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1. OVERVIEW OF PROGRESS DURING THE REPORTING PERIOD

Main objectives of the project for this reporting period.

Within the third year, PVEOut consortium was expected:

To deliver to participating Centres a final version of the software package, including modules and GUI framework.

To obtain final measures of the accuracy of the PVE correction in different scanning conditions (tracers, sequences and scanner resolution) and possible changes when using different co-registration and segmentation techniques.

And to agree on acquisition protocols suitable for PVE-correction

To submit a manuscript describing the PVE-correction method(s) for publication to  international peer-reviewed journals.

To start patenting procedure for the phantom production method or manuscript describing the phantom and validation results submitted for publication to international peer-reviewed journals.

To have final results in clinical applications, including an analysis of the relationship between PVE‑corrected imaging data and clinical data from available studies.

To submit a manuscript describing clinical results for publication to international peer-reviewed journals.

Expected deliverables included:

D7) Final version of the software package, including modules and GUI framework.

D9) Final results in clinical applications

D10) Consensus over acquisition protocols suitable for PVE-correction

Expected milestones included:

M4) Final version of the software package, available at participating Centres.

M6) Final measures of the accuracy of the PVE correction in different scanning conditions (tracers, sequences and scanner resolution) and possible changes when using different co-registration and segmentation techniques.

M7) Manuscript describing the PVE-correction method(s) submitted for publication to international peer-reviewed journals.

M8) Patenting procedure for the phantom production method or manuscript describing the phantom and validation results submitted for publication to international peer-reviewed journals.

M9) Results of the analysis of the relationship between PVE‑corrected imaging data and clinical data from available studies.

M10) Manuscript describing clinical results submitted for publication to international peer-reviewed journals.

Scientific progress of the project in the third year

The PVEOut project, which should have lasted three years, met during the second year a delay in the production of a part of the software, leading the  consortium to apply for an extension, in due time during the third year. As the time of this report, the corresponding amendment for a 10 month extension has been signed by all partners.

According to the original technical annex, software modules providing the functions requested by the project have been timely designed, produced and validated.

These modules, which can be used also separately (i.e. each module can be launched by command line) were designed to be easily incuded in a common main program, to provide a more user-friendly package, suitable for wider distribution that will allow a test of the software on various sets of data in different clinical/research sites within the project timeframe.

During the second year of project, there has been a delay in obtaining the first prototype of the common handling program, a part of the PVEOut software responsibility of Partner N° 7 of the consortium (Rasna Imaging Systems)

In particular Partner 7 was supposed to provide a common Graphical User Interface (GUI) to allow an easy use of the modules developed by the other partners.

Despite the lack of such a tool, the consortium has been able to achieve in due time all the deliverables and milestones which were originally planned for the first two years of project.

In this respect it is of note that the results obtained so far have fulfilled the expectations, as commented also by the mid-term reviewer ( "... this project is – in total – scientifically interesting, running well, on target, time and budget, and well managed...")

For the last part of the project, however, a GUI and a common main program were necessary to apply the software to larger data sets, making the use of separate modules time-consuming and prone to errors.

Furthermore, there was a need to distribute the software to external (i.e. not directly involved in PVEOut) research centres (a strategy also suggested also by the mid-term reviewer), to increase the initial core of users thus increasing the industrial interest of the PVEOut results.

These tasks are nearly impossible without the integration of all the PVEOut modules under a single "main" program.

Consequently, after Partner 7 (RASNA) was requested without success to comply with their contractual obligations, the co-ordinator with the agreement of the other partners of the Consortium decided to terminate participation of RASNA according to Article 7.3b of the Annex II of the contract as of 6 March 2003. We have informed RASNA of that decision and asked him to submitted a cost statement covering the period of 1 September 2002 to 6 March 2003 (Commission was put in copy of this letter). 

For these specific tasks 25 person/months were originally allocated to Rasna according to the technical annex.

As the expertise needed to perform the integration of modules is largely available within the PVEOut consortium, the partners agreed on a redistribution of the tasks originally allocated to Partner 7 among the contractors who are able to achieve these results at the highest standard of quality, and decided to apply for an extension of the project, which is being granted by the commission (10 months).

The main program and GUI will be thus written using Matlab, a programming tool widely diffused in the biomedical imaging environment and selected among the PVEOut official tools within Workpackage 1.

In particular, the tasks originally allocated to Rasna will be carried out as follows CNR: Integration in the main program of the modules for multiparametric segmentation, PVE correction, ROI definition according to original Talairach approach (7 person months)

UKENT: Integration in the main program of the module for monoparametric segmentation (2 person months)

KI: preliminary tests of the complete program on neuroreceptor study data sets (1 person month)

H:S: Writing of the main program including GUI, integration in the main program of the module for multiple algorithms for coregistration (MARS) (10 person months)

INSERM: Preliminary tests of the complete program on FDG study data sets, and integration in the main program of the module ROI definition according to modified Talairach approach (4 person months)

UDEB-PETC: integration in the main program of the PET simulator module (1 person month)

Beside the additional person/months, an allowance for an additional plenary meeting, to be held in the last three months of project, has been also considered for each group.

Also note that this is an estimate of the minimum workload required by the consortium to perform these activities. Should the corresponding costs exceed those recoverable from the budget originally allocated to RASNA, the consortium agreed to ask only reimbursement according to the amount recoverable from unused funds originally allocated for other tasks or from other categories, provided agreement is obtained by the EC according to the relevant articles of the contract.

The extension will allow to shift to December 2003 deliverable D7 (Final version of the software package) and corresponding milestone M4 (Final version of the software package available at participating Centres), due by December 2002 according to the original technical annex

Below are reported the Workpakage, Deliverable and Milestone tables updated accordingly.

The 10-month extension will allow the consortium to reach all the goals of the project as detailed in the original Technical annex at the same standard of excellence that has signed the activities of PVEOut so far, as it is expected from a project in such a critical field as biomedical imaging.

From a scientific standpoint, the third year has involved mainly work in the field of validation of the software. The results of the validation are reported in the attached manuscript (Quarantelli et al. “An integrated software for the analysis of brain PET/SPECT studies with Partial Volume Effect Correction) submitted to the Journal of Nuclear Medicine (official journal of the Society for Nuclear Medicine), which has the largest diffusion among the Nuclear Medicine Journals, to ensure the largest possible knowledge of our results.

It is of note that we were able to demonstrate that, even in presence of a high degree of atrophy, the use of appropriate PVE correction strategies allowed to reach an accuracy above 96%.

Furthermore, applications of the PVE correction to FDG PET studies in patients with mild cognitive impairment allowed to unravel, in the same study, both morphological and functional specific substrates of encoding versus retrieval deficits, highlighting a distinction in the neural substrates of encoding and retrieval deficits in MCI, and disclosing a partial dissociation between metabolic and structural correlates, suggesting distinct interpretations.

These results are reported in the attached paper by Chatelat et al (Dissociating atrophy and hypometabolism impact on episodic memory in mild cognitive impairment. Brain 2003;126:1955-67)

We also applied PVEC techniques developped in PVEOut on a set of 23 mild AD patients and 13 normal volunteers (NV) used as control. We compared AD and NV in 18 gray matter (GM) regions before and after PVEC. Mean increases in GM PET values were found to be 22 and 26% in NV and AD studies, respectively, when correcting only for CSF. When also considering PVE due to WM, mean GM increases fluctuates about 34 % for NV and 38% for AD patients, independently of the PVEC method used. The only significantly different regions between AD and NV after PVEC of CSF and WM is the right posterior cingulate and left parietal, while most of the GM regions were significantly different with the original PET data.

From a technical development standpoint, the third year has involved much work in the following fields:

· Development of an original PVE-correction technique, which was presented in the Plenary meeting in Canterbury (see corresponding report) and is currently undergoing extensive validation

· Modification of the PVE correction software to handle appropriately dynamic PET/SPECT studies, needed for a complete analysis of Neuroreceptor studies

· Adaptatation of the PVE correction techniques to include the ameliorations which emerged from the results of the validation process. The current version of the software incorporates all the features that are described in the validation paper

· Development of an original tool for fully automated efinition of PVE-corrected white matter value, which was presented in the Plenary meeting in Canterbury (see corresponding report) and is currently undergoing a validation process before being re-enginereed to be included as a standard option in the software.

· Amelioration of the Region of Interst definition method, which now allows also a fully automated definition, when a normalization matrix is available from external software (e.g. SPM)

Table 1

Workpackage list

Workpackage N°
Workpackage title
Responsible Participant n°
Person-Months
Start Month
End Month
Deliverable(s) n°

1
State of the art assessment
4
60
1
5
D1-D4

2
Software production
2
120
6
17
D5

3
Phantom prototype production
1
21
8
36
D6, D8

4
Validation
5
126
18
40
D7

5
Application to human studies
3
58
18
46
D9, D10



TOTAL
385




As for 31 August 2003:

WP1: Finished

WP2: Finished

WP3: Ongoing. A first version of the anthropomorphic phantom has been produced and has undergone SPECT, CT and MRI scanning. It is now being scanned by the other partners, while a more refined version is being prepared. The phantom has been patented

WP4: Ongoing. Validation on PET simulation has been completed

WP5: Ongoing. Preliminary results from FDG studies in NV and Alzheimer patients have been presented at several Neuroscience meetings. Analyisis of other data sets including CBF and neuroreceptor studies in normal ageing, MCI, Alzheimer, and Huntington are ongoing

Table 2

List of milestones

Milestone N°
Title
Delivery date
Participants
Description

M1
Set-up ready
Month 5
All
Hardware and software installed at all participating centres

M2
Software prototype
Month 17
1,2,3,4,6,7
Prototype of the software package available at participating centres

M3
Phantom prototype
Month 19
1
Phantom prototypes available at Centres where validation scans are performed

M4
Software
Month 40
1,2,3,4,6
Final version of the software package, available at participating Centres.

M5
Phantom
Month 40
1
Final version of the phantoms, available at participating Centres

M6
Validation
Month 40
1,2,3,4,5,6
Measures of the accuracy of the PVE correction

M7
PVE-correction results
Month 40
1,2,3,4,5,6
PVE-correction method(s) submitted for publication

M8
Phantom results
Month 40
1
phantom and validation results submitted for publication or start of phantom patenting

M9
Clinical results
Month 46
3,4,5,6
Clinical results available

M10
End of the project
Month 46
3,4,5,6
Clinical results submitted for publication and end of the project

Table 3

List of deliverables

Deliverable

N°
Title
Delivery

date
Nature
Dissemination

level
Dissemination

target

D1
Review of the segmentation literature
5
R
PU
Neuroscientists

D2
Review of the co-registration literature
5
R
PU
Neuroscientists

D3
Review of the atlas-based regional brain definition literature
5
R
PU
Neuroscientists

D4
Review of the PVE correction literature
5
R
PU
Neuroscientists,

NM physicians

D5
Prototype of the software package
17
P
CO
Consortium

D6
Physical phantom prototypes 
14
P
CO
Consortium

D7
Final version of the software package
40
P
CO
Consortium

D8
Final version of the phantom
46
P
CO
Consortium

D9
Results of clinical applications
46
R
PU
Neuroscientists

D10
Consensus over suitable acquisition protocols
46
R
PU
Neuroscientists

2. STATUS OF THE INDIVIDUAL WORK PACKAGES

During the third year WorkPackages 3, 4 and 5 were active.

These three workpackages are on time according to the schedule contained in the extension request and reported in the updated WP, Deliverable and Milestone tables contained in this report.

Wokpackage 3

Scanning of the STEPBrain phantom (MRI, PET and SPECT) is being carried out at participating centres, and the corresponding data-sets are being collected to verify performance of PVE-correction methods on phantom data at different resolutions.

The method will be presented for the first time at the RSNA meeting, the largest rdiology 

The procedure for phantom production, based on stereolitography, has been patented by CNR.

Wokpackage 4

Validation results, reported at international meetings (see Quarantelli HBM 2003) and in a manuscript submitted to Journal of Nuclear Medicine (attached to this report), are consistent with previous literature data and confirmed the accuracy of the correction as implemented in the project.

Modification to the software suggested by preliminary validation results were implemented, and the current version of the software, which is being implemented in PVELab, is up-to date and availale to the consortium.

Wokpackage 5

Initial results in MCI patients have been published (see the attached paper by Chatelat et al).

Preliminary results from Alzheimer patients (both conventional ROI analysis and a voxel-based analysis) have been presented to international meetings (see abstracts by Berkouk at HBM 2003).

Analysis of CBF and GABA-receptor SPECT studies in Alzheimer patients is ongoing, as well as analysis of age-related changes of dopamine transporter in normal subjects and Huntington patients.

3. CONTRIBUTION OF THE PARTICIPANTS

Partner n°: 1 (co-ordinator): National Council for Research (CNR) / Biostructure and Bioimaging Institute

During the third year CNR has been mainly responsible for the following activities:

· validation of the software. The results of the validation are reported in the attached manuscript (Quarantelli et al. “An integrated software for the analysis of brain PET/SPECT studies with Partial Volume Effect Correction) submitted to the Journal of Nuclear Medicine (official journal of the Society for Nuclear Medicine), which has the largest diffusion among the Nuclear Medicine Journals, to ensure the largest possible knowledge of our results. Overall the performance of the selected PVE-correction methods resulted fully satisfactory. We were infact able to demonstrate that, even in presence of a high degree of atrophy, the use of appropriate PVE correction strategies allowed to reach an accuracy above 96%.

· Development of a new PVE-correction method capable of generating PVE-corrcted images with a reduced noise (see Dr. Alfano presentation in the report of the Plenary meeting in Canterbury)

· Modification of the PVE correction software to handle appropriately dynamic PET/SPECT studies, needed for a complete analysis of Neuroreceptor studies

· Modification, as compared to the published methods, of the PVE correction techniques to include an appropriate handling of the ROI size, and to take advantage of the a-priori knowledge about racer concenration in selected structures (typically knowledge of the lac of racer in the cerebro-spinal fluid)

· Development of an original tool for fully automated definition of PVE-corrected white matter value (needed as starting point by some PVE-correction techniques, see the  Canterbury meeting report).

· Amelioration, in collaboration with the Inserm Partner, of the Region of Interst definition method, to allow a fully automated definition, when a normalization matrix is available from external software (e.g. SPM)

No significant problems had been encountered during the activities of the third year.

The scientific team was not changed during the third year.

Stereolitography phantom production has been subcontracted. 

Partner n° 2: University of Kent at Canterbury (UKENT) / Medical Image Computing, 

Kent Institute of Medicine

PVEOut activities carried out in Canterbury mainly relate to the integration in PVELab of the monoparametric segmentation method developped at UKENT, which should be completed by December 2003.

Also, extensive work on validation of automated segmentation versus manual segmentation has been carried out in collaboration with KI.DCN partner, which involved the manual segmentation of three sets of high resolution brain volumes.

Using these studies as gold standard, comparison of the performance of the monoparametric segmentation method developped at UKENT and the widely used method included in SPM was started and preliminary results presented at the Canterbury meeting suggested a better performance of the UKENT method.

No significant problems had been encountered during the activities of the third year.

The scientific team was not changed during the third year.

No activity has been subcontracted during the third year.

Partner n° 3: Karolinska Institute/Department of Clinical Neuroscience (KI.DCN)

[image: image1.png]PVEOut Project - KLDCN — Annual progress report 2002-2003

Annual progress report of the Karolinska Institute,
Department of Clinical Neuroscience (KI.DCN)
2002-2003

Contract number:  QLG3-CT2000-00594

Project acronym: PVEOut
Reporting period: 01/09/2002 — 31/08/2003

1. General overview

In the third year of the project our activities were focused on validation of softwares developed by
the other partners and at KI and on testing these softwares on selected sets of human brain imaging
studies.

2. Status of the individual work packages:

WP 4: Validation

Main objectives:

* Measure the accuracy of automated image segmentation methods as compared to manual
segmentation. :

* Compare the precision of automated and individual, coregistration based ROI fitting,

Comparison of the actual work with the planned work:

Within WP4 K1 is responsible for validation and testing of the digital brain atlas module developed
at KI. This task has been accomplished in the way described below. Besides, KI participated in
preliminary testing of softwares developed by the other partners, in accordance with our planned
activities.

Our activities have exceeded the original planes with regard to manual segmentation. This type of
activity was not foreseen in the original plans, but could contribute to the validation process in a
valuable way, as there is no standard for automated segmentation methods, other than the manual
approach.

Segmentation:
During the second year of the project manual segmentation of high-resolution MR images of

healthy volunteers was initiated. This year the set of images to be segmented manually has been
extended to three. MR images from a young (21 y.), a middle-aged (45 y.) and an elderly subject
(77y.) have been selected from out database, together with the available PET images of the
volunteers. The principal guidelines for manual segmentation have been defined in close
collaboration with UKC. In accordance with these guidelines manual segmentation is performed as
a tradeoff between visual image inspection and anatomical knowledge (see Figure 1.).

The manually segmented images would serve as ‘golden standards’ in the future for validation of
automated segmentation algorithms.
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Figure 1. T1 (A) and T2 (B) weighted MR images of middle-aged subject. The whole brain (C)
and white matter (D) were segmented manually.

Automated Region of interest (ROI) fitting

Our initial approach was to develop a computerized brain atlas system for human and money brain,
which utilizes a brain warping based ROI fitting algorithm. The individual brains are transformed
using linear and non-linear methods to match the standard template brain. After the standardization
process ROI’s defined on the template brain can be applied to the individual brains. According to
previous results the difference in pixels values introduced by warping of human brains is
approximately 5 %.

This year the validation of this warping based ROI fitting algorithm was carried out for monkey
brains. Five-five PET scans of two cynomolgus monkeys, acquired with radioligands of different
selectivity, were analyzed using coregistration and standardization based ROI fitting mechanisms.
In the former method the PET scans were coregistered to the MR image of the same animal, and
ROI measurements were performed with ROI’s drawn on the original MR. During the latter method
the individual PET images were standardized by warping, and ROI’s defined on the standard
template brain were applied to the modified images afterwards.

Both image analysis methods were carried out by four independent examiners for all ten PET scans.
The initial statistical analysis showed non-significant inter-rater differences, and good agreement
between the two different ROI definition techniques (see Figure 2.).

PET scan with [11C]-WAY 100,635
Wilks lambda=.97380, F(6, 190)=.42322, p=.86295
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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ROl values (nCi/ml)

480 * : . —o— coregistration
~o - standardization
rater No.

Figure 2. Results of statistical analysis (one-way ANOVA) for
arepresentative PET scan.
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WP 5: Application to human studies

Main objectives:

e Evaluate the effect of partial volume effect (PVE) correction on results of quantitative brain
imaging with positron emission tomography (PET) with special emphasis on tracers with focal
brain uptake.

e Define the crucial requirements of MR and PET image acquisition protocols necessary for
accurate PVE correction.

e Propose a suitable protocol for quantitative analys1s of PET images including PVE correction
for tracers with focal brain uptake.

Comparison of the actual work with the planned work:

In contrast to the original plan, which was based on the analysis of only one study with
Huntington’s Disease patients and healthy controls, another PET study was evaluated with PVE
correction. This was necessary to determine the significance of PVE correction and set up the
appropriate analysis protocols for the analysis.

PVE correction of clinical PET studies:

Two series of PET and MR scans were selected for PVE correction from KI-DCN’s database:

1. Healthy human volunteers (age: 25-82 years) were examined with a dopamine transporter
(DAT) ligand, [!C]-CIT-FE.

2. Five patients suffering from Huntington’s Disease (HD) and five age-matched controls were
examined with the same ligand, [''C]-CIT-FE.

The two studies differ not only in their clinical aim, but in the acquisition protocols used for MR

and PET imaging, and the quality of the images. Therefore, they provided a good basis to evaluate

the clinical importance of PVE correction and identify the main requirement of MR and PET image

acquisition necessary for accurate image analysis.

The analysis showed that DAT availability is underestimated in the brain without partial volume
effect correction. The different techniques were able to recover the radioactivity loss due to PVE to
a different degree (see Table 1.)

The analysis helped to answer the question whether the observed differences in DAT availability
between individuals of different age (study 1.) and between patients and healthy controls (study 2.)
were due to real changes of DAT density or an artefact caused by volumetric changes of the brain
(see Figures 3. and 4.).

. " Modified
Meltzer Miiller-Gértner Rousset Miiller-Gértner
Thalamus -14.94 -0.39 33.37 -5.92
Nucleus 0.81 21.54 69.94 22.03
caudatus
Putamen -12.71 8.54 55.94 9.46

Table 1. Changes in binding potential (BP) due to PVE correction (ABP/BPyncor* 100).

Requirements of image acquisition for PVE correction:

A number of factors were found to be important for the precise implementation of the computerized
image analysis methods:

— spatial resolution of MR and PET images





[image: image4.png]PVEOut Project - KI.DCN — Annual progress report 2002-2003

— modality of MR image
— time resolution of PET
— size and type of filter used for reconstruction of the PET images.

Protocol of image analysis with PVE correction:

The most suitable protocol for PVE correction of PET images with focal tracer uptake has been
defined. It encompasses the consecutive steps of segmentation (partly manual partly automated),
coregistration (manual), PVE correction and ROI data quantification (see Figure 5.).

DAT BP in putamen ki
Wilks lambda=:17633, F(3, 6)=9.3421, p=.01117 0 Caudata nu
Effective hypothesis decomposition r
Vertical bars denote 0.95 confidence intervals
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Figure 3. Dopamine transporter BP in HD Figure 4. Changes of dopamine transporter
patients and controls before and after PVE density during aging: values without and
correction. with PVE correction.

3. Resources used during the period:

Hardware: from other resources, but used in this project as well:
A Silicon Octane workstation and a Linux based PC for installation of softwares within
the PVEOut package

Software (other than the PVEOut package): from other resources, but used in this project as well:
Matlab for Windows and Linux
PC-Mediamerge software for retrieval of old taped material

Image files: Original PET and MR image files were taken from the database of our department.

Human resources:
50 % activity of an associate professor (supervision of program development and project
management, brain atlas validation)
part time activity of a PhD student (assistance in program development, segmentation
validation, testing of PVEOut software package, evaluation of clinical PET studies with
PVE correction).

4. Significant problems: -
5. Any changes to scientific team: -

6. Activity by subcontractors: -




[image: image5.png]PVEOut Project - KLDCN — Annual progress report 2002-2003

DAT MR

PET T1/2w. \

\ / Segmentation into
GM, WM, CSF

Coregistration & (UKC mono-

(MARS, ITIO) parametric or SPM)

¥

PVE correction
(PVE of CNR-CMN)

!

ROI measurements
(PVE of CNR-CMN)

Y

ROI quantification

High V w noise

Graphical methods Kinetic models

Figure 5. Flowchart showing the protocol of image analysis with
PVE correction.
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computerised monkey brain atlas for processing and analysis of anatomical, functional and
receptorarchitectural neuroimaging data. 8™ Annual Human Brain Mapping Annual Meeting,
Sendai, 2002.

Farde L. et al. Decrease in dopamine transporter density in Huntington’s Disease: relationship to
cognitive performance. (manuscript)

S6vagé J et al. The effect of age on dopamine transporter availabilty and striatal size — the impact of
partial volume effect correction. (manuscript)




Partner n° 4: Rigshospitalet Kobenhavn (RHC)/Neurobiology Research Unit

Project Progress Report 

1.2. Description of work carried out in year 3 (Sept. 2003 to Sept. 2003):

The work implementing an GUI based interface for manual realignment of PET and MR images, especially receptor PET images with limited binding in many brain regions, was finalized before the PVEOut project meeting in Firenze, November 6th 2002. The program was extended with modules for using some of the automatic methods available at the internet. These automatic methods includes Automatic Image Registration (AIR, UCLA, Roger Woods, http://www.loni.ucla.edu/NCRR/Software/AIR.html) and Statistical Parametric Mapping (SPM, Functional Imaging Laboratory, UK, http://www.fil.ion.ucl.ac.uk/spm/spm2.html). 

At the project meeting in Firenze, Nov. 2002, it was decided to make a prototype version of a Matlab (Mathworks Inc.) based GUI based interface to the PVEOut programs developed at the different participating centers. In the software it should be possible to carry out a Partial Volume Correction process including fileload, co-registration, segmentation, reslicing, definition of ROIs (atlas based functions), and finally a partial volume correction. The prototype version was presented at the project meeting in Caen, January 2003. 

At the project meeting in Caen it was decided to go on with implementing software for this interface. The interface should be able to control the process of doing a partial volume correction, it should be GUI (Graphical User Interface) based so it will be possible also for people without computer expertise to use the program. Further, the interface should report back to the user the result of each step in the process for reducing number of errors. 

During spring 2003 design of the user interface was carried out and software for controlling the process was designed. The goal for the software is that is shall be open and easy configurable so it is possible to include multiple modules for each step. A version zero of the software was presented at the project meeting in Canterbury, July 2003 illustrating the principles and the graphical layout. This version includes only modules for co-registration.

First working version of the software was finalized September 1st, 2003 including an interface to software for all modules (documentation in appendix), PipelineProgramDescription.pdf). It has been demonstrated that it is possible to use the framework for generating partial volume corrected data at one specific dataset (Naples, Dicom format data), but as now the software is locked to the format of these data.

1.3. Further work

Until July 2004 the following will be carried out:

· Interface to all methods will be implemented and tested, included interface to the segmentation module for UKENT

· The software will be updated with routines so data from most centers can be analyzed using the framework. This includes interfaces so the methods can be used with data formatted in the Analyze dataformat, which will be available, at most centers.

· The software will be tested through fully on datasets from many different centers to be sure that the methods run properly on many different datasets. 

· The software will be documented properly so it is possible for both research and clinical sites to use it.

· The software will be made available to all participating centers and later on for general download from the Internet.

ATTACHED PLEASE FIND THE PIPELINEPROGRAM DESCRIPTION (PIPELINEPROGRAMDESCRIPTION.PDF)

Partner n°: 5

INSERM U320 - Caen, France (INSERM)

Caen, the 4th of September 2003

2. PVEOUT Annual Scientific Report 2003: Partner 5

INSERM, Cyceron, Caen, France

Scientifically responsible person: Prof J-C Baron.

As partner 5 of the PVEout project, our main task during the 3rd year of the project was to validate the partial volume effect correction (PVC) software on positron emission tomography (PET) images generated from normal volunteers (NV) and Alzheimer’s disease (AD). We showed that the removal of PVE generated an augmentation in FDG uptake of about 35% in NV and 40% in AD, and that most brain structure differences in FDG uptake between NV and AD were removed after PVC, apart for the posterior cingulate and parietal lobe (3).

We took advantage of the PVC software to propose a new methodology in order to confront the functionality of the brain gray matter to its volume in NV solely (6) and in a comparison between NV and AD (2).

We also applied the PVC software to mild cognitive impairment (MCI) patients (1).

Beyond the validation we participated to the computer coding of definition of region of interest and the simulation procedure of the PVC software (4, 5). 

Experimentally, we have scanned (PET&MRI) the brain phantom designed by partner 1 (Naples) and corrected the PET images for PVE. Furthermore, we have analysed the effects of head movement on PVE correction using this phantom.

We also did experimental work (PET scanning of a line source) in order to provide partner 6 (Debrecen) with data for their generation of a PET simulator software.

As Dr Berkouk is taking a new position at the University of Cambridge and to ensure a smooth transition in the project, Dr Kerrouche has been recruited from May 2003; note that he was already involved in part of the project (3).
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No significant problems have been encountered during the activities of the third year.

The scientific team was not changed during the third year.

No activity has been subcontracted during the third year.

Partner n° 6: University of Debrecen (UDEB.PETC)/ PET Center

Activity description in the PET Center of Debrecen in the 3nd  year of PVEout EU5 project.

Extension of the VPP library for the PVE-project

A C++ based Volumetric software library (VPP) was developed for the multimodality medical image processing and it is used in several projects of DPC. The extension of PET simulator to a complex study simulator and the long running time of the simulation of the whole brain required the implementation of the PET simulator under C++.  Similarly, the image processing based validation of the simulator and the PVE correction require a complex software development environment or an extensible graphical program too. In this way in the DPC the main task for the developers was to work out an extension of the VPP, which will be suitable for the above-mentioned aims. This library contains the following:

· data models and algorithms of the 2D simulation, reconstruction, noise-injection and corrections  

· automated signal/noise ratio and spatial resolution calculation for the quality control of the simulated- and real PET images 

· image fusion based ROI/VOI delineation and calculation

· landmark based image registration algorithms for the correction of the automated image registration procedure

· warping library for the VPP, which makes the extension of the VPP possible for the developers at library or application level (i.e. this technique will help us to use the AIR tools from a VPP based application)  

During this software development period several test programs were worked out, and the validated components of the libraries were used in the BrainCAD software of the DPC. 

For this activity the allocated person/month value was 6.4.

Correspondance with Partner n° 7: RASNA Imaging Systems (RASNA)

The coordinator has not received a report of the third year activities by partner N° 7.

The Consortium terminated participation of RASNA according to Article 7.3b of the Annex II of the contract as of 6 March 2003.

4. PROJECT MANAGEMENT AND CO-ORDINATION

Regarding organisational and communication protocols, the WWW site of the project (http://pveout.area.na.cnr.it) has been maintained on the Development WorkStation (DWS) of Naples, with the FTP secured area (ftp://pveout.area.na.cnr.it). On the site were stored documents related to the project and image files for set-up and testing of software developed within the project. The software modules developed by the partners were exchanged with uploading and downloading on the site. Mailing lists of the partners are also kept updated in the partner-restricted area on the project website. A laptop system mirroring the DWS was used in the project meetings to exchange experiences on the installation and the use of the modules.

Communications between the partners continued principally via Email, only occasionally by telephone for very fast information exchange. 

Minutes of all plenary meetings, as well as of the two operative meetings kept in Florence are attached to this report.

5. EXPLOITATION AND DISSEMINATION ACTIVITIES

· It was decided to proceed with the involvment of external groups as beta-site for testing the software. At the Canterbury meeting it was decided to have each group sugest to the coordinator a maximum of five goups to contact. This procerdure is being followed and in December 2003 the selected groups will receive the software for testing.

· The procedure for the production of the anthropomorphic multi-compartment phantom (STEPBrain) has been patented by CNR.

· PVEOut Project website (http://pveout.area.na.cnr.it) has been updated.

· a complete list of publications acknowledging PVEOut support as for august 31st 2003 is attached to this report

6. ETHICAL ASPECTS AND SAFETY PROVISIONS

During the 3rd year of project, procedures involving specific security concerns and consequent safety provisions have been carried out at CNR (phantom SPECT and MRI scanning), INSERM (phantom PET and MRI scanning), and RHC (phantom PET and MRI scanning), which have been performed as described in the technical annex, in agreement with all relevant local and European legal requirements for safety provisions implementation.

In phantom preparation, only short-lived radioisotopes used for clinical studies (i.e. 18F) were used, and preparation did not differ in any respect from preparation of standard phantoms routinely used in the Department. Phantom had been previously tested for complete water-resistance, and was used after inclusion in an additional external plastic container.

All requirements of the Relevant national and European Laws regarding radiation safety are fulfilled by this protocol.

No other activity involving handling of radioactive isotopes was carried out in this project.

7. MID-TERM REVIEW

Does not apply to the period

8. PLANS FOR THE NEXT REPORTING PERIOD

Next reporting period will cover the extension period (September 2003 - June 2004).

It is expectyd that by december 2003 a complete version of the software is available, and that in the last 6 months of project the consortium and external centres selected as beta sites use the software to analyse existing data sets (an actiity already started within the consortium using separately the software mopdules), to produce a critical mass of published results that will ensure a wide knowledge of this software in the neuroscience and diagnostic imaging research and clinical users. 

At the end of the project, a final plenary meeting will be held in coincidence with the 10th International Conference on Functional Mapping of the Human Brain (13-17 June 2004 in Budapest, Hungary). The PVEOut Consortium is applying to organise an educational workshops at that meeting, to maximize diffusion of the results of the project.

9. REQUESTS TO THE COMMISSION

In view of then changes in the partnership, to ensure the maximum outcome of the project, an extension was requested to the Commission (for details see the section “OVERVIEW OF PROGRESS DURING THE REPORTING PERIOD”).

A ten month extension has been proposed by the Commission, the paperwork is being processed.

ATTACHMENT 1

Minutes of the  Florence Operative meeting (1st session)

Florence 16-09-2002

Participants:

· Auro Pampaloni

· Giorgio Cangioli

· Umberto Cappellini

· Bruno Alfano

· Mario Quarantelli

· Marco Comerci

RASNA industrial implementation will take care of the interface with the complete DICOM set-up of their products. In particolar, will be their duty to provide their software (Perceptive Reporter) with a suitable set of Structured Reports to monitor segmentation, co-registration, ROI definition and PVE correction as performed by the following modules:

· monoparametric segmentation (UKENT)

· multiparametric segmentation (CNR)

· point-based coregistration (Copenhagen)

· surface-based coregistration (Copenhagen)

· Talairach-based ROI definition (CNR)

· PVE-correction (a decision has been made to support the integration of all the four modules for PVE correction) (CNR)

The interface with SPM and AIR co-registration modules will not be monitored as these tasks do not support DICOM standard and are not modifiable, furthermore they do not have commercial interest as on one hand are available as freeware on the net, while from the point of view of the use can be applied only to some tracer studies (i.e. blood flow and glucose metabolism PET and SPECT studies).

Within Wednesday 18-09-2002 RASNA will provide a scheme of the workflow as detailed at the meeting, which will be verified by CNR and will provide the basis for their final decision regarding the detailed implementation plans on RASNA platforms (due by monday 23-09-2002), which will then be carried out within the January PVEOut plenary meeting (to be held in Paris).

RASNA is evaluating the cost-benefit ratio of designing an integrated interface within Reporter to handle more efficiently the data flow, and to allow an uniform interface to the different modules.

If not suitable, a second choice remains the Perceptive viewer which had been selected at the beginning of the project.

ATTACHMENT 2

Minutes of the  Florence Operative meeting (2nd session)

8 November 2002

Participants:

· Ali Hojjat

· Bruno Alfano

· Claus Svarer

· Karim Berkouk

· Mario Quarantelli

· Miclos Emri

· Olaf Paulson

· Tim Dyrby

From 14:45 Lapo Bertini and Auro Pampaloni (Rasna) joined the meeting until 16:30.

As the meeting room originally scheduled at Rasna Headquarter was not available, as declared in the e-mail from Lapo Bertini, CEO of Rasna Imaging Systems, to the coordinator dated 4-11-2002, received by Dr. Alfano only on the 6th of November at 13:20 (attachment I), when calling Rasna to verify that the meeting would take place as originally planned, availability of the breakfast room as a meeting room at the Hotels were partners were staying was verified.

The participating partners were then reached at their hotels Thursday night by the coordinator and by Dr. Quarantelli, and it was decided that the meeting would have been held at the Hotel Embassy in Florence, 8/11/2002 starting at 10:30.

The availability of the room, upon confirmation by the Hotel, was communicated on phone to Rasna Friday morning, who replied that they would join the meeting later on, subsequently confirming their participation for one hour in the afternoon.

Accordingly, the meeting agenda was defined in agreement between all partners including the following issues

· Update on Mid-Term Review outcome

· Rasna position inside the project

· Exploitation strategy alternative to the one proposed by Rasna

· New work-plan for main program

· Tools to be used to generate the main program

· Protocols for data exchange between modules

· Definition of Workflow

· File format conversion (DICOM/Analyze/Others?).

The coordinator announced that he had just received the Evaluation provided by the External Reviewer from the Mid-term Review, which he read to the partners and that will be forwarded to the general mailing list immediately.

Among the others, the reviewer had emphasized the importance, to maximize the success of the project, of a reliable exploitation plan, and to merge the WP2 and WP5, to have external clinical research centers test the software and give a feed-back to improve it, also maximizing the diffusion of the product.

All the participants underscored that this was obstructed by Rasna’s need to have the partner develop the product on their platform and using their software (implying payment to Rasna for their licenses, even if at favorable price).

On the other hand, no activity by Rasna had been carried out in this direction, which left the consortium without a suitable unique software package for internal use, and even more important, for external distribution at selected centers.

As a consequence, the attending partners agreed that the coordinator should re-consider Rasna position inside the project, and discuss it with the other responsible persons.

The coordinator agreed that there was a need for an Exploitation strategy alternative to the one proposed by Rasna, who was not providing the software needed to complete the PVEOut package.

This was furthermore needed to follow reviewer suggestions, reasonable and well targeted in view of the research experience of participating scientific partners.

After completing the software package with tools to be defined (see below) possibility of distribution to selected centers of the software should be considered according to reviewer suggestions.

Claus Svarer and Mario Quarantelli pointed out the example of SPM, a package running in Matlab which had been distributed as freeware for several years, accumulating a huge number of users, and was now also sold as C-compiled version within a software package called Med-X, which is acquired by scientists who are not willing or cannot do the installation of the software personally, and prefer to pay a software house to do it for them.

The presence of SPM module is considered by Dr. Quarantelli the main reasons for Med-X commercial success.

Mario Quarantelli and Claus Svarer asked this hypothesis to be considered as possible exploitation by the consortium.

As a starting point to test this hypothesis, availability of the partners in charge of each module to have it diffused was requested by the coordinator. 

It was reminded that, for all the modules except the co-registration, distribution only of the executable was possible as consequence of the correct choices in the initial part of the project, which would preclude the loss of intellectual property rights by the partners.

The following positions, to be confirmed by direct declarations by the other responsible persons, emerged

It was also verified that all the components of external software included in the co-registration module (AIR by Roger Woods and SPM by the Wellcome Cognitive Department of London) were freeware, so their download and inclusion in the package could be easily guided to have external centers obtain the full PVEOut set-up.

Regarding the monoparametric segmentation, Dr. Quarantelli asked Dr. Hojjat, in view of the suggestions by the reviewer, to verify Prof. Colchester position regarding distribution of the software to a few selected centers, only in the form of executable files, although he acknowledged that restriction of access, if limited to some of the modules, would have not precluded significantly the diffusion of the software.

Dr. Hojjat pointed out that it was unlikely UKENT decided to offer it to the whole community free of charge as companies may download it through their research institutions and use the product without being traced.

Accordingly, also on the basis of a proposal by the RHC-NRU group (Attachment II), a new work-plan for main program production was drafted, which is summarized hereinafter:

The main program will be written in Matlab. As the RHC-NRU has considerable experience with this approach they will be in charge of this task. This will guarantee that the interface is uniform with the MARS module that RHC-NRU they wrote.

Each module will have a Matlab routine to be launched and configured, which will be written by the group in charge of the module and integrated in the main by RHC.

RHC will explore the possibility to implement a tracking system in the software (i.e. either a log file or an additional header file for the images) to have the possibility to verify how the results have been obtained or to have the program verify that the correct files and procedures are being used.

As internal file format it was agreed that, for all the image types for which a DICOM standard is not available, Analyze format (version 7.0, for consistency with the other post-processing programs considered in WP1) will be used.

Preliminarily, file names will adhere to SPM convention (i.e. *_seg1.img for segmented Gray Matter file, r*.img for registered files and so forth...)

As all the participating partners had more than sufficient expertise in Matlab programming, it was agreed that each partner in charge of a module would take care of the interface to the main program.

Two remaining utilities required by the main to fulfill original requirements of the project are the following:

· a DICOM SCP, a function to have the workstation act as DICOM server

· a file format converter for DICOM to Analyze and Analyze to DICOM conversion

CNR volunteered to implement these two tasks, originally supposed to be carried out by Rasna, using for the first an OFFIS modules, which are available as freeware on the net (see considerations as for SPM and AIR above), for which CNR has a considerable experience, while the second one could be done in C/C++.

As this task is in considerable delay, to maximize interaction between programmers, the use of mixed telephone/net meetings was proposed by NRU people, who have used successfully this set-up in previous collaborations with similar interactions.

A preliminary mailing list of people involved in software writing for this specific purpose was defined, to be completed after discussion with Rasna.

The list, to be put on the WebSite internal page (care of Mario Quarantelli) is the following:

Alfano, Quarantelli, Comerci, Berkouk, Balkaj, Emri, Svarer, Dyrby, Colchester, Hojjat.

Morning session finished at 12:20

Evening session started at 13:45

A default configuration will be defined so that all default parameters are set.

Dr. Hojjat asked about the authorship for common publication, and it was confirmed that any publication by the people in the consortium, which uses the full package, will have the name of those who contributed in the list of authors. If part of the package is used, those who contributed to those parts will be included.

Any publication outside the consortium, which uses the package, should acknowledge PVEOut project as a whole.

Mario Quarantelli said that common publications will be a confirmation of the success of the group collaboration.

At about 15:00, Lapo Bertini asked to define what was the concept of the discussions, asking for a description of what had been discussed the whole day.

Mario Quarantelli mentioned that it is maybe difficult to describe in details but we were discussing the progress, developments and the next steps of the work.

Claus Svarer added that mainly we had talked about how to integrate the modules and how they communicate.

Lapo Bertini pointed out that Rasna had their own plan but the consortium wanted to go ahead with its own plan. Rasna work-plan, as detailed in the previous Exploitation plan draft (forwarded by the coordinator to the Reviewer and to all the partners, see attachment III), included development of a prototype on their platforms to be proposed for feedback by their customers (e.g. GE, Siemens, Agfa Fuji … ).

Dr. Quarantelli pointed out that for pure PACS companies such as Agfa and Fuji would not be interested in a post-processing workstation, which is the objective of PVEOut, and that was probably part of the problem in having Rasna actually collaborate with the other partners.

A lack of collaboration resulting in Rasna not being aware of the current status of the project, not downloading or even requesting the modules by the partners.

Lapo Bertini replied that RASNA is not a PACS Company anymore, and also don’t do post processing or better is not developing in that sense.

Regarding the possibility to have the software distributed to beta sites, as suggested by the reviewer, Lapo Bertini stated that he cannot imagine how this may ever work from a commercial point of view in ten years.

Dr. Quarantelli cited the example of SPM software package, which is freeware for the scientific community, but is also sold as part of a commercial package called MedX, which has a large diffusion, as is bought by investigators who do not want to play around with configuration of SPM, and prefer to have the C-version installed by a software house who guarantee for the correctness of installation and provides assistance.

Lapo Bertini said that in his opinion they were bypassed by the group because PVE partners wants to develop their work using their own tools within Matlab, in which case RASNA couldn’t do anything with the packages.

Dr. Alfano pointed out that only one out of five packages had been written in Matlab, and the remaining (including the core PVE-correction module) were in C-language, and that Matlab was a tool agreed upon during the WP1.

Lapo Bertini said that he had the clear impression that the other partners were blaming Rasna without giving them the opportunity to work. As a result, they had put 50% of their efforts to detect market for this project, and due to the coordinator weak coordination the situation was so uncertain for Rasna that now the Executive Committee (Consiglio di Amministrazione) of Rasna had forbidden any further expense for the project, blocking their part of co-financing.

Regarding this aspect, Dr. Alfano remarked that he was still waiting for an answer to his e-mail dated 4/11 where he asked Lapo Bertini if this meant that Rasna was withdrawing from the project.

Olaf Paulson said that market was not the only consideration for this project, as the exploitation had to respect the need to reach a scientifically solid product as first step.

In Rasna opinion, before the meeting of October 2002 in Florence, there was no direction in the project. Dr. Alfano pointed out that at the first part of the Florence operative meeting, Dr. Cangioli by Rasna had discussed in detail the needs of their current software (specifically Reporter), to be able to track the activities of PVEOut modules.

These implied the use by the partner of XML, which is not in the specific expertise of partners, and is not a tool defined in WP1, nevertheless the coordinator was considering this possibility, provided the result of this arrangement would satisfy the requirements of the project, including the availability of a common program and GUI to be written by Rasna. 

All requests by Bruno Alfano to Auro Pampaloni, and subsequently to Lapo Bertini, to define how the modules could be run by a common main program had been left unanswered, while subsequent e-mails by Giorgio Cangioli had focused again only on the needs of Rasna software.

In the coordinator opinion, Rasna had failed in realizing the importance of adhering to the project, providing a common software suitable for WP5, which now the partners had started designing using the tools (among those defined in WP1) that may allow them to obtain it in times compatible with the project.

Lapo Bertini declared their intention to complain with the officer of the lack of cooperation of the consortium, as after Stockholm meeting they had told what they wanted, a definition of the interaction between Rasna products and the modules, which should have been delivered in a two month timeframe, for which purpose the Florence meeting had been set up, but then delayed.

If this requirement was fulfilled, RASNA would have been able in six month to deliver a finite prototype.

Regarding the present meeting, Rasna had asked Dr. Alfano to cancel the meeting about a week ago and said that we couldn’t arrange the meeting.

Dr. Alfano reported that the mail (see annex 1) never reached him, and that it would have been more appropriate to verify personally that such an important information had gone through, as it involved many partners coming from abroad.

Ali Hojjat pointed out that he had purchased air tickets a month ago. 

Olaf Paulson asked if he had understood correctly that RASNA had switched to new plans in Oct. 2002, a different one from what was planned two years earlier, on Oct. 2000.

Lapo Bertini answered that Rasna changes plans as we go. Rasna as a company cannot stick to a specific plan.

On the other hand Rasna supposed everything was fine up to Oct 2002. In their opinion the change happened after the Stockholm plenary meeting, despite the agreement on the exploitation plan they had presented (here included in attachment III).

Mario Quarantelli said the solution proposed by RASNA was OK as concerns the industrial exploitation, but when it had come, during the first part of the operative Meeting in Florence, to define Rasna tasks to implement the main program, which was a need of the project, these had been constantly ignored by Rasna.

In summary, the tasks required by Rasna to allow PVEOut modules to deal with their commercial products would impose on the partners extra work, which they had been willing to consider for the sake collaboration, provided that Rasna developed what was supposed to for the project, which never happened.

Lapo Bertini said the consortium left him with no choice, and that Rasna will show their success in other cases and act appropriately, by dealing with the scientific officer.

The issue of possible need of financial support by the partners doing main program implementation was also raised, and Mario Quarantelli pointed out that PVEOut had been appropriately budgeted and had been so far well managed, so that there was sufficient money originally allocated for those tasks that would have been moved to partners in proportion to the percentage of that task that they undertake.

Dr. Alfano stressed further that there is no reason why we should ask for an extension of the project, and that it is a possibility that can always be considered provided we have defined in detail plans to accomplish all the objectives of the project, which are as now reachable within the originally allocated time frame.

Once plans have been finalized, he may consider extension only if additional unforeseen delays are experienced or if it will show that an extension may allow to maximize the outcome of the project, beyond current expectations. 

Attachment I to the minutes of the  2nd session of the Florence operative meeting

E-mail from Lapo Bertini to the coordinator re: the PVEOut meeting, as sent by Auro Pampaloni on 7 Nov 2002  @ 13:20:22

Dear Bruno,

I'll address issues contained in your last message tomorrow at the earliest. In the meantime, only one point.

At 18.26 04/11/2002 +0100, you wrote:

You asked me to convert the Florence operative meeting into a plenary one to define a plan to be discussed by your Executive Committee. This meeting cannot be converted in plenary or delayed for practical reasons (many of participant purchased their tickets and many responsible persons will not be able to attend).

I see reasons why we cannot "convert" the meeting. However, I do not see how we could carry on an useful operative meeting, this situation standing and in lack of a general agreement among the partners (as you also suggested).

Also, Giorgio disagrees on your comments on the September meeting and he does not see what could be discussed in this (sort of) technical meeting if a common ground is not set beforehand.

If the meeting will be confirmed, we could grant you a limited availablity of time on Friday only. Furthermore, you should give us instructions on where and when the meeting would be, because we're unable to host you in our meeting room (as originally planned).

Regards,

Lapo

**********************************

Lapo Bertini

CEO and President

RASNA Imaging Systems

Via Panciatichi, 26/3

50127 Firenze

Italy

Phone:(+39) 0554369352

Fax:(+39) 055413576

e-mail: lapo@rasnaimaging.com

URL: www.rasnaimaging.com

 ***********************************

IMPORTANT NOTE. PLEASE READ.

Privileged/Confidential Information may be contained in this message. If you are not the correct addressee indicated in this message (or responsible for delivery of the message to such person), you may not copy or deliver this message to anyone. In such case, you should destroy this message and kindly notify the sender at Rasna Imaging Systems by reply email or telephone at +390554369352. Please advise immediately if you or your employer does not consent to use of Internet email for messages of this kind. Opinions, conclusions and other information in this message that do not relate to the official business of Rasna Imaging Systems with you as the correct addressee shall be understood as neither given nor endorsed by Rasna Imaging Systems. Unless specifically stated in this message and authorised by Rasna Imaging Systems, nothing in this message shall be taken to be an offer or acceptance of any contract of any nature. We do not accept responsibility for any changes made to this message after it was originally sent.

***********************************

Attachment II to the minutes of the  2nd session of the Florence operative meeting

Proposal for implementation of 

common GUI 

for PVEOut software package 

Claus Svarer, Tim Dyrby, and  Olaf B. Paulson

Neurobiology Research Unit, Rigshospitalet

November 2002

1. Description of program

The flow in the PVEOut software package can be sketched as in the following flow diagram (made by Alan Colchester, Univeristy of Canterbury, Kent):

[image: image16.jpg]
The software can be split into the following four software elements:

· 
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Segmentation of MR images into Gray/White matter classes (Yellow box: Data-driven segmentation of GM, WM and CSF)

· Co-registration of structural MR images including segmented image and functional PET/SPECT images (Yellow box: Co-register segmented MRI in Talairach space)

· Define anatomical structures on functional images (Yellow box: Labeling anatomical structures)

· Do partial volume correction of functional images (The other 6 yellow boxes)

2.2. What do we have

In Copenhagen we have implemented the co-registration part of the program package, called “Mars” (Multiple Algorithms for Registration of Scans). In this part of the software we have a GUI based user interface. We have implemented both an interface to the programs we have implemented ourselves but also to programs we have downloaded from the Internet. All of the interface is implemented in Matlab (Mathworks Inc.) but can call other Matlab routines as well as programs written in C or Fortran. The user interface can be illustrated by a few examples. 

2.2.1. Upper layer of the interface looks like:

This interface is used for:

Selection of Standard File / Reslice File(s), what image(s) should be registered to which image? 

· Selection of the registration method to use. 

· Selection of 'inspection' module. Visually inspecting registration output is important for catching possible registration problems. 

· Reading/Saving coregistration mathematics (up to 12 parameter affine) 

· Reslicing of the image(s). 

2.2.2. Example of graphical user interfaces:

In other part of the program there is a need for graphical user interfaces for selection of points, moving the images with the mouse, feedback to users, and eventually inspections of the result of a co-registration. The following figures illustrates what it is possible to implement within the Matlab toolbox:

The programs behind these user interfaces are all written in Matlab but it is also possible to build interfaces to other programs as C or Fortran programs. In the example below a user interface to the program AIR 5 (Automatic Image Registration, Roger Woods, UCLA) a C program that can downloaded from the Internet is shown. This program is called as a shell program within the Matlab environment.

2.3. Possibilities for implementing a common GUI for the PVEOut package

Within the same framework that is already up and running for the co-registration part of the PVEOut project it is possible to implement a GUI for the total PVEOut software package. A possibility would be to have a GUI layer at the top where it is possible to call the individual software modules:

· Segmentation

· Co-registration

· ROI/Atlas software

· PVE correction algorithms

The modules will have to exchange data but individual GUI’s. A standard data format as the Analyze Image format could be used for data exchange, while all the implemented software modules are able to read and save data in this format. 

2.4. What should be implemented for each module

2.4.1. Segmentation module

This is a C-program with a simple text based user interface. It is simple to implement a GUI in Matlab that can call this software module using the UNIX shell technique. It will also be quite simple to implement a visualization tool for controlling the output from the program, while the visualization tools already developed for testing results from the co-registration module can be used for this purpose.

2.4.2. Co-registration

A Matlab GUI is already implemented for this module. 

2.4.3. ROI/Atlas software

The Atlas functions implemented in Naples already have a GUI based user interface. So from Matlab it is only needed to implement a simple interface that can start the programs with the correct techniques and perhaps files selected.

2.4.4. PVE correction algorithms

The PVE correction algorithm is implemented as C programs and can from within Matlab be called as shell programs. How the procedures are called has to be negotiated so a GUI for entering data and controlling results can be build within the Matlab framework

Finally, after an extensive discussion, an outline of the availability to external centres of the software modules developped within PVEOut was decided, which is reprted in the table below, and that will be kept in consideration for the subseqeunt exploitation:

Module
Center in Charge
Availability

Co-Registration (MARS)
RHC-NRU - Copenhagen
Freeware

Segmentation - monoparametric
UKENT - Canterbury
Restricted to the consortium

Segmentation – multiparametric
CNR - Naples
Freeware for selected centers upon request

Digital Atlas
CNR - Naples
Freeware for selected centers upon request

PVE - correction
CNR - Naples
Freeware for selected centers upon request

PET Simulator
UDEB_PETC Debrecen
Freeware
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PVEOUT EXPLOITATION PLANS

At the present stage, the scientific partners have developed and optimised modules for the tasks
necessary to accomplish PVE correction (i.e. mono- and multiparametric segmentation, point- and
boundary-based coregistration, stereotactic automated ROI placement, PVE-correction module).
The exploitation phase will be a two-branch process: the commercial exploitation, providing a pre-
competitive product, and the scientific exploitation, leading to the dissemination of the results of the
project, in itself a necessary substrate to guarantee commercial success to the product derived from
the 1¥ branch.

Scientific Partners
Modules
Validation
Rasna Imaging Systems
Application
Integration and IHE/DICOM/HL7 compliance to human

studies Pubblication of
1 validation and

comparison
results

Pre-competitive . Pubblication of
product Selected beta-sites results in

human studies

Dissemination

A

Commercial product

1% branch: commercial exploitation

The overall philosophy is to guarantee an advantage to the consortium in the economic exploitation
by guaranteeing the industrial partner the exclusive right on the core software (the PVE correction
module) for which to date no freeware or commercial software is available, while for the remaining
modules (that provide preparatory functions for which other software exists) also implemented in
the pre-competitive product, will be guaranteed a non-exclusive right.

The technical details (e.g. duration of the exclusivity on PVE correction module, royalties) are
being defined in a comprehensive consortium agreement which will be shipped to the scientific
officer as soon as is available signed by all partners.

The modules, together with the know-how provided by partners who will cooperate with the
industrial partner in this task, will be assembled by RASNA in an integrated package in which all
the relevant quality insurance phases of the biomedical software will be implemented (see attached
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RASNA exploitation document), to provide a pre-competitive product available and tested by the
partners and possibly at collaborating external beta sites (see below).
This product, expected in its first version for January 2003, will represent the basis for a
commercial software (to be developed after PVEOut as it is industrial implementation) which will
keep, in agreement with the general philosophy of the PVEOut project, a modular configuration,
providing additional advantages:
Modules that should become unnecessary or obsolete as new techniques emerge, can be
selectively removed, while still keeping the remaining software functional
Some modules and functions, which may prove not commercially necessary but highly
qualifying, may be used as freeware to provide publicity to the package as more and more
centres use them
Modular configuration allows also a flexible consortium agreement allowing a flexible
handling of the royalties, which can be based on the market request (e.g. commercialise only
the functions requested by the customers)
All the partners may exploit independently modules for which non-exclusive right has been
granted to the industrial partner.

2" branch: scientific exploitation
Validation of the modules has already begun, and as for many tasks different algorithms are
provided, comparison of validation results using different techniques are expected to be
published in relevant international journals, which will provide a wide audience to the product
of the project.
Although only in the second year since the software has been developed, a substantial number
of publications is already available presenting results from PVEOut activities.
Results of PVE correction of human PET and SPECT studies, which are being performed, are
also expected to provide material for several publications in the final phase of the project, given
the novelty of the approach and the availability of several types of tracers in the human studies
data-base of the consortium.
Besides papers in extenso, results from the ongoing activities are expected to be presented,
among the others, at the next international Nuclear Medicine (e.g. SNM, EANM), magnetic
resonance (e.g. [ISMRM, ESMRMB) and relevant neuroscience meetings.
The partners are selecting “beta sites* among the most qualified centres in Europe in the field of
neuroimaging to whom the software modules, and the integrated software as it become
available, will be provided, to increase the number of studies analysed with the software, which
would be thus tested also by external independent users, possibly increasing the number of
publications acknowledging the use of PYEOut material.
Finally, regarding the phantoms, the anthropomorphic one is being patented and an expression
of interest for commercialisation has been advanced by the company to whom the
stereolithography operations have been subcontracted.
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Background

The PVEOUt tools have been developed by participating scientific partners in the
framework of an EC funded project in the “Quality of Life’ programme of the 5" EU
framework. The PVEOU project features five leading research institutions in Europe with
regard to image processing applied to neurology and neuro-radiology. To guarantee an
exit to the market an industrial partner, Rasna Imaging Systems, is also part of the
Consortium. According to one of the leading partners gDr. Mario Quarantellli of CNR in
Naples (1), the goal of the project can be summarised as follows: “If the method gains
primacy, | would expect it to remain a standard tool as long as NM images maintain actual
resolution”; and more, on the industrial side: “the advantage in participating in this project
is to obtain such a technology in a sector where the one who does the first move has a
considerable advantage

The Market and Marketing Model

Rasna Imaging Systems is a medical software manufacturer. The company markets its
products and services through OEM channels in Europe and the U.S.. Therefore, Rasna
Imaging Systems will employ such channels, either existing at the present stage or in
development, to deliver the PVEOUL tools on to the market. This will ensure a wider access
to and faster time to the market. In this context, initial market assessment shows a
potential end-user base of 50 to 100 sites across Europe, where the minimum conditions
for the deployment of PVEOut tools can be met. Specifically, the eligible sites must have
an NM, an MRI and a DICOM network. However, intended use of the PVEOut tools,
makes this product potentially non-marketable on the U.S. market due to regulatory
limitations. An agreement on the transfer conditions of the PVEOUt tools must be reached
by the participating partners on or before the end of the project.

Prototype Production g

The PVEOut Prototype production is the next-in-the-line activity in the PVEOut project
timeline. This activity is due to be completed by the next plenary meeting to be held in
January 2003. In order to build a ‘marketable” prototype, all the PVEOut modules must be
integrated in to a “single” application so that all involved procedures are streamlined and
all parameters are traced and stored. Further to that, all information on patient and
examination must be aligned to existing image management systems since integration of
diverse IT systems across any health-care enterprise is a market requirement (cfr. IHE
Technical Framework, http://www.rsna ora/IHE). The integration of the PVEOut Prototype
with the IHE guidelines; the wide usage of standards such as DICOM and HL7, itis a way
to ensure a successful market exploitation. To this end the IHE gives a method to
effectively integrate this prototype as an Image Creator actor, generating images and
“evidence documents”

To take full advantage of existing Rasna Imaging Systems technologies and products, the
PVEOuL tools will be “plugged’ on to a medical image/report management product
foundation. The foundation is a primary manager and repository of DICOM Structured
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[image: image10.png]Reporting objects and it is a multi-platform application. DICOM Structured Report is a
flexible “databaseable” document based on DICOM Part XVI which provides unambigous
“semantic” documentation of diagnosis/procedures, in addition to context, observer or
previous evidence information. It also links text with images and other information and
maintains interfaces with DICOM modalities and with HL7 information systems. Finally, it
may provide a coded entry using standardized lexicons.
The PVEOUt Prototype will have the following functionality
It creates an image library with all input instances
It provides procedures tracing
> Processing steps

= Includes status of each step (if provided)
> Parameters being used in processing (if provided)
“ It provides a wide range of output material

> Images (original and processed)
Annotations
Evidence positioning
Measurements
Parameters
Boolean states (benign/malignant or true/false)
Such an approach brings several advantages from a “clinical” perspective: it ensures QA
of process, it ensures the “reproduceability’ of the processing conditions and, last but not
the least, it could ease the “clinical” validation of the product. Also, deployment in hospitals
is fairly easy, since the integration is straightforward thanks to the use of the latest and
highly proven DICOM and HL7 and the multi-platform approach

YV VYV

This document contains propretary and confidentil Information of Rasna maging Systems. No part of his publication rmay be
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ABSTRACT

We present a software for the integrated analysis of brain PET studies and co-registered segmented MRI, which couples a module for automated placement of regions of interest (ROI) to four methods for partial volume effect correction (PVEc), including those described by Meltzer et al. [J Comput Assist Tomogr 1990;14:561-570] (hereafter M‑PVEc), Müller-Gärtner et al. [J Cereb Blood Flow Metab 1992;12:571-583] (MG‑PVEc), Rousset et al. [J Nucl Med 1998;39:904-911] (R‑PVEc), plus a modified version of MG‑PVEc (mMG‑PVEc) which uses the WM estimate from R‑PVEc.

Accuracy and precision of these methods have been measured using four simulated FDG‑PET studies with increasing degrees of atrophy.

Methods: The software allows to apply a set of labels, defined a‑priori in the Talairach space to the segmented co-registered MRI [NeuroImage 2002;17:373-384]. Resulting ROIs are then transferred onto the PET study, and corresponding values are corrected according to R‑PVEc, as well as onto the images obtained by M‑PVEc, MG‑PVEc and mMG‑PVEc, providing corresponding corrected values.

To evaluate the PVEc techniques, the software was applied to four simulated FDG-PET studies subsequently introducing larger experimental errors, including coregistration errors (0 to 6 pixel misregistration), segmentation errors (-13.7% to +14,1% GM volume change) and resolution estimate errors (-16.9% to 26.8% FWHM mismatch).

Results: Even in absence of segmentation and coregistration errors, the uncorrected PET values showed -37.6% GM underestimation and 91.7% WM overestimation.

M‑PVEc left a residual underestimation of GM values (-21.2%). Application of R‑PVEc and mMG‑PVEc provided an accuracy above 96%.

The coefficient of variation of the GM ROIs, a measure of the imprecision of the GM concentration estimates, was 8.5% for uncorrected PET data, and decreased with PVEc, reaching 6.0% for mMG‑PVEc. Co-registration errors appeared to be the major determinant of the imprecision.

Conclusion: Coupling of automated ROI placement and PVEc provides a tool for integrated analysis of brain PET/MRI data, which allows a recovery of true GM ROI values, with a high degree of accuracy when R‑PVEc or mMG‑PVEc are used.

Among the four tested PVEc  methods, R‑PVEc showed the greatest accuracy, and is suitable when corrected images are not specifically needed. Otherwise, if corrected images are desired, the mMG method appears the most adequate, showing a similar accuracy.

INTRODUCTION

Despite technological advances, PET and SPECT remain characterized by a relatively low spatial resolution, in most instances around 6 mm Full Width at Half-Maximum (FWHM). As a result, for structures with dimensions similar to the spatial resolution of the scanner (i.e., smaller than twice the FWHM) such as the neocortex, the apparent radiotracer concentration is influenced by surrounding structures, so-called partial volume effect (PVE) (1). This effect is particularly critical when the relative proportion of brain tissue components is altered, such as when imaging degenerative diseases  in which cortical atrophy is present (e.g. Alzheimer’s disease). In these situations, at least part of the observed decrease in the cortical uptake of PET tracers (e.g. 18F-FDG) can be explained on the basis of PVE, thus potentially impeding our understanding of the disease.

PVE correction is theoretically possible if both the distribution of the tissue components within the functional images and the spatial resolution of the scanner are known. Specifically, high-resolution structural imaging, such as Magnetic Resonance Imaging (MRI), provides the necessary morphological information which, coupled to the knowledge of scanner resolution, can be used to correct the functional images for PVE, and to obtain accurate maps of the distribution of the tracer in the different brain tissues. Accordingly, several PVE correction approaches have been designed. However, although there is consensus about the need for PVE correction (2, 3), none of the proposed PVE correction techniques has thus far gained routine use in PET/SPECT imaging.

Historically, the first proposed PVE correction method implemented a correction of the whole brain PET data for the metabolically inactive cerebrospinal fluid (CSF) as measured on CT (4, 5). In this method, whole brain PET data are divided by the intracranial percentage of CSF (sulcal plus ventricular), thus providing average parenchyma values. However, gray matter (GM) and white matter (WM) values were not assessed separately. This correction led to an increase in the estimated whole brain glucose metabolic rate (CMRGlc) of 9% (from 5.5 to 6.0 mg/100g/min) in elderly controls and of 16.9% (from 4.5 to 5.26) in age-matched patients with Alzheimer’s disease (AD) (5). The same approach was subsequently applied to region-of-interest (ROI) data, using corresponding fractional CSF values derived from co-registered segmented MRI (6). In temporal ROIs, the CSF fraction ranged from 8 to 17% in AD patients and from 1 to 5% in aged controls.

In this approach, however, the assumption is that the tracer is taken up by a single “hot” structure surrounded by “cold” tissues. In brain FDG and CBF studies, for which this method was originally proposed, the GM is however surrounded by both CSF (without significant activity) and WM (with a tracer concentration ~4 times lower than GM (7)), making the final corrected results dependent on the amount of WM included in the ROI. Furthermore, the method did not take into account the 3D distribution of the tracer (i.e. did not take into account PVE from the slices above and below the ROI).

A more refined approach was subsequently proposed, which is based on the simulation of the PET image generation process (hereafter referred to as “Virtual PET”). In its simplest implementation, the brain parenchyma as obtained by segmentation of MRI is degraded to the 2D (8) or 3D (9) resolution of the PET scanner to obtain a Virtual PET of the “pure” parenchyma, and correction of the PET images for PVE from the CSF is then carried out on a pixel by pixel basis by dividing the real PET image by the corresponding Virtual PET. This method was recently used in FDG PET scans of patients with AD, showing that PVE correction removed only part of the brain hypometabolism typical of this disorder (10). This approach however again ignores the fact that tracer distribution within brain parenchyma is heterogeneous.

This method was subsequently improved to take into account the different contributions from GM, WM and CSF (11). The first step in this approach is to generate a Virtual PET for WM by multiplying the WM segmented image by a WM tracer concentration measured in areas where PVE is negligible (e.g. centrum semiovale), and then degrading it to the PET scanner resolution. The WM Virtual PET is then subtracted from the real PET image. The resulting image represents a “selective” real PET of the GM. A GM Virtual PET is then generated as above from the GM segmented MRI data set convolved by the PET scanner resolution. To obtain a PVE-corrected GM PET image, the real PET of the GM is then divided by the GM Virtual PET. This approach was validated on data sets from two PET scanners with different spatial resolution (12), showing in normal subjects an average increase in apparent global CMRGlc of 29% and 24% for tomographs with medium and high resolution, respectively, rising to 75% and 65% in AD patients, respectively; the difference in whole brain glucose metabolism between normal volunteers (NV) and AD consequently decreased from 31% to 17%.

This approach however assumes that GM tracer uptake is homogeneous throughout the brain (i.e. presents only small fluctuation around a mean value), which obviously may not always be true. To address this issue, an iterative approach handling the contribution from manually selected GM substructures (e.g. amygdala, caudate, thalamus) was suggested (13), and used in 17 patients with mesial temporal lobe epilepsy and hippocampal sclerosis (14, 15) to assess hippocampal benzodiazepine receptors. The application of this PVE correction method revealed decreased 11C-Flumazenil binding in the affected hippocampus in all patients as compared to 11/17 before correction.

A more general approach to multi-compartment analysis was subsequently proposed (16), which uses a matrix of geometry-dependent transfer coefficients, which represent, for a given set of ROIs, the fractions of true activity exchanged between each couple of brain regions because of PVE.

Finally, as the WM Virtual PET used in previous methods relies on the knowledge of “true” WM concentration, which may be more or less accurate depending on the setting of the measure, it was proposed (17) that the methods needing this estimate may take advantage of using the WM value calculated according to the matrix of transfer coefficients.

Apart from inaccuracies in the PET data intrinsic to the technique (e.g. inaccuracies in scatter and/or attenuation correction process, non-linearity of the scanner), which will not be addressed here, the main sources of potential inaccuracies in PVE correction methods based on the Virtual PET are as follows: a) MRI-PET misregistration, b) segmentation inaccuracies, c) inaccurate estimation of the PET/SPECT resolution, d) inadequacy of the assumption of homogeneity of tracer concentration within in a ROI, e) sources of activity not considered in the model (e.g. outside the FOV).

Each of these factors can influence the final results by interfering at different steps of the process, potentially with opposite effects, which may lead to unpredictable effects.

A comparison of two MR-based PVE correction techniques (18) found a 10% confidence interval for PVE-corrected GM values when tested with a large array of simulated errors.

Among the sources of error, misregistration and segmentation inaccuracies had greater effect.

The aim of the present study was two-fold:

a) to develop a software for the integrated analysis of brain PET studies with co-registered segmented MRI, coupling a module for automated placement of ROIs (19, 20) to the implementation of four PVE correction methods (9, 11, 16, 17).

b) to systematically assess under controlled conditions the accuracy of each of these PVE correction methods, using simulated FDG‑PET studies.

MATERIAL AND METHODS

ROI definition

The first step in the PVE correction software implemented here  applies a set of ROIs defined a‑priori from the Talairach atlas (21) onto the segmented co-registered MRI, thus providing automated definition of GM structures. Given the PET/MRI co-registration, this set of ROIs can then be transferred onto the PET data set for use in the subsequent steps.

The original method (19), was adapted as described in detail elsewhere (20).

Briefly, after manual identification by the observer of the center of the anterior (AC) and posterior (PC) commissures, the software automatically finds the limits of the box encompassing the supratentorial brain, realigns the brain to the AC-PC line, and corrects for residual malrotation around the Y‑axis by centering the inter-hemispheric fissure (automatically detected as the part of space above the AC‑PC line with less GM). GM voxels are then labeled depending on their location with respect to the 1056 small boxes comprising the Talairach space, which have been assigned a‑priori to a set of cortical structures of interest, based on Talairach and Tournoux`s stereotaxic atlas. For the present work 7 supratentorial ROIs (namely medial and lateral frontal, parietal and temporal cortex and occipital cortex) and a single ROI for subtentorial GM were defined for each side. 

Two additional ROIs were defined as the sum of all the voxels segmented as WM and CSF, respectively.

Note that in this process the subject`s brain image is not spatially normalized to Talairach`s atlas, but the proportional grid of the latter is applied to the subject`s PET images from knowledge of the individual`s Talaraich`s reference points.

PVE correction software

Following generation of the individual`s ROIs, the four PVE correction methods are successively applied (corresponding acronyms are from the initials of the authors that first described each method), providing for each ROI four alternative sets of PVE-corrected data.

Voxel-based correction only for the loss of GM activity due to spill-out onto extra-parenchymal tissues (i.e., CSF and extra-cerebral structures), which are assumed to have negligible tracer uptake, was implemented as proposed by Meltzer et al.  (9). This method will hereafter be referred to as “M‑PVEc”

Voxel-based correction for both the loss of GM activity due to spill‑out onto non‑GM tissues (i.e., CSF, WM and extra-cerebral structures), and the gain in GM activity due to spill‑in from adjacent WM was implemented as proposed by Müller-Gärtner et al. (11). This method assumes WM tracer uptake to be homogeneous (which is a reasonable assumption for FDG and rCBF studies) and accurately measured in a large WM region, chosen in the present work as the center of the centrum semiovale (Figure 1A). This method will hereafter be referred to as “MG‑PVEc”.

The third implemented method was for correction of ROI values. This method takes into account both the spill‑in and spill‑out effects between any possible couple of ROIs, thus constructing a transfer matrix which constitutes with the corresponding PET values a system of equations whose solution provides “true” ROI values, as proposed by Rousset et al.  (16), and will hereafter be referred to as “R‑PVEc”

Finally, the modification proposed by Rousset to the MG-PVEc method (17) was also implemented using the WM value calculated according to R‑PVEc. This method will hereafter be referred to as mMG-PVEc (for "modified MG‑PVEc")

The interested reader is referred to the original papers for details on the general theory underlying each method. The actual implementation of these four algorithms (M‑PVEc, MG‑PVEc, R‑PVEc and mMG‑PVEc) in the present work was as follows:

M‑PVEc

First, the map of brain parenchyma (i.e. a coregistered segmented MRI where GM and WM voxels have been set to 1, and all other voxels to 0) is convolved by the in‑plane point-spread function (PSF) of the corresponding PET by gaussian-filtering its Fast Fourier Transform (FFT) (we used for validation a 10.4 mm FWHM, as best estimate of the average resolution at the level of the cortex, see the “Virtual PET phantom” section below). This provides a map of the spill-over aspect of PVE, each voxel having a value ranging from 0 to 1, 1 meaning that 100% of the activity contained in that voxel comes from the brain parenchyma, while lower values indicate that a progressively decreasing fraction of the activity measured in that voxel derives from the brain. The map is then smoothed along the Z-axis to consider also axial resolution (in the validation process we used a 3‑point iterative smoothing with 1-8-1 weight factors replicated 3 times, obtaining the same axial FWHM as the simulated PET), providing a correction map for the PET values.

The PET parenchyma voxels (i.e. voxels labeled as GM or WM in the segmented registered MRI) are then divided by the corresponding value in the correction map, while other pixels are zeroed. 

MG‑PVE

The operator is interactively asked to select a slice where a large WM region is present (throughout the validation procedure described below, this will always be the slice at the level of the centrum semiovale). The software then derives the mean value for the voxels labeled as WM in the corresponding segmented MR slice, after a 4‑pixel erosion of the edge of the ROI to avoid the peripheral WM which may present large spill-in PVE from surrounding GM (Figure 1A).

A WM Virtual PET is then generated by convoluting the WM map (i.e. the WM voxels in the segmented images, set to the measured mean WM value), by the in‑plane PSF, and then smoothing it along the Z-axis to replicate the PET axial resolution.

The WM virtual PET is then subtracted from the real PET, to leave only the counts due to the GM structures.

The resulting images are then corrected in a way similar to M‑PVEc, by dividing only the GM voxels by the corresponding values from the GM virtual PET (i.e. a correction map obtained by in‑plane Fourier filtering and axial smoothing of the GM map), while non‑GM voxels are zeroed.

R‑PVEc

a. each ROI is 3D‑smoothed as in the two previous algorithms (in‑plane FFT filtering and axial smoothing) replicating the PET resolution.

b. the ROIs of structures supposed to concentrate the tracer (in our case the GM ROIs) are dilated using a 3x3x3 kernel, while the low-activity ROIs (here the WM and CSF ROIs) are eroded accordingly. This is done to reduce the risk to have GM activity located outside of the GM ROIs because of registration errors, in order to minimize the effect of misregistration onto the accuracy of the following calculations. 

c. For each ROI, the percentage of the activity spilling into each dilated (or eroded, for WM and CSF) ROI is measured, and is stored as member of a transfer matrix.

d. As CSF does not have metabolic activity, the members of the transfer matrix which refer to the percentage of activity spilling from CSF are zeroed (see point g.).

e. the ROI set (including WM and CSF) is applied to the PET study to derive original PET values.

f. the original PET values and the transfer matrix constitute a system of linear equations with the same number of equations and unknowns, the unknowns being the true mean ROI values

g. The transfer matrix is inverted by Single Value Decomposition to solve the system of equations, thus allowing the calculation of the unknowns which represent our best estimates of the true mean value of each ROI. Note that the estimated CSF value is forced to 0 by zeroing the transfer matrix members representing efflux from CSF (step e.). This allows to take advantage of the a-priori knowledge of the lack of appreciable metabolic activity in CSF to increase the accuracy of the estimates of FDG concentration in GM (however the software allows to exclude this option if studies are being analyzed in which there may be appreciable tracer concentration in CSF).

mMG‑PVEc

For this method, the software replicates the MG‑PVEc process using the WM value provided by the R‑PVEc module.

GM and WM virtual PET images generated for pixel-based correction methods (M‑PVEc, MG‑PVEc and mMG‑PVEc) are routinely displayed by the PVE correction software (merged with a 4:1 intensity ratio), to allow visual comparison with the PET which is being analyzed (Figure 1F-G).

For each study, the software provides five sets of results deriving from the application of the ROI set on the uncorrected PET data and on the three corrected PET image sets (from M‑PVEc, MG‑PVEc and mMG‑PVEc), and from correction of PET data using R‑PVEc.

Validation


Virtual PET Phantom: To assess the performance of the different PVE correction techniques in controlled conditions, four Virtual PET phantoms were obtained by applying a simulated PET image generation process onto the segmented brain MRIs from four subjects, selected to cover a wide range of brain atrophies.

The study set included two normal volunteers (32 and 80 year old, with CSF volume 8.0% and 16.5% of total intracranial volume, respectively), and two Alzheimer's patients (63 and 76 year old, CSF percentage 23.3% and 29.3%)

The MR data set had been acquired at 1.5 T (Siemens, Magnetom SP63, Erlangen, Germany) with sequential acquisition of two interleaved sets of oblique axial slices (15 slices per set, slice thickness 4 mm, slice interval 4 mm), segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) using an automated segmentation procedure (22).

The generation of Virtual PET simulating the features of the ECAT EXACT 47 PET scanner (Siemens, Erlangen, Germany), described in detail elsewhere (23), was then applied to the segmented MR studies. Briefly, to simulate the natural contrast between GM and WM in FDG‑PET studies, the procedure assigned a pre-defined value of 255 and 64 respectively to the GM and WM pixels of the segmented images to obtain a 4/1 ratio (7), then rebinned onto the central 96x96 pixels of a 128x128 matrix the images to simulate the PET scanner detector ring size, and applied a scale factor of 0.08 to simulate the total true counts of a typical FDG‑PET study.

Subsequently a 190 views by 160 angles sinogram was obtained for each plane, whose rows were smoothed with a three-point smoothing filter (weight 1‑1‑1) applied from one (central column of the sinogram) to 6 times (periphery of the sinogram) to simulate detection angle error and differential angular resolution from the center to the periphery of the detectors

Finally photon attenuation (using a linear attenuation coefficient of 0.088cm-1), Poisson‑distributed noise (generated by Montecarlo simulation) and measured attenuation correction were simulated, providing the final sinogram which was then reconstructed using a Hann filter with 0.4 pixel cutoff, 1.5 zoom factor and a 128x128 reconsytruction matrix. Resulting images were then rebinned to 256x256, matching the original segmented MRI pixel size.

The resulting volumes were then smoothed along the Z-axis applying three times a 3‑point smoothing (weight factors 1-8-1).

The same procedure was applied to a 166x166 pixel square matrix with a constant value of 128 used as a calibration phantom and to a matrix containing three pixels set to 1, located at 0, 40 and 80 pixels off‑center. This allowed us to measure the in‑plane radial resolution of the simulator at these locations, which resulted in 9.7, 10.3 and 10.5 mm FWHM respectively.


Error sources: The implemented PVE correction methods are based on the exact knowledge of the composition of each PET voxel, supposedly provided by a perfectly registered segmented MRI, and on the knowledge of the resolution of the PET images along the three axes.

While these conditions apply to the Virtual PET phantoms (which are intrinsically registered with the MRI from which were generated), this is not the case for real PET studies. Indeed, there are errors associated with i) the currently available registration procedures (24); ii) the PSF, as the resolution of emission tomography is not constant across the field of view, degrading up to 40% from the center to the periphery for brain‑dedicated scanners (25); and iii) the MR segmentation, although it should be noted that the actual accuracy of segmentation techniques applied to human brain studies is not known because of the lack of gold standard for such a measurement.

To assess the performance of the PVE correction procedures under a large range of conditions, as expected in real human brain PET studies, three types of error were introduced: a) 7 degrees of registration error ranging from 0 to 6 pixels. This was obtained by increasingly shifting the segmented MRI along the X axis with respect to the Virtual PET (Figure 1C) b)  11 degrees of segmentation error ranging from -13.7% to +14,1% of total GM volume simulating a systematic shift of the GM/WM interface alternately into one of the two tissues. This was obtained by assigning first a progressively thicker GM strip at the GM/WM interface to WM and then assigning a progressively thicker WM strip to GM (Figure 1D) and c) 7 degrees of resolution mismatch, obtained using different in-plane resolutions ranging from 8.7 mm to 13.2 mm FWHM (including 10.4 mm, chosen as the optimal FWHM based on the values of the three simulated line sources) (Figure 1E), while the axial resolution was kept constant to the value used in the PET simulation process.

Accordingly, for each of the four phantoms a total of 7x11x7=539 values were obtained for each GM ROI and each of the four PVE correction methods.

To assess the sensitivity of each PVE correction method separately to each of these three types of simulated errors, the subsequent data analysis was carried out on three corresponding subsets of data, each characterized by a single source of error (e.g. the subset with segmentation error was formed by the results obtained in the 44 simulations without misregistration or resolution estimate error), pooled across the four phantoms. To estimate the overall accuracy of each PVE correction method separately, the whole data set comprising the 2156 combination of errors (539 for each of the four phantoms) was then analyzed.

Finally, to provide an estimate of accuracy and precision of uncorrected and corrected measures under more realistic experimental conditions, a smaller subset of 825 error combinations, selected excluding easily avoidable errors (i.e. those derived from the use of poor co-registration techniques, incorrectly measured image FWHM and poorly reproducible segmentation techniques) was also set up using error combinations obtained under ≤ 4 pixels misregistration, FWHM estimate between -12.0% and +16.3% of the optimal value, and GM volume changes due to segmentation error within -5.3% and +5.5%.

Data analysis

Both accuracy and precision of the uncorrected measures as well as of the four PVE correction methods were evaluated.

Accuracy was estimated by GM and WM recovery coefficients (hereafter referred to as GMR and WMR, in analogy to GMR used by Meltzer et al. (9)), defined for each ROI as the ratio between the measured and the true value. Thus, 100% would represent perfect correspondence between the value used in simulation and the measured value either before or after PVE correction, while <100% would indicate underestimation and >100% overestimation.

Precision was measured by the Coefficient of Variation of the 15 GM ROI values (hereafter referred to as GCV). The GCV was calculated for each single data set (i.e. for each combination of errors) as the CV over the 15 GM ROIs. A GCV equal to 0% would indicate an internally perfect consistency of the results (i.e. perfect PVE correction in absence of noise, GCV being increased both by the enhancement of image noise intrinsic to PVE correction and by residual uncorrected PVE).

On the three single‑error subsets and on the full data set, differences in accuracy and precision of the results of each PVE correction technique were tested for significance by one-way repeated measures ANOVA, followed whenever applicable by post hoc paired t tests corrected for multiple comparisons according to Bonferroni. Significance level was set to P<0.05.

All the software for automated ROI placement, PVE correction and PET simulation was written using Interactive Data Language (IDL, Research Systems Inc.; Boulder, CO, USA). The statistical analysis was performed using GB‑Stat (Dynamic Microsystems Inc.; Silver Spring, MD, USA)

RESULTS

Table 1 reports the mean and standard deviation of GMR, WMR and GCV values obtained without correction (PET) and when applying the four PVE correction schemes. The reported results were obtained i) assuming optimal conditions (no segmentation, registration or PSF estimate error), ii) separately for each of the three single-error subsets, iii) averaged across all error combinations, and iv) for the subset of 825 combinations of smaller errors.

An example of the corrected images provided by the M‑PVEc, MG‑PVEc and mMG‑PVEc is illustrated in Figure 2.

Histograms of the frequencies of GMR, WMR, and GCV values are reported in Figure 3 for both the whole data-set and the subset with a reduced array of errors.

In Figure 4 the mean GMR and WMR are plotted versus the different tested degrees of segmentation (A), registration (B) and resolution estimate (C) errors.

The corresponding plots for GCV are shown in Figure 5.

Accuracy

Even under optimal conditions, the uncorrected PET values were affected by a 37.6% underestimation for GM and 91.7% overestimation for WM. PET data corrected with M‑PVEc were still affected by large residual underestimation of GM and overestimation of WM tracer concentrations. Application of R‑PVEc and mMG‑PVEc resulted in a significantly improved suppression of PVE, with the mean GMR values obtained on the whole data set within ±5% of the real value.

The accuracy of the GM concentration estimates, as assessed by GMR over the whole set of error combinations, was significantly different among PVE correction methods, with the following rank: PET<M‑PVEc<MG‑PVEc<mMG‑PVEc<R‑PVEc (Bonferroni corrected p<0.05 for all differences). Likewise, the accuracy of the WM concentration estimates also significantly differed among methods, with the following rank: M‑PVEc<PET<MG‑PVEc<R‑PVEc (p<0.05 for all). These same accuracy rankings were obtained when the errors were introduced separately, independently of the source of error, with the exception of the segmentation error subset where R‑PVEc was less accurate as compared to mMG‑PVEc (mean GMR 100.4% vs 100.0%), and of the FWHM error subset, where there was no significant difference between mMG‑PVEc and R‑PVEc.

Precision

Precision of the GM concentration estimates, as assessed by GCV over all error combinations, was significantly lower when using uncorrected data and M‑PVEc, R‑PVEc giving the highest GCV among the remaining three correction techniques. 

For PET and M‑PVEc, the high GCVs are clearly due to variability in the data introduced by PVE, while for R‑PVEc, this appears mainly due to a greater sensitivity of this method to co-registration error, the major determinant of GCV for corrected data (Figure 5, upper right panel).

DISCUSSION

We have presented an integrated approach to brain FDG-PET data analysis, which couples automated ROI placement with PVE correction of resulting data. Implementing four distinct PVE correction methods allowed a comparison of their accuracy and precision by running the software over a large range of segmentation, coregistration and resolution estimate errors.

To the best of our knowledge, this is the only work that systematically compared these four PVE correction methods and assessed their relative accuracy. Previous studies limited themselves to the comparison of M‑PVEc vs. MG‑PVEc using simulated FDG‑PET studies (18), and R‑PVEc vs. mMG‑PVEc (this last method modified to handle multiple GM compartments (13)) using simulated F‑DOPA studies (17).

Overall, the ROI‑based PVE correction method (R‑PVEc) provided more accurate results as compared to the three pixel-based correction methods. Among the latter, the mMG-PVEc, which takes advantage of the accuracy of R‑PVEc in determining the `true` WM value, was the most accurate, providing a mean GMR only 1.5% lower than R‑PVEc when tested over the whole set of simulated errors.

The M‑PVEc presented overall a significantly lower precision than the other pixel‑based PVE correction methods, resulting from the coupling of residual uncorrected PVE coupled to the increase in noise inherent to the process of PVE-correction.

Of the tested sources of error, misregistration errors showed, overall, the strongest impact onto accuracy of the corrected values, and where also associated with the largest CVs of GM values, an index of imprecision of corrected data.

In order to obtain a conservative estimate of the accuracy of the correction methods, a large interval of the three tested errors was used for the validation process, encompassing the range of errors possibly encountered in the analysis of real studies. The range of tested resolution errors (from -16.9% to +26.8%) with respect to the average resolution (10.4mm FWHM) estimated at the level of the main structure of interest (cortex) largely comprises the range of possible errors which arise from the use of fixed in-plane and axial resolutions in the correction process.

The resolution of real PET can substantially differ between the periphery and the center of the field of view, where the axial FWHM can be more than 40% smaller as compared to the edge of the brain (for head-dedicated PET scanners working in multislice configuration employing interplane septa) (25).

This results in a maximum error in resolution of 20% when using an intermediate resolution, corresponding to a mean FWHM error (averaged across all FOV pixels) of 2.5%.

These differences are much lower for the in-plane resolution and are further decreased when the actual resolution of the images (including additional blurring due to positron range in tissue and the resolution of the reconstruction filter) is considered.

The limited impact of the errors in resolution estimate, deriving from the use of a fixed FWHM, confirms previous findings that this method, which has very small computation cost, allows to achieve an accuracy equivalent to what is obtained using a more accurate FWHM simulation where the intrinsic detector PSF is applied to the image sinograms (26).

Regarding co-registration errors, a systematic assessment of MRI/PET registration techniques (24) disclosed a mean error smaller than 5 mm when co-registering PET to T1w-MRI, with a maximum error of 6 mm when using methods based on the correlation of intensity value between PET and MR voxels.  Note that the latter  evaluation also included poorer registrations, while we limited the introduced misregistration to a maximum of 5.9mm (6 pixel shift), as this could be detected unequivocally on simultaneous display of PET and coregistered segmented MRI (Figure 1C).

The improved accuracy of mMG‑PVEc compared to MG‑PVEc derives from the significantly more accurate measure of WM value, as an error in this estimate will propagate linearly into GM correction (previous estimates of this effect report about 20% of the WM estimate error reflect into the GM estimate error (11)).

Unlike Rousset et al. (17), we found significantly better GMR using R‑PVEc as compared to mMG‑PVEc, although the mean difference in accuracy between these two techniques was a mere 1.5% over the large number of simulations that we ran. Our results cannot be directly compared to those reported in the aforementioned paper, whose experimental conditions were different from ours, including a smaller ROI set and an extremely different tracer distribution, simulated F‑DOPA studies being used as test object.

Although our results demonstrate an excellent recovery of true GM and WM values, especially with R-PVEc and mMG‑PVEc, coupled to an increase in data noise largely smaller that the variability introduced by PVE, three shortcomings of our simulation study should be considered.

Firstly, all four tested PVE correction methods make the implicit assumption that ROIs encompass structures which are homogeneous with regard to tracer distribution. While in glucose metabolism studies this is a reasonable assumption for WM, and a negligible effect of WM heterogeneities on tested PVE correction techniques was found by others (18), this may not be the case for GM structures, especially when large ROIs are employed. As a suitable size of the ROIs is desirable to limit noise amplification, care should be taken to design the ROI set so that each ROI encompasses structures with as homogeneous metabolism or CBF as possible.

Furthermore, heterogeneity resulting from the presence of focal lesions was not tested here as there is currently no suitable segmentation method (i.e. there is no standardized method for segmenting separately pathologic tissues such as viable tumor, necrotic tissue, edema, gliosis), which would be a pre-requisite to perform a meaningful PVE-correction. It should be thus kept in mind that the type of analysis presented here cannot be used in presence of focal pathology, unless a suitable segmentation tool is available.

The ROI module used here in principle allows the designing of customized ROI sets by modifying the a‑priori assignment of the 1056 Talairach small boxes. Furthermore, given the modular structure of the software it is also feasible to use more sophisticated external ROI definition procedures as long as they provide a map of labeled GM voxels. 

Secondly, inter-ROI heterogeneity was not simulated in the present work. Instead, the PET simulation in the validation process was carried out starting from a homogeneous GM activity throughout the brain regions.

Accurate estimates of FDG heterogeneity across GM are not currently available, although partially PVE-corrected FDG-PET results (corrected using M‑PVEc and thus still significantly affected by PVE) have been reported for major supratentorial cortical GM structures (27),showing less than 15% CV, a degree of inter-ROI heterogeneity which would have only minor effects on the accuracy and precision of the PVE‑correction techniques tested here.

Thirdly, the extracerebral activity (e.g. extraocular muscles) was not taken into account in our simulations. Currently, unless these structures can be separately segmented and demonstrated to be homogeneous with regard to tracer uptake, spill-in from them cannot be handled within standard PVE correction procedures. When applying these PVE-correction methods, careful inspection of the studies is thus recommended so as to ensure that these effects do not introduce a bias in the results.

CONCLUSION

We have presented an integrated approach to brain PET analysis which takes full advantage of the currently available techniques for a-posteriori multi-modality image registration automatically providing tracer concentration values for a set of pre-defined ROIs corrected for PVE according to four PVE-correction schemes.

Application of the PVE correction methods on simulated FDG-PET studies, over a wide range of registration, segmentation, and resolution estimate errors, reduced the underestimation of the GM ROI values from –39.6% (ROI drawn on the registered MRI and applied to the PET, no PVE-correction) to –2.3% (applying R‑PVEc), further reduced to ‑0.9% when more restrictive experimental conditions were simulated.

Comparison of the accuracy of the corrections demonstrated a greater accuracy of the ROI-based approach (R‑PVEc). When voxel-based PVE-corrected images are desired, the mMG method appears the most adequate, showing an accuracy only 1.5% lower.

This procedure, here validated on four simulated FDG-PET data sets, provides a framework for the analysis of the other nuclear medicine tomographic studies where distributed GM tracer uptake is present (e.g. rCBF or benzodiazepine receptor PET and SPET).

Further work is also needed to extend this validation to the analysis of simulated PET studies with different tracer distribution patterns, such as dopamine receptor studies.
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TABLE 1


GMR

WMR

GCV


PET
M
MG
R
mMG

PET
M
MG
R

PET
M
MG
R
mMG

NO ERROR

Mean
62.4
81.4
96.2
100.6
100.4

191.7
213.4
141.9
104.5

7.2
5.5
2.8
2.9
2.3

SD
5.7
5.0
2.8
3.0
2.4

n/a
n/a
n/a
n/a

n/a
n/a
n/a
n/a
n/a

CO-REGISTRATION ERRORS

Mean
60.5
78.9
92.0
97.4
96.0

194.1
215.7
151.6
115.7

8.5
8.3
6.0
6.8
5.7

SD
6.3
7.3
7.1
7.7
7.2

2.5
2.4
9.6
11.9

2.5
2.7
3.0
3.4
3.0

SEGMENTATION ERRORS

Mean
62.2
81.1
96.1
100.4
100.0

192.0
213.6
140.4
105.1

7.3
5.6
3.1
3.5
2.8

SD
5.7
5.1
4.9
6.0
5.2

10.8
12.1
18.5
5.7

2.3
1.2
0.7
1.1
0.7

RESOLUTION ESTIMATE ERRORS

Mean
62.4
81.6
96.6
101.0
101.0

191.7
213.9
141.9
102.9

7.2
5.6
2.8
3.0
2.4

SD
5.6
5.2
4.0
4.1
4.7

0.0
3.2
0.0
9.6

2.3
1.2
0.5
0.4
0.4

ALL COMBINATIONS

Mean
60.4
78.8
92.5
97.7
96.2

194.3
216.2
148.1
114.6

8.5
8.4
6.3
7.3
6.0

SD
6.3
7.6
8.4
9.5
9.2

10.9
11.9
19.3
14.6

2.4
2.6
2.9
3.3
2.9

SELECTED ERROR COMBINATIONS

Mean
61.6
80.4
94.4
99.1
98.3

193.7
215.5
145.0
108.9

7.8
6.9
4.6
5.3
4.2

SD
6.0
6.2
5.5
6.2
5.8

10.2
11.4
17.4
8.3

2.3
1.6
1.7
2.0
1.7

Accuracy and precision of uncorrected and corrected data over the four simulated PET studies. For GMR, mean and standard deviation (SD) of the 15 pooled ROIs are reported. All numbers represent percentages.

Results are reported separately under optimal conditions (no error), for each error by pooling the results of the cases where only that error was introduced to different degrees (registration, segmentation and resolution estimate errors), for the whole set of error simulations (all error combinations), and for the 825 combinations of smaller errors which can be reached under more strict experimental conditions (selected error combinations).

GMR: Gray Matter Recovery; WMR: White Matter Recovery; PET: Uncorrected PET data; M: PET data corrected by M‑PVEc; MG: PET data corrected by MG‑PVEc; R: PET data corrected by R‑PVEc; mMG: PET data corrected by mMG‑PVEc; n/a: not applicable

1. FIGURE LEGENDS

3. Figure 1

Representative slice at the level of the centra semiovalia from the 30 year-old normal volunteer study. (A) segmented MRI used for PET simulation, GM ROIs are color-coded (medial and lateral sections are pooled; left and right frontal lobe GM is coded in green and red, left and right parietal in yellow and blue; WM voxels used for definition of mean WM value for MG‑PVEc are in gray, remaining white matter is in white). (B) Corresponding simulated PET slice.

The largest errors introduced respectively in registration (C: simultaneous display of segmented MRI and simulated PET with 6 pixel misalignment along the X-axis), segmentation (D: -9.7% GM volume, E: +10.1% GM volume), and resolution estimate (virtual PET as provided for feed-back by the program with F: 8.7 mm FWHM, and G: 13.2 mm) are also represented.

Note that for registration and resolution estimate errors, detection of the error is possible by simple visual assessment (see discussion).

Figure 2

Same PET image as reported in Figure 1B corrected for PVE according to M‑PVEc, MG‑PVEc and mMG‑PVEc under optimal conditions. Color scale ranges from 0 to 150% GMR.

A substantial residual underestimation of GM values remains after M‑PVEc, which is still present at the GM/WM interface when using MG‑PVEc as a result of the overestimation of WM, and is further decreased when using mMG-PVEc, as can be noted by the reduction of red pixels (GMR between 50% and 75%) at the inner GM in C.

Figure 3

Frequency histograms of GMR (top), WMR (center), and GCV (bottom) for uncorrected (PET) and corrected (M, MG, R, mMG) values.

Data are plotted for the results of validation on the full data-set (left column: misregistration ≤6 pixels, FWHM estimate ranging between -16.9% +26.8% of the optimal value, GM volume changes due to segmentation error ranging between -13.7% and +14,1%) and on the data set derived by the introduction of a reduced span of errors (right column: misregistration ≤4 pixels, FWHM estimate between -12.0% and +16.3% of the optimal value, GM volume changes due to segmentation error between -5.3% and +5.5%).

Figure 4

Effect of the three tested errors onto the accuracy of the estimates of GM (left) and WM (right) ROIs before (PET) and after correction with the four PVE correction techniques implemented.

Figure 5

Effect of the three tested errors onto the precision of the estimates of uncorrected GM values (PET) and after correction with the four PVE correction techniques implemented.

The Coefficient of Variation of the 15 GM ROIs (GCV) is plotted Vs. the error introduced.
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PAPER BY CHATELAT ET AL. (Brain 2003)

SECTION III: SCHEMATIC DESCRIPTION OF THE PROJECT

Overall objectives of the project:

In medicine, both images of the “structure” of the brain (Magnetic Resonance and Computed Tomography images) and of its function (Nuclear Medicine and Magnetic Resonance Spectroscopic Images) are used.

Functional images are however hampered by their low resolution, resulting in a “contamination” of the signal of each region from the surrounding structures. This phenomenon is termed Partial Volume Effect (PVE). Consequently, it is not possible to say weather the reduced activity of a part of the brain is real or is apparent due to local brain atrophy. This results in a limitation of the applications of functional techniques, especially in pathologies in which atrophy is a relevant feature (among the others, diseases with a great social impact such as Alzheimer’s Disease, Parkinson’s Disease, and Multiple Sclerosis).

Functional images can be corrected “a-posteriori”, based on the shape and size of the corresponding brain structures as assessed by structural imaging, with no additional distress for the patient in terms of additional studies.

PVE correction methods are not commercially available neither have been extensively validated to set a standard in this field. Furthermore, no method has been completely automated, although theoretically feasible.

This projects aims:

· at setting up an efficient method for correction of functional low-resolution brain imaging, and validating it using specifically designed anthropomorphic phantoms

· at applying it on pre-existing studies including  normal volunteers and patient’s studies

Experimental approach and working method:

These methods will be implemented in a software that will allow PVE correction of low-resolution functional studies, with the collaboration of an industry actively working in the field. The software, validated through use in a group of European centres actively engaged in this field, will set a standard for PVE correction, providing a tool for excellence in this field of the European research and increasing the health care standard in brain pathologies.

Achievements and results to date:

Software modules for the different steps needed to perform PVE correction on low-resolution functional studies have been written and are being tested.

Physical phantoms of the brain, including an anthropomorphic one suitable for PET/SPECT, MRI and CT scanning, have been made using rapid-prototyping techniques.

The two most relevant publications emanating from the project:

· Chetelat G, Desgranges B, De La Sayette V, Viader F, Berkouk K, Landeau B, Lalevee C, Le Doze F, Dupuy B, Hannequin D, Baron JC, Eustache F. Dissociating atrophy and hypometabolism impact on episodic memory in mild cognitive impairment. Brain. 2003 Sep;126(Pt 9):1955-67

· Quarantelli M , Larobina M, Volpe U, Amati G, Tedeschi E, Ciarmiello A, Brunetti A, Galderisi S, Alfano B. Stereotaxy-based regional brain volumetry applied to segmented MRI: validation and results in deficit and nondeficit schizophrenia. NeuroImage. 2002 Sep;17:373-384

Figure � SEQ "Figure" \*Arabisch �1�: Illustration of the PVEOut software package, Orange boxes – input to the program, Yellow boxes – software implemented, and Blue boxes – output from program. 
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PVE-out processing flowchart
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