of the selected slice. Any saturation of the RF amplifier would create a distortion of the profile of the selected 
slice. This sequence allowed us to identify the fact that some reflected signal from the RF coil was perturbing 
the pin diode driver affecting the linearity of the RF Pulse and the accuracy of the slice selection (Figure 25). 
 

 

Figure 25. Sequence diagram and data acquired by increasing the TX power. Small arrow shows dysfunction of the RF 
chain for high power. 

3.3.4 Clinical Pulse sequence 
While the RF coil was under repair, the spectrometer used in TRIMAGE was installed and tested on another 
1.5T MRI. The experiments were conducted on a clinical 1.5T system with a 6-channel head coil so that the 
software and the pulse sequences could be tested. MP-RAGE, FLAIR and FSE sequences were acquired 
(Figure 26). 
 

 

Figure 26. 3D MP-RAGE and FLAIR acquisition on a 1.5T clinical scanner acquired with the Cameleon electronics and 
the CLIM Software. 
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3.3.5 Auto-shim 
Two auto-shim techniques were implemented. The first is the one based on maximizing the signal of the free 
induction decays (FID). It works by repeating FID acquisitions and adapt the shim value iteratively. Since the 
signal comes from different receivers, it is adapted: the one coming from all the receivers are merged to a 
single optimization criterion (e.g. integral of signal magnitude). In parallel this single value has been also 
added to the graphical interface, to help the user for manual shimming. 
The second method uses the Fast map Sequence to improve the shim. One-dimensional field maps are acquired 
along different directions giving an estimation of the three-dimensional field distortion. These field maps are 
obtained from the phase of the signal acquired with the newly implemented Fast map sequence. Then the 
current in the various shim coils is adapted to compensate these distortions. The acquisition is repeated 
iteratively 2-3 times. 
 

4 The EEG 
The MR compatible EEG system reported in Trimodal studies [Shah NJ, et al. Scientific Report 2017;7:6452] 
is already a CE certified system: see the conformity declaration documents from the EEG system vendor (Brain 
Products GmbH, Germany). 
However, the EEG could, in principle, interfere with the MR and PET data. The influence of EEG electrodes 
on functional MRI (fMRI) blood oxygenation level dependent (BOLD) signal was already reported by 
[Bonmassar G, et al. Hum Brain Mapp 2001;14:108-115]). The results show that “the BOLD signal is not 
influenced by the presence of EEG electrodes when using a properly constructed MRI compatible recording 
cap”. In addition, a scientific study to investigate the influence of the EEG cap (MR compatible BrainCap MR 
EEG cap, EASYCAP GmbH, Herrsching, Germany) on the quality and quantification of PET images acquired 
during simultaneous PET-MR measurements was performed at Jülich. A preliminary transmission scan on the 
ECAT HR+ scanner (ECAT EXACT HR+ scanner, CTI/Siemens, Knoxville, TN, USA), using an Iida 
phantom, showed the expected minimal attenuation effect due to the EEG cap. The BrainPET-MR emission 
images of the Iida phantom with [18-F]Fluorodeoxyglucose, as well as of human subjects with the EEG cap, 
were not significantly affected by the EEG cap, even though the applied attenuation correction did not take 
into account the attenuation of the EEG cap itself. The results of the study are reported in [Rajkumar R, et al. 
PLoS ONE 2017;12 https://doi.org/10.1371/journal.pone.0184743]).  
On the other hand, the multimodality approach (PET/MR/EEG) results in a series of induced artefacts on the 
EEG data that could be highly affected especially by the MR environment. They are related to the moving of 
electrical charges in the static magnetic and to varying magnetic fields (gradient field artefacts). Correction 
methods for these two artefacts have been already presented in [Shah NJ, et al. Scientific Report 2017;7:6452]]. 
In addition, the cooling system for the MR main magnet leads to vibrations of the whole system and induces 
additional artefacts in the EEG data. The state-of-the-art method for avoiding these latter artefacts is to switch 
the MR´s cooling system off during the measurement, which is possible to the high thermic capacity of the 
liquid helium bath of conventional superconducting MR magnets. However, the magnet to be used for the 
TRIMAGE project is a magnet without liquid helium bath (cryogen-free technology). As a consequence, the 
cryocooling system can be switched off only for a short time during which the magnet is heating up slightly 
and important MR performance parameters could drift. The time needed for reaching the same operation point 
together with the time during which the cooling system is switched off is incompatible with typical MR-PET-
EEG studies.  
In order to characterize the vibrations coming from the cryocooling system which cause artefacts in the EEG 
data, the vibration frequency spectra of MAGNETOM Trio 3T MRI at Jülich FZJ, Germany, and 1.5 Magnet 
for the TRIMAGE MR-PET-EEG system at RS2D, Strasbourg (Figure 27a) were recorded with a hand-held 
analyser Type 2250/2270 from Brüel & Kjaer together with a piezoelectric accelerometer, type 4513 from 
DeltaTron®. Broad vibration spectra were observed for both MRI magnets in the EEG relevant frequency 
range f < 100Hz. Interestingly, vibrations were also observed in both systems after switching off the 
cryocooling system. These were attributed to surrounding equipment and cooling airflows in case of the 
Siemens 3T system. Although the vibration spectra for both systems differed as expected, the findings were 
consistent. All vibration measurements with the piezoelectric accelerometer were done without running MR 
sequences since the currents induced by the gradient switching would damage the accelerometer. 
 In order to study the artefacts in the EEG data due to the vibrations, we used a watermelon with EEG 
cap as shown in Figure 27b, since it has been shown to resemble surface conductivity and density close to the 
human head and is MR compatible. Although the frequency spectra of the EEG artefacts differed by the 
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measured vibration spectra, a switch on/off test could demonstrate that the artefacts were caused by the 
vibrations of the cryocooling system (see Figure 27c). The similarity of surface conductivity and density 
between the human head and watermelon allowed us to record a typical vibration spectrum without influence 
for gradient switching artefacts and real EEG signals from the human brain. This data was used as a template 
for an in house developed adaptive filtering algorithm, which was implemented with MATLAB. The filter was 
applied to EEG volunteer data obtained during an LDAEP (Loudness Dependence of Auditory Evoked 
Potential) study and with/without typical MR sequences (EPI sequence, TR: 2.2 s, TE: 30 ms, FOV: 200 mm, 
slice thickness: 3 mm and number of slices: 36) and the cooling system switched on. As shown in Figure 27e, 
the main vibration peaks at 42 Hz, 44 Hz and 46 Hz were removed successfully from the Cz channel of the 
EEG data. The same applied to all other EEG channels and the correction method was compatible with all 
other required EEG data corrections. Corrected and uncorrected LDAEP signal during the tone trials for the 
volunteer measurement with cryopump switched on is shown in Figure 27d. Neither of both the important 
signal characteristics, i.e.., first negative deflection (≈ 100 – 150 ms after the stimulus at t=0), followed by the 
positive deflection (≈ 160 – 210 ms after the stimulus at t=0) is distorted by the in-house developed adaptive 
filtering. 
This ensures that EEG data could be usefully collected on the TRIMAGE scanner while in three-modality 
operation by adapting the described filtering procedure. 
 

 

Figure 27. a) Rear side of the 1.5T TRIMAGE magnet during vibration measurements at RS2D. b) MRI 
compatible phantom (watermelon) with EEG cap and ECG electrode attached to the centre of the watermelon. 
c) EEG artefact spectrum on channel Cz measured with phantom without running MRI sequences. d) 
Comparison with and without adaptive filtering for LDAEP signal for the Cz channel (volunteer measurement 
with MR sequences and running cryocooling pump). e) Comparison with and without adaptive filtering for the 
frequency spectrum of the LDAEP signal with MR sequences and running cryocooling pump. 

5 Conclusions 
The PET/MR/EEG will be installed in a permanent structure, that is now under construction, in the hospital of 
Pisa University. An initial pilot study will be done to measure the performance of the trimodal device and its 
imaging capability on patients. Secondly, an extensive clinical research program already laid down for mental 
disorders and other brain diseases will be conducted by various clinical groups of the University of Pisa in the 
field of psychiatry, neurology, oncology and angiology. 


