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I ntroduction

As multi-center functional magnetic resonance imgdfMRI) studies in both healthy and clinical ptgtions
become more common, questions about best praetiegacreasing. A multi-center fMRI study offeryseal
advantaged over a single center study, most nothblpotential to increase the number of subjeautslied, to
increase the demographic diversity of the subjepugation(s), and to include significant numberswaljects from
rare subgroups within clinical populations. Whiféedng many potential advantages, multi-center iMRidies
also present multiple challenges. FMRI data isqutlly affected by experimental and methodolodiaetors.
Without careful planning and coordination acrogsghrticipating centers there is a high likelih@ddnhtroducing
undesirable inter-site variability into the dataducing the benefit of the multi-center design stthik presents
results and recommendations from previous studigsoav to design, implement and analyze a multi@efMRI
study in a way that improves data quality and redater-site variability.

Some Previous Multi-center fMRI Studies

The first multi-center fMRI studies were publishiadLl998. In Casey et al.[1], 5-8 healthy subjectsernscanned on
1.5T systems at 4 institutions while performed akiviy memory task. In the same year Ojemann ¢2hl.
published results from a two site study that loo&ethe reliability and comparability of fMRI andEP. Of note is
that although different scanner vendors and fMR$@sequences were used within both studies, good
reproducibility was reported. Recently, resultsrirother multi-center fMRI studies have been pulglgshincluding
studies where the same healthy adults were scatmadltiple sites [3-7] as well as clinical studj89] that pool
data from multiple sites into a single analysise Hescription and discussion found in these wor&sige an
excellent background for anyone planning a multiteestudy. In additional, resources and recomnignaare
available from the Functional Biomedical InformatiBesearch Network (FBIRN,
http://www.nbirn.net/research/function/index.shtavhich provides best practices recommendatiamdst
developed to make multi-center fMRI studies easisnyvell as actual data from several multi-cer#RIf studies.
Potential Sources of Site Variation

There are many MR and non-MR related factors thatreduce over all data quality and/or producevsitebility
in an fMRI experiment. MR related factors includedware differences (field strength, scanner martufar &
model, head coil characteristics, field homogenefiulse sequence decisions (k-space trajectony pspparation),
pulse sequence parameters (TR/TE/flip angle.chnstruction algorithm and image smoothing, scasitgral-to-
noise ratio (SNR), and scanner defects and ingtalfflotential non-MR factors include variability stimulus
(auditory, visual, tactile) and recording (buttarxbeye tracker, physiological monitoring) equipméread restraint
and positioning, acquisition positioning, subjeeirting, and many other uncontrolled factors.

While multi-center studies utilizing identical havdre and software will have the lowest potentialsite
variability, real world factors may require the luigion of scanners with different software versidrerdware,
vendors, or even field strengths. Standardizingisege parameters across site to the extent pogsilele site
heterogeneity will help reduce the likelihood désrariability in the resulting fMRI data, althoughquence
standardization may force the study to use sequasm@ameters that have the “lowest common denomihito
allow the study to be performed at all sites.

Site Standar dization and Certification

The most effective way to reduce site variabilitglansure image quality is through site standatatinaand
certification. Site standardization includes seferta standard fMRI protocol with sequence paramdteat are
matched to the extent possible, training localf$tainsure uniform data acquisition occurs acsigs, and
monitoring scanner and study data quality duringection to insure each data set achieves minimata duality.
Site certification involves verifying that eachesis able to acquire data correctly with acceptgbiaity before
study data collection begins. As a first step, af@dgram should be implemented on each scanner.l MR
stressful to the scanner equipment, and good sc@en®rmance is necessary to obtain quality dadarly
performing scanner will produce suboptimal data willdvery likely introduce site variance. Seveeadamples of
scanner and image quality programs can be fouttkititerature [7,10-13]. After the scanner QA teshave
shown that the scanner is functioning well, the should run a test subject through the full staibtocol and those
data should be evaluated for experimental probldingse test scans are a useful way to verify Heirhage
acquisition (scan parameters, positioning) is atrite look for image artifacts (ghosting, noigeek), to check the
image SNR and smoothness, and to verify propettifumiag of the ancillary equipment (e.g. does tbivgare




register the button box presses, is the projeaighbenough, etc.). ). Minor issues (i.e. protogatameter errors)
can be resolved through feedback to the spectficvgiile major issues (i.e. scanner wasn't abtenahe complete
protocol, poor SNR) may require that remedial acifotaken (the protocol changed, scanner servitell, Once
the test data passes inspection, it can be hatpidnd an experience MR scientist to every sifgetorm a final
site evaluation as an experienced eye is ofterfuieipfinding subtle site differences that candea variability in
an fMRI study. Finally, when feasible, sending augr of test subjects to each site to perform thepdete protocol
will provide critical information on site varialtiji from actual human data.
Data M onitoring
Once the study starts, the data should be proceassalyzed, and reviewed by experienced persorsi@s as
possible to evaluate the data for potential prokleith the scanner, subject (i.e. motion) or daléection. Errors
in protocol parameters and scanner induced adifacty be discovered using automated processindg wiare
subtle problems such as a decrease in signal $& mafio or lack of observed activation within ested brain
regions might indicate significant problems witle thata acquisition, subject issues (motion, lacktemntion), or
scanner issues. Visual inspection of the resuts feach run remains an important final QA step.2Bairal data
results should also be inspected to insure prapetioning of the equipment. And a simple way toid\potential
left-right orientation confusion in the analysidig placing an MRI-visible marker near the rigldesbf the head for
every subject. The technologist should verify that marker is visible on the correct side of thage (beware
image wrap)!
Data Analysis
The analysis approach taken for multi-center imggiata will depend on the size of the task activaiind the
amount of residual site effect observed in the.dathe between-site reliability is known to behi(say 0.75 or
higher), it may be acceptable ignore site in thayais, simply merging the data into a single paad performing
the analysis. If residual or unknown site variatiemains after site standardization, there arerakstrategies for
performing the group analysis that calibrate ségance out of the data. In a multi-center stua trsed multiple
vendors, field strengths and k-space methods, FBIRMved that a dramatic reduction in site variasmaponent
could be achieved by covarying for scanner diffeesnn signal-to-fluctuation-noise-ratio and smoetts [14,15].
Analysis can also be explicitly modeled as a gite site-by-group effect by incorporating site asadditive effect
in an analysis of variance. An analysis of covaréaoan also be used to calibrate out site effemtg&xample using
a breath-hold task and/or perfusion measuremeamtcasariate to adjust for scanner, site, or unistiéng subject
differences in the analysis of a cognitive taskalfti, analyses can be performed that treat eaelssparately, and
then integrate these results into a meta-analyhis.approach makes no assumption about the natwsite effects.
Conclusions
Multi-center fMRI studies have become a methodhafice for investigating cognitive function in bdtkalthy and
clinical populations, allowing for unprecedentegplations sizes. Best practice recommendationstdrevolving
because the technical methods are improving, ctsasgeoccurring in the hardware and software, asith
understanding of the underlying cognitive neurasoéeis increasing. Methods used to perform muliteefMRI
studies are in flux because neuroimaging is a dgued science, but current research has produced go
recommendations and resources that are now avatlalblelp those designing and executing such studie
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