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Magnetic resonance imaging (MRI) data is generated by a complex procedure.
Many possible sources of errexist whichcan lead to a worse signdtor example
hidden defective component®f a MRI-sanner, changes in the static magnetic field
causedby a persorsimplymoving in the MRI scanner rooas well as changes in the
measurement sequencesan negatively affectthe signalto-noise ratio (SNR)A
comprehensivereproducible guality assurance (QArocedureis necessaryto ensure
reproducible results both from the MRI equipment and the human operator of the
equipment To examine the quality of the MRBata, there are two possibilities. On the
one hand, water or gdilled objects so-called "phatoms”, are regularly measured.
Based on this signal, which in the best case should always be stable, the general
performance of the MRscanner can be tested. On the other hand, the actually
interesting data, mostly human data, are checked directly fotatersignal parameters

(e.g., SNRmotion parameters.

Thisthesisconsistsof two parts. In the first para studyspecificQA-protocol was
developed for a largenulticenter MRkstudy, FOR2107. The aim of FOR2107 is to
investigate the causes and course aifective disorders, unipolar depression and
bipolar disorders, taking clinical and neurobiological effente account Themain
aspect of FOR2107 is theMRImeasurement of more than 2000 subjects in a
longitudinal design (currently repead measuremens after 2 years, further
measurements planned after 5 years). To bifihgtdata and disease histotpgether,
MRFIdata must provide stable results over the course of the study. Ensuring this
stability is dealt with in this part of thevork. An extensive QAbased on phantom
measurements, human data analysis, protocol compliancergsetc., was set up. In
addition to the development of parameters for the characterizationviiRtdata, the
usedQArprotocols were improved during the study. The differencesneen sites and
the impact of these differences on human data analysis were analyzed. The
comprehensive quality assurance for the FOR2107 study showed significant
differences in MREtsignal (for human and phantom data) between the centers.
Occurring problera couldeasilybe recognized in time anble corrected,and mustbe

includedfor current and futureanalyseof human data.
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For the second partof this thesis a QAprotocol (and the freely available
associated softwaréLABQA2GO") has been developed amdted,and can be used
for individual studies or to control the quality @h MRFscanner. This routine was
developed because at many sites and in many studies, no explicit QA is performed
nevertheless suitable, freely availalfgsoftware forMRFmeasurenents is available.
With LABQA2GQit is possible to set up @Aprotocol for an MREscanner ora study

without much effort and IT knowledge

Both parts ofthe thesis deal with the implementation dpAprocedures High
quality data and study results care lachieved only by the usagé appropriate QA
procedures as presented in this work. ThereforeQAmeasures should be
implemented at all levels of a project arghould be implemented permanently in

project and evaluation routines.
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Magndresonanztomographie (MRDaten entstehen durch ein komplexes
Verfahren. Es gibt dadurch viele mogliche Fehlerquellen, die zu einem schlechtere
Signal fuhren konnen. Beispielsweise konnen defekte BauteileMRREScanners,
Veranderungen des statischen Nteetfeldes (z.B. durch eine sich bewegende Person
im MRTScannerram) oder Verdnderungen der Messsequenzen das Sigad&tausch
Verhéaltnis (SNR) negativ beeinflussen. Daher ist eine umfassende Qualitatssicherung
(QS) ndtig. Eine QS sollte sich neben deali@@a der MRTFDaten unter anderemmit
dem Einhalten festgelegter Protokolle und der Dokumentation befassen. Um die
Qualitat der MR-Daten zu untersuchen, gibt es zwei Mdglichkeiten. Zum einen
werden regelmaRig Wasseoder Gelgefiillte Behaltnisse (sogeyfiay 1 S at KIF yi2 Y S0
gemessen. Anhand dieses Signals, welches im besten Fall immerisiiakainn die
generelle Performanz dedIRFScanners getestet werden. Zum anderen werden die
eigentlich interessierende Daten, meist Humandaten, direkt auf bestimmte

Sigralparameter (z.BSNR, Bewegungen) gepruft.

DievorliegendeArbeit bestédnt aus zwei Teiledm ersten Teiurde fur eine grol3e
multizentrische MRBtudie, FOR2107, ein studienspezifische$@®koll entwickelt.
FOR2107hat das Ziel die Ursachen und detVerlauf von affektiven Stérungen,
unipolaren Depressioen und bipolaren Stérungen unter der Bertcksichtigung von
klinischenund neurobiologische Effekien zu untersuchenKern von FOR2107 ist die
MRTMessung vormehr als2000 Probanden in einem longituditen Design (derzeit
Wiederholungsmessung naduweiJahren; geplant sind weitere Messungen naihif
Jahren). Um MRDaten und Krankheitsverlauf zusammenzubringeidisgen die MRT
Daten Uber den Verlauf der Studie stabile Ergebnisse liefern. Die Sichergtdieser
Stabilitat wird in diesem Teil der Arbeit behandélterzu wurdesine umfangreiche
aufgesetzt, basierend auf Phantommsesgen, Analyse der Humandaten, Prifung der
Einhaltung der Protokolle, uswNeben der Entwicklung von Parametern fur die
Charakterisierung der MRDaten wurden die Q®8rotokolle wéhrend der Studie
verbessert. Die Unterschiede zwischen den Standorten und die Auswirkung dieser
Unterschiede auf diAnalyse der Humandatewurden analysiert. Die umfassende

Qualitatssicherung furid FOR2107 Studie zeigte, dass signifikante Unterschiede im
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MRTSignal (fur Humanund Phantomdaten) zwischen den beteiligten Zentren
bestehen. Auftretende Probleme konnten sor@htweder rechtzetig erkannt und
behoben werden odermissen fur aktuelle undzukunftige Auswertungn der

Humandaten beachtet werden.

Im zweiten Teil der Arbeitwurde ein QSProtokoll (und die frei verfugbare
zugehorige Softwarea [ tv.! H D hedtwickelt und getestet welches leicht fir
einzelne Studien oder zur Kontrolle der Qualigihes MR-Scanners umsetzbar ist.
Dies geschah vor dem Hintergrund, dass trotz der Existenz geeigneter frei
verfugbarer QSoftware fir MR-Messungen an vielen Standorten und in vielen
Studien keine explizite Qurchgefihrt wird Durch diese Softwarist es mdglich, ein
QSProtokoll ohne groReufwand und I9Kenntnisse an einemRFScanner oder in

einer Studie aufzusetzen.

Beide Teile der Arbeit beschaftigen sich mit der Durchfihrung von- QS
Malinahmen. Erst durch den Einsatz von geeignetesM@®ahnen, wie in dieser
Arbeit vorgestellt, kbnnen qualitativ hochwertige Daten und Studienergebnisse erzielt
werden. Daher sollten @QBalRhahmen auf allen Ebenen eines Projekts durchgefuhrt

werden und permanent in Projekitind Auswerteroutinen realisiert werden.
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Since the 199Qsfunctional Magnet Resonancelmaging {MRI) has become a
common tool toinvestigatethe human brainfOgawa et al(1990, 192)), allowing the
exploration ofits structure andits functioningwith a non-invasive procedureBasedon
these features, the Magnet Resonance Imaging MR) technology became
tremendously important within the field of neurosciencéesides MRI other
techniques existo investigate the human brain e,(Hectro-encephalography{EEG
Magnetoencephalography(MEQ or Positron Emission Tomography (PEEnch
technique has a specific relatidmetween spatial and temporal resolution which is
highlighted in Figre 1 The EEG technology for instanicasa high temporal but a
relatively poor spatial resolutiorand measuresthe brain's electrical activity directly.
The MEG acquisition has a good temporal and spatial resolafidrnusedike EEG the
electrical actiity of the neuronsPET has a good spatibt poor temporal resolution
and records themetabolic activity ThefMRIhas afair temporal and spatial resolution

andusesthe changes in blood flowo detect the functional activity in the brain.

To analyzehe function of the brain, fMRIis a prevalent methodised in many
neuroimaging studies.The localization of a specific brain function (functional
segregation) and the investigation of connectivity between brain regions (functional
integration) are herebyof major interest. Google scholdrlists about87n ® n MRE & F
entries. As stated above, this technique enabldg tinvestigaton of the functional
processes in the brain with a high spatial resolution. The current spatial resolution of
an fMRI acquisitiomn a 3 TeslRFscanner is between 2.0 and 3.2 n{ithanh Vu et
al. 2017; Jahanian et al. 2018y usinga 7 TeslaMREIscanner in human datahe in
plane resolution results can be improvea sub-millimeter level (Murphy et al. 2019)

Abe et al(2019)improved the resolutiondzLJ & 2> YmareuratMREscanner.

In general fMRFstudiesanalyzefunctional signal changeshich are typically just
small fraction (~3 %) of the raw MRs$ignal intensityFriedman and Glover 20Q6h

the 1990sresearchbegan with studieswhich hada small amountof participants

! https://scholar.google.de/lastvisited 10/26/2019)
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Figure 1: Graphic showing the relative spatial and temporal resolutions of com
neuroimaging techniques (EEG: Eleemmcephalography, IEEG: Invas
Electroencephalography, MEG: Magnetoencephalography, MRS: Magnetic Res
Spectrecopy, fMRI: functional MRI, SPECT: Single Photon Emission Cranial Tomogra
PET: Positron Emission Tomograghgapted from Zamrini et ak011)

(n~20), mostly performed at one center. Today, especiallysgchiatric research,
large cohort studies (r>100) are performed at multiple centers. Apart from this basic
scientific research, the MRéchnology is increasingly used also inichl context, e.g.,

to locate a tumor in the braifTalos et al. 2010; Metwali et al. 2019; Zhavoronkova et
al. 2019)

To obtain resultswhich highlightadive brain regions based on the experiment or
differences in thebrain structure (see Figurd in manuscript 1)many different steps
have to be performed. Firstthe dataneedsto be acquired. Thereforghe right MR}
scanner parameters have to be choséfrsmaller brain regiondike the amygdala, are
investigatedthe MRIscanner parameters must aaptedfor the measuremenfe.g.,
adaption ofthe measuremenvolume(Morawetz et al. 2008)If a whole brain analysis
is performed, a bigger measurement volume must betto cover the whole braifYan

2010; Craddock et al. 2012)his is just one ahany MRFparameters which can be
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adapted Others, suchas the time of repetition (TR), the time of echo (TE), the voxel
size or the matrix sizeare importantas wellto obtain high quality dataEven if the
same parameters were used for the measuremeuntifferences in the quality of the
data can be present based on the differences of participants who were measured.
Because of the large viability of both equipment parametesetings and of patients,

a calibrating, measurable standard is needed to ensuredbality of the MRI-data.
This qualitystandard is not absolute andill chang during the course of a studyue

to (i) different external aspects and (ii) differeMtRFzmage characteristicsAn external
change (i) could be theesult of a MRHprotocol changeduring the study o due to
insufficientequipment whichaffectsthe MRFscanner.These external changessultin

a different temporal stability of thé/IRFsignal or a lsange of theMRFmagecontrast

(ii).

The quality of theMRIdata is important for the interpretation of thbuman MR
data analysisand the corresponding resultsStocker et al.(2005) introduced the
percent signal change (PSC) valbich describes the signal chasgover the time
courseof a studyfor humanMRLdata. This method qualifies the functional data over
the time. Stocker et al. separatethe data of contras (c) and patients (p) into two
quality levels (high (+) and low) (Figure 2)Some regionsn the low quality control
group have a higheintensty than the high quality control grougn the low quality
patient group some regionare not presentin comparison to the high quality patient
group. This highlights the differences in the quality of theéadahicheffects the results
of the analysisTo detect the changelsetween MRIsignalthat is associated with the
time course of a disease and signal changes caused by alterations MRtkszanner

environment a stableViREsignal is important.

To monior the stability of theMRIsignal different quality assurancéQA) mechanisms
are needed These mechanisms arecordedin aQA-protocol. Besides theMRIsignal,
other MRFrelated (e.g. choice of scan parameters, selection of paradigms) and non
MRltrelated factors (e.g. data storage, longerm management of measurement
procedures)should be includedn the QA-protocol to improve the overall quality and
to reducethe inter-site variability of a study. Therefaora comprehensiveAprotocol

iIs necessaryespecially indrge, longitudinal, multicenteMRFneuroimaging studies

Such a protocol also includes careful planning and coordiné@dwover et al. 2012)
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Figure 2:Statstical Parametric Mapping (version: &nesample ttest results (randon
effects) for the working memory contrast in the multicenter study. Groups of size n=1¢
analyzed. All results are thresholded at p=0.001 (uncorrected). C+-aagulfs are sintér.
Furthermore, the cluster size is larger in the C+ grdhp. Pgroup has extremely low dat
quality, which is reflected by the low activation in the statistical maps.the only case tha
does not show any activation when thresholding at p=0.08 wbrrection for multiple
comparisongStocker et al. 2005)

The documented adherence Aprotocols has become a key benchmark to evaluate

the quality, impact and relevance of a study (Van Horn and Toga, 2009).

As important & QAprotocol documentation ismost MRFstudiesdo not describe
any QA of their study or theMRIdata (e.g,. Paretet al.(2016)or Vignali et al(2019).
Evenf a study performs QA of thélRtdata, the respective description is not detailed
but mostly refer to the Friedman and Glover study (e.¢(rystal et al (2018).
Friedman and GlovgR006)were the firstto present aQA-protocol which uses argel
filled object (secalled "phantom™)in a multicenter studyo investigate the stability of

the MREsignalover time They alsopointed out that modern MREsystemsshow in
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general overall high technical quality, but image characteristics, (@gnatto-noise

ratio (SNR) may change over the time of a stu@@riedman and Glover 2006)

Literature describes man@A-protocolsnow, mostly in the context of largscale
multicenter studies(Van Horn et al. 2009; Glover et al. 2012; Davids et al. 2014)
Depending orthe neuroscientific question at handomeQA-protocols focusmore on
the quality assessment for structural (e.@unter et al.(2009) or than the functional
MRHdata (e.g, Stocker et al.(2005) or Friedman and Glove(2006). Moreover,
literature describes software toolthat detect and remove movement afacts (e.g
ARTRepai(Mazaika et al. 2009)r investigate the temporal stabilitfy.e., stability of
the MRsignal over the course of a measuremeot)the signal (e.g MRIQQEsteban
et al. 2017). In human MR}datases, QAprotocols were also developed for more
specialized problems.g, multimodal settingsuchas the combined acquisition of MRI
with EEQIhalainen et al. 20159r PET datgdKolb et al. 2012)Other protocols were
developed for a dailphantomQAroutine of MRIdata (Chen et al. n.d.; Peltonen et al.
2017)

To performa QA-protocol analysisthese software tools needto be installedand
set upfor a givencomputer environment. The installation of these routines is often
not straightforward. It typically requires a fair level of technical experience, €og.
install additonal image processing software packages or to handle the dependence of
the QAtools on specific software versions or hardware requirements. S@¥e
algorithms require the installation of standard image processing tools, (&rtfact
Detection Todl or FCP Quality Assessment Proto¢darrar et al. 2013)while others
are integrated in different imaging tools (Mindconttar BXH/XCED@adde et al.
2012). SomeQAworkflowscan be integratedn commercial programs, e gMATLAB
(CANlabB or ARTRepair), an large image processing systems (eXhat (Marcus DS,
Olsen TR, Ramaratnam M et al. 2Q0ZMind (Lee et al. 2014) Other QAworkflows

% http:/ /web.mit.edu/swg/software.htm(lastvisited on10/26/2019)
3 https://github.com/akeshavan/mindcontroflastvisited on10/26/2019)
4 https://www.mathworks.com/(lastvisited on10/26/2019)

> https://canlab.github.io/(lastvisited on10/26/2019)
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can only be used onlineyhregistering with a user account and uploading data to a
server (e.g.LONI(Kim et al. 2019) ®mmercial software tools (e.gBrainVoyager
(Goebel 2012)mostly have their owrQAworkflow included.Also somevirtualization
basedQArpipeline tools exist (e.gMRIQGEsteban et al. 201))

MRIphantoms (water or geifilled objects)are generallyused to monitor the
stability of the MRFscanner.MRIphantoms have the advantage that they are not
affected by instrumental drifts from biological variations and pathological changes
whereas humarMRFdata has a lot of biological influenc@dellerbach 2013)Common
MRIphantomsare:the American College of Radiology (Agiigntom (ACR 2005the
Eurospin test objects (Firbark et al. 2000) gel phantoms of the Functional
Bioinformatics Research Network (FBHRhsortium(Friedman and Glover 2006y
the ProMRI Agat phantom. Other projectsare developingiew phantoms(Olsrud et
al. 2008; Tovar et al. 2015; Hellerbach et al. 20E3ach of thes&€Aphantoms was
designed for specific purposes. The ACR phantomtlamé&urospin test objectsiere
designed to test thegeometry of the MRIsystem whereas the gel pdintoms were
developed to control for the temporal stability especially in fMRI studiesalln
scenariosan accurate alignment of the phantom in thdRFscanner is necessarpy
using a phantom holder, in ordéo reduce the alignment time, reduce the vamce of
the data and to improve the sensitivity of theQAparameters(Vogelbacher et al.

2016)

A specificQAprotocol to monitor the performance of m MRkscannerwould
enhancethe assessment of the temporal stability of theqaired timeseries both
within a session and betweerepeated measurementsTo reach thataim, different
types of QAroutines could be appliedOn the one hangda study relatedQA-protocol
could be set up to monitoboth the study specifiacMREsettings andto the study-
specific datgfmanagemenk All (MR-) parametes can be adapted to the setting used
in the study (e.g.the investigation of one specific functiondRksequence).
Measurements of aMRkphantom could be performedat a specific timeon a
measurement dg or subsequent to a human measuremefithe advantages a

specific to the datpadapted QA-procedure whichcan easilybe transferred to other

® http://p ro-project.pl/pro-mri_agar fastvisited on10/26/2019)
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institutes, if the study is a multicenter study. On the other haadQAroutine can be
set uptailored to a speific center the so-called center specific QAThis approach
focuses on the monitoring of on®IRkscanner. A documente@A-protocol is used
with a specific purpose (e,gtesting the cooling system of thMRIscanner). It is
executed routinelyat defined time points with the goal to filter outthe external
influencing factorswhich cofounds data collection qualjtye., controls for the same

state of theMRkscanner

In conclusionthe quality ofMRIdata is important torephraseMRkdata, which is
related to the signalthat is associated with the time course of a disease amad
related to signal changes caused by alterations in M&Fscanner environment
Therefore QAprotocols are used which not only analygehantom) MRFdata, but
extend over all pagthat are related to data acquisition. Considering only phantom
measurements there are many phantoms and many routines described in the
literature. The main idea of theddRImeasurements is the inspection of stability of

different aspectsdefined in eah QAprotocol).

In this work two different questions concernin@QA-procedureswere investigated.
First, the question how @Aprocedure must set up in a longitudinal multicenter study
and second how the distribution and the usage@#tools can be impreed. For the
first questiona gel phantom was used to monitor the temporal stability of thi&R}
scannes in the MarburgMunster Affective Disorders Cohort Study
(http://for2107.de/, MAC$ MACSSs a two-center research consortium studying the
neurobiologi@al foundations of affective disordeffer a large amount of participants
(n>2500) To improve theimplemented QAprotocol, a phantom holderwas used
(Vogelbacher et al. 2016By inspecting the phantom datdifferences between the
centers were detected An evaluation of the different MRksequencesfor data
acquisition inhumans was necessawith regard to difference$ound in the phantom
data. Respective difference could be observexb that thishas to be considered ithe
human data analsis. These outcomes point tthe importance ofQAprotocols and
QAanalysis for a (MR study. To investigate the partly distributed usage Q&
protocols a survey was performgdhich revealedhat QA is often too complex for the
users.For thesecondquestionthe LARQA2GO toolboxwas implementedo minimize

the inhibitions of setting up a Q#Aoutine and to improve the distribution oQA
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protocols.This toolbox provideQArscripts for the ACR and gel phantom and can also
calculate QAparametes for structural and functional humanMRIdatasets. The
installation requires minimal efforand the tool is simple to use. All resulése

presented in a usefriendly web interface.
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In the following section the first part describes the implkementation and
improvement of aQAprotocol in a longitudinal multicenter studythe first LJI NIi Q &
questionresultsled tothA & { KeSand quetif how to improve the distribution
and the usage oQAtools for MREscanners. Thexisting software toh LARQA2GQ
was developedo improve the usage of QA tooknd will be described in the last

section

2.1StudyQA-protocol

For te first questionhow to set up and improve a MRpecific QAprotocol a
comprehensive study Qfor the MACS studwas installed The basic ideaf this QA
protocol was © guaranteethe stability ofa MRFsignal across the durationf this
ongoinglarge cohort studyAbout 2500 subjectwill berecruitedin totalandtwo MR}
measurementsfor each subjectwill be performed For eachsubject differentMRI
weighted measurementée.g, a T1 weighted measurement tmeasurethe structure
of the brair) will be acquired To investigate the neuronal activity order tothe fMR}
measurements are important, butinctional signal changes argpically just a small
fraction (~15 %) of the raw signal intensiffriedman and Glover 2006)herefore a
stable temporal MR}signal is important to make sure thahe first and last
measurements of the studwre comparable to each other. To test the temporal
stability of the MRksigna) a gel phanbm measurement was performeafter each
human measurementising a standaragtudy fMRI protocol.Based on a priowork
(Vogelbacher et al. 20162 phantomholder wasintroducedduring the studyto align
the phantom into the scanner. The sttwral MRI, fMRI, andiffusion tensor imaging
(DTl data of 444 healthy control subjects was also investigatdtth regard to the

extent ofbetweensite differences
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During the study, each center haa major incident.The Marburg site had to
replace the @fective gradient coil of théVIRkscanner and at the Minster site the

MRHprotocol was changed by tizating the prescan normaliz&filter.

To analyz the phantom data a set of differentQAmetrics of different QA
protocolswas compiled (Friedman and Glover 2006; Stocker et al. 2005; Simmons et
al. 1999; ACR 2005)hese QAmetrics can be segmented into spati@.g, SNR or
ghosting)and temporal(e.g, PSC or peent fluctuation) chamacteristics and stastics.
For each human datased related analysis method was used. For structMBdata
the volumetricinformation were investigated by using the CAT12 toofbmxcalculate
the total intracranial volume (TIV), total grayatter volume (GMV), and total white
matter volume (WMV).To detect the regions wheresignificant volume differences
were caused by spatially localized differences betwidRiimagesof both scanners, a
voxektbased morphometry approach (VBNAshburner et al. 200))was performed
For the functionaMR}data the PSC valu&tocker et al. 2005yas calculated for each

subject and for théDTldata the fractional anisotropy (FA) information was assessed.

At both sites the phantom measurements were perform&@d9 in Marburg, 205
in Minstel. In Marburg, 369 measurements were performed without phantom holder

and 640 with holderOfthe 640 gnantom measurements performed with the phantom

" MRHmaging is increasingly performed, as in the present case, with arrays of small surface coils placed
near the body. The advantage of using small surface coils is that they produce highetcsigmiak

ratios than would be possible from a larger, more distant coil. The disadvantage-imiformity of the

signal. The depth of penetration of coils is inversely proportional to their diameters. Signals arising
superficially in the subject are thagcentuated, while those deeper in the brain (etbe amygdala) are
attenuated. It is possible, however, to make corrections for-moiform receiver coil profiles prior to
AYFIAYy3ad C2N) {ASYSya aoll yySaGIZy 0KANRY Ind@halixkgaoRd A¢EK S y 2 ¢
process involves acquiring an additional pair of low resolution scans, one with the head coil receiving
signals and the other with the body coil receiving signals instead. The body coil is usedlifor
frequencytransmission in both case3hen, under the assumption that the large body coil's receive
profile is homogeneous across a hesided object, when the prscan head coil image is divided by the
pre-scan body coil image, the resulting image is essentially an image of the receivef ftekl head
receivingcoil. This image can then be used to normalize a target image, thereby removing the receive

field heterogeneity.

® www.neuro.unijena.de/cat(lastvisited on10/26/2019)
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holder, 428 took place before replacement and 212 after replacement of the defective
gradient coil. In Munster, 165 measurements were done without the-gman

normalize option and 40 measurements with thisolged routine.

The analysisf the phantom datashowed that differences between the scanners,
technical changes of a scanner (such as the replacement d#lRigradient coil) and
changes in the QArotocol (such as the introduction of a phantom holdes)well as
changes in certain sequence parameters (such as adding thecpre normalization
option) impaced many of the QAstatistics in a variety of ways. Based on the 212
phantom measurements which have been acquired in Marburg using the phantom
holder and after the coil change, the dependence @QAstatistics on the external
variables temperature, the of day, and helium level wadso investigated Helium
level does not seem to have an influence on any of thes@#fistics. Measurements
during the secnd half of theday seem tohavean effect onsomeQAmetrics as well

as neasurements acquired above 20.8 °C room temperature

The Tiweighted structural imagesnalysisshowed thatTIV, GMV, and WMV
volumes significantly differ between tHdRFscanners, Isowing large effect size3he
VBM analyses show that these structural differences observed between scanners are
most pronounced in the bilateral basal ganglia, thalamus, and posterior regions. Using
DTI dataa difference of theFA between sites in almoatl regionswasobserved The

PSC valueof the fMRI data shogd a significant difference between the sitas well

In conclusiona comprehensivA-protocol is important to monitor a study and to
detect changes in the study or a protocdlid essentl to account not only for inter
site differences but also for hardware and software changes oMRéscanner setting
during aMRIstudy. Any changes in th&RFsetting should be noted and considel
for the analysisThere is also a ging dependencybetween the reliable placement of
the phantom andhe resuliing QA-statistics. Therefore the usage of a phantom holder
to reduce the variance of th@Asstatistics and to detect potential malfunctions of the

scanner is recommended.

2.2QAtool
Based on the finidgs of the first questiona comprehensiv@Aprotocol should be

used for every study (in the neuroscience fieEyen if no study relate@Aprotocol is
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used, a MRspecificQAprotocol should beapplied To underline the importance of
the distribution and especially theusage ofQAprotocols a survey(in 2009)was
performedin 240 university hospitals and research institutes in Germany, Austria and
Switzerland (data unpublishg¢dto investigate which kind of QAprotocols they
routinely applied The resilts show that some centerbave a comprehensiveQA
protocol established but that in practice most researchers in the cognitive and clinical
neurosciences have only a vague idea to what ex@fprotocols are implemented in
their studies and how to deal Wi potential temporal instabilities of théRFsystem
(Hellerbach 2013)However there already exista fair amountof QA-protocols to
monitor the MRFscanner stability which could bigexibly adapted to the giverQA
protocol and data by researcher®( an overview see e.gGlover et al(2012). These
routines are mostly publicallgvailable and need a fair level of technical experience
regarding theinstallation. Many of these tools neeatlditional preprocessing software
(with a specific software version). Tloscumstances a challenge for unexperienced

researcherghat deter them for performingQA.

To help alresearchergyetting started to perform QA oMREsystems, areasyto-
use QAtool (called LABQA2GO)was developedo minimize the inhibitions and to
improve the distribution ofQAprotocols The toolwas developedor userswithout a
strong technical background or foMRHaboratories without support of large core
facilities. Based on the virtualization approach of personal computer hardware the
integraon on most computer systemsis givenand does not require particular
hardware specifications LABQA2GO isavailable in a virtual machine with
NeuroDebian(Halchenko et al. 20123s operating system. NeuroDebigmovides a
large collection of neuroscience software packages amdvidely usedin the
neuroscience communityAll necessarysoftware tools (all open source software to
avoid license fees)f the analysis are installed so that the working environment is
preconfigured. LABQA2GO providea fully automatedQA-pipeline on data of ACR
phantoms and gel phantoms. These phantoms are commonly used and cover
geometric and temporal stabilitQAtest to characterize and monitor thglRkscanner.
In addition, the movement parameters of human fMRI and the noise level of structural
human MRIdata are calculated as easily interpretabl@parameters.lIt is easily

possible to modifythese pipelinesand to exend the QAanalyses by adding self
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designed routinegbased on a modular im@mentation of the source code The
results of the analysis are presented in an easy readable andtedsierpret web
based format.The tooland these resultgan be accessedava web browser so that a

very user friendly usage without any specific IT knowledge is guaranteed. This also
reduces the maintenance work of the tool to a minimufie tooland allQA-scripts

are available for downloaan GitHul. Based on the virtualizain approach theLAR;
QA2GCcan beset upin about 10 minutesand can easily be integrated into the given
computerenvironment The adaption to own data is necessary and can be performed

in afew configuration steps.

Another aspect ofa QAprotocol is the @cumentation ofprocesses Therefore
most centers havéheir own procedure,data structureor documents To centralize all
these procedures and documents a software solution couldubedto make this
information easily accessible for everybodyne solutbn for this problem is
MediaWiki® which is a web based system to store documents halps organizing
processes.This software is also integrateth LARQA2GOto give the users the

possibility to document their procedures and th&A-protocol.

To give thausers not only the analysis methgdn application scenario to perform
MREscanner QA is as well given as an exar@#grotocol. This routine includes runs
with the ACR phantom and the gel phantom. All measurements were performed as the
first measuremen of the day. The ACR phantom was measured twice and the gel
phantom once a week. The @Aprotocol for the ACR phantom was used to perform
the measurements. For the gel phantom a new @RFacquisition protocol was
installed. It consists od localizera structural Tiweighted sequence, a T2¥eighted
echo planar imaging (EPI) sequence, a DTl sequence, another faseighted EPI
sequence and, finally, the same TF&€ighted EPI sequence as at the beginnifigis
protocol is used to test the coolingstgm of the scannefThe QA-metrics of thefirst
and the last EPI sequen@ee used toassess the impact of a highly stresddéR}t

scanner on the imaging data.

® https://github.com/vogelbac/LABRQA2GQlast visited on10/26/2019

%\www.mediawiki.org(last visited on10/26/2019)
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In conclusion,to improve the usage and the distribution @Aprotocols for
especiallyMREIscanrer a fully automatedQApipeline for phantom and humaivRF
datasetswas developedThis tool helpsinexperienced users who have QAroutine
implemented but want to assess the quality MRdata or to characterize the long
term performance of aMRFIscanrer. By using th&Ametrics of the LABQA2GO togl
it is possible to detect outliers which could be an indicatiomefifficientdata quality
or aMRFIscanner malfunction. Based on the virtualization technique thecQ®2GO
tool can easily be integratechto almost everycomputer environment and needs
minimal maintenance costs. This tool can be used to realize either a study specific or
centers specifiQA-protocol. The adaption to lodglused phantoms an#lRksettings

can easily be realized by the usagehe user friendly web interface.
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This work illustrates the importance obmprehensiveA-protocols in highquality
fMRI studies which are affected bgontrol for MRkscanner instabilitiesnd protocol
changes MRFscanner malfunctions ar often detected after the study is finished
(Fiedman and Glover 200630 a promptQA-analysisbased on a comprehensive QA
protocol should be performed to detect these malfunctions deviation of theQA

protocolin time.

3.1Question 1 How to set up and usa studyQA-protocol

A comprehensiveQAprotocol was implementedor the acquisition oMRkdata in
the multicenter research caortium MACS. The protocaimedto monitor scanner
performance, to define benchmark characteristics, and to assess the impact of changes
in scanner settings. Only the curné QAwstatistics published in the literaturevere
included and implemented for this analys&sny changes in th&Rkscanner setting
(equipment or protocolwould have had anajor negative impacbn the QA-statistics.
EachQAwsstatistic has limited informabn to identify malfunctions of thé/RFscanner.
To detect abnormal behavior of thes@®Astatistics which lead to a possible
malfunction the QAvalues must be comparedontinuouslyto those valueswhich

represent a respective setting of tidRIscanner.

The general idea oQAprotocols is the monitoring ofQAsstatistics to identify
possible m#dunctions to aidresearches in excludng those measurement¢Glover et
al. 2012) Defined ranges of th&Arstatisticsare usedo identify the outliers. Based on
the resultsof the publishedQAphantom data a definition of normal ranges of each
QAstatistics was nopossiblefor either the whole study or especialigr justone MR}
scanner. The reasons that changes in the hardware or software of théRFscanner
may have affected the QArstatistics and consequelytthe ranges of theQAstatistics.
This nonreproducibility of published Q@Ahantom data demonstrates the need and

importanceof QA protocolgnot only in MRistudies)

In general MRFexperiments have to deal with different types of variances
(biological, technical and varianceduring the placement of the measurement

volume). QA-protocols aim to monitor the technical variancd an experimental
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setting (e.g., defective MRtoils) independent of handling difference&Glover et al.
2012) If a phantom is usedhe biological variance is reduced clogezerq based on

the apathy to vibrationsof the MRIscanner and the resemblance to human tissue
incident to the resulting stabl&RFsignal (Hellerbach 2013) The handling variance
can be minimized by using a phantom hol@€ogelbacher et al. 2016\hich shows a
strong impact on almost afpAstatistics even though thes@Astatistics are not able

to monitor the technical variace independent of handling. It is also mentionable that
some QAwstatistics seems to monitor the handling differences more than technical
variables of theViRFscanner.This could be becaudbe usedgel phantom consists of
homogenous material and the plaoent of the calculation slice (slice of interest (SOI))
is based on the placement of the phantom in the scanner. An inconsistent alignment of
the phantom increases the variability of tli@Astatistics. This leads to the fact that
there is a strong dependee between theQAstatistics and the placement of the
phantom. If theMRFequipment is faulty and the effect in the resultiqA-statistics is
smaller than the variability of the reference values, the malfunction remains
undetected.As a workaround, to ragte the variability of the&QA-statistics, the usage

of a phantom holder in combination with a fMR}protocol is recommendednd was
used for this studyThe advantage is not only the reduced alignment time of the
phantom in theMRFscanner it also ensues the measurement of the same volume of
the phantom over various phantom measuremer{iéogelbacher et al. 2016)'he
decreased variability of th@Arstatistics is the resulbf the used phantom holder and
delivers reasonable values so th#lhe easy detection of outliers igossible Some of

the detected outliers (or possible malfunctions) were caused by minor misplacements
of the phantom in the scannefhandling variance) instead of technical instabilities.
This doesof coursenot meanthat the phantom holder improves the quality of the
MREscanner. In addition to the alignment problermome QAsstatistics seemto be
sensitive to the time of day they have been acquired. This might be caused by heating
up of the MRIscanner due to the high amunt of measurements over the day. An
equal distribution of the measurements with regard to acquisition time or temperature
is advisableA revison of the QAsstatistics should be performed in the future to detect

the instabiliies in the technical variaes.
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As an exampleotaccentuate theneed for a statistical review and an adjustmefit
the QAsstatisticswas the MRtmanufacturer detectedafter aboutone and a half year
after the start of the studya defective gradient coiln the MRiscanner,and it was
replaced athe Marburg site. An investigation of th@A-statistics before and after the
replacement showed that som@Acharacteristicsshowed significantdifferences in
performance Interestingly, the defect coil was not detectable in Q& statistics, but
was accidentally discovered during a regular maintenance seriigse.was surprising
because theQAstatistics proved to be sensitive to any change in khieksetting. An
accurate indication of théime point when thedefect gradientoccurs is nogiven. The
gradient coilmight have beerdefective since the beginning of the study or could be

broken shortly before the maintenance service.

In generala strict adherence of Aprotocol is a key benchmark in the evaluation
of the quality, impact, andelevance of a study to the patiefevel (Van Horn et al.
2009) The successful execution of tl@Aprotocol depends on theledication of the
project teams to consistently apply the requirements of the protocol over the whole
study phaseTo help these teams to produce consistent results)ight be also helpful
to implement the possibility ofan external control (e.g.by presenting results and

current working steps via the World Wide Web).

As a second aspect the differencesthe MRIperformancebetween two sites
were analyzed, tooThe study was designéefitst for only onesite and was extendetb
another sie in Minster. The stimulus equipment and théVIRksettings were
standardized across both siteThe usd MRFhardware differs between the sites
(same manufacture but different scanner model), so that @&values were different
as well. This is not surprising becausi#edent studies reported this occurrendeefore
(e.g.,Abdulkadir et al(2011) Bendfeldt et al(2012) Clarkson et al2009) Reig et al.
(2009) Saotome et al(2012) Stonnington et al(2008) Takao et al(2012) Yendiki et
al. (2010) Friedman and GloveR006) Friedman et al(2006). Other studies report
that the differences between the scanrserere small in comparison to the differences
caused by, for instance, disease or aging (&gans(2006) Kruggel et al(2010)
Abdulkadir et al.(2011) Bendfeldt et al.(2012) Stonnington et al(2008). These
differences cold have an impact to the effect sizes so that thieuld be mentioned

during data analysis.
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Theinstalled QA-protocol highlightsthe differences in the performance of MR}
scannerif a hard or software change has been realizdthe impactfor instanceon
volumetric data when using different scanses comparable to the impact of agd 8
vs 70 warsold) and sexof the participating subjectsA recommendationfor this
problem B handling the data of any hard- or software changes as data that is
measuredat a different scanner For anyhuman MRidata andysis a categorical

variable, that represents the different scanners and the changes, should be used.

3.2Question 2 How to improvethe distribution of QA-protocols

Forl KA & Setodguestian dhe LARQA2GQo00l was developed to distribute
QAprocedues. Thetool providesfully automatedQAroutines of especially phantom
MRHdata, but it can also analyze human dataThe current version is able to run
analysis of the ACR and gel phantoifise ACR phantom is a widely used phantom for
QA of MRIdata to test spatial properties of theMRIscanner The gel phantom is
mainly used to assess the temporal stability of M&Fdata. In addition, QAroutines
for human datasets were developed. ThARQA2GCQtool is developednodularlyto
enable modifications of exieg analyzes or to integrate other scripts easllize tool is
a virtual machine and has no specific hardware requirements. The approach of a
virtual machine was used to have a closed environment and to preconfigure all needed
software, so that the userdo not have to install any software to perform thi@A
analysisLARQA2GQs readyto-use in about 10 minuteand onlya few configuration

steps have to be performei set it up

The results of th&. ARQA2GCanalysisare presentedn tabular and graphicdbrm
in a useffriendly and easyo-interpret web based format. Theimeline graphs,
presented on the overview result page, helpe uses to identify the outliers An
acceptance range is highlighted in each grapls well as a warning sign if a
measuremat is an outlier. These outliers could indicate a malfunction of the scanner.
To access the web interfaceo specific IT knowledge needed. The tool is developed

in a way that onlyninimalmaintenancework isneeded by the operator

All analysis scriptare available for download as well, if a user wstat integrate
the QAroutine into an alreadyexisting environment. This requiresspecificdegree of

technical experiencghough. Other tools, which are described in the literature to
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assesdVIR}stability e.g, Glover et al(2012) are also publically available but do not
provide the configured environment as theAR,QA2GCQtool do. Most of these tools
require preinstalledanalysis software (eg., MATLAB) to rurtheir analysis scriptsso
LARQA2GOThis installation normally needs a fair level of technical experieSoe.
LARQA2GOcan be a tailormade solution for user without a strong technical
background. This tool can be used to assess thality of MRIdata in small
neuroimaging studies but can also be used as monitoring tool in multicenter studies to
assess the lonterm stability of differentMRIscannes. It can give direct feedback to

its users and can detect possible outliers or changethe hard or software setting.
Based on the preonfiguration and the virtualization approackhis tool is easily

distributable and easy to use.

A comprehensiveQA-protocol should not only assess the quality &iRkdata, it
needsto encompass techniad issues anaeeds tooptimize management procedures
to achieve quality result¢Glover et al. 2012)Especially at the beginning the study
design is important. To document ghese issuesa MediaWiki wagntegrated into this

tool, to help the user realizing documentation for the study

The current version of theABQA2GQoolbox uses relatively simpl®Astatistics
These techniques were developed many years, dgo still provide useful and easily
accessible information for modemRIscanners. ModeriMREscanners are equipped
with phased array coils, a number of amplifiers and multiplexBasallel imaging is
also availablgor manyyearsnow, and multiband protocols beene more and more
common.Small changes in the performance of thi&Fsystem might therefore not be
detected with these parametersThe implemented QAmetrics should not be
O2yaARSNBR | 3s meatNedheiaread adjiziméritofthese statisticés
recommended. In the literature more sophisticated QAmetrics are available
especially for the assessment of modeévtRkscanners with multthannel coils and
modern reconstruction methodgDietrich et al. 2007, 2008; Robson et al. 2008;
Goerner et al. 2011; Ogura et al. 2012heir usage would increase the sensitivity of
the QA-metrics with respect to possible hardware malfunctioibe adaptedanalyses
workflows for the multiband protocolscould be easily integrated based on the
modular implementation oLABQA2GO This tool is under further development and

will be continuouslypdated to adapt for modertMREsystems.
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3.3Conclusion and Future work

This work descibed two different QA relatedquestions The first question
addres®gd an installation of acomprehensive studyQA-protocol which is able to
detect differenceswithin and between scanners andny changes in the hardand
software environment The secondjuestion deal with the distribution and usage of
automatedMRFQA-analysis usinthe LARQA2GQoolbox. The used analysis methods
focusedon monitoring the stability of m MRIsignal, which is specific part of the
wide QAdfield. It must be clear that therare many other procedures which have to be
controlled, to create a high qualitiMRIstudy (e.g, careful planning(Glover et al.
2012). Therefore ageneral QAmanagement shold be includedin every studyto

cover all parts and improve the quality of the whole study.

As mentioned beforethe used QAstatistics aresufficiently sensitive to detect
changes in théRIprotocol or theMRFhardware TheseQA statisticsmight, howeer,
not be sufficient to characterize all aspects of mod®iRIscanner hardwareBut they
LINE A RS dzaS¥F¥dz FyR Sl ae I OOMRsaahres.Baiy T2 NYI
general recommendation &vision of these parameters should be performed. Also
modern reconstruction methods, which are used for mahiannelMREcoils,and their
QAsstatisticsshould be used in the futuréDietrich et al. 2007, 2008; Robsoh a.
2008; Goerner et al. 2011; Ogura et al. 2012)
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ARTICLEINFO ABSTRACT

Keywords: Large, longitudinal, multi-center MR neuroimaging studies require comprehensive quality assurance (QA) pro-
MRI quality assurance tocols for assessing the general quality of the compiled data, indicating potential malfunctions in the ing
Multicenter study equipment, and evaluating inter-site differences that need to be accounted for in subsequent analyses.

Major depression We describe the implementation of a QA protocol for functional magnet resonance imaging (fMRI) data based
Bipolar disorder

on the regular measurement of an MRI phantom and an extensive variety of currently published QA statistics. The
protocol is implemented in the MACS (Marburg-Miinster Affective Disorders Cohort Study, http://for2107.de/), a
two-center research consortium studying the neurobiological foundations of affective disorders. Between
February 2015 and October 2016, 1214 phantom measurements have been acquired using a standard fMRI
protocol. Using 444 healthy control subjects which have been measured between 2014 and 2016 in the cohort, we
investigate the extent of between-site differences in contrast to the dependence on subject-specific covariates (age
and sex) for structural MRI, fMRI, and diffusion tensor imaging (DTI) data.

We show that most of the presented QA statistics differ severely not only between the two scanners used for the
cohort but also between experimental settings (e.g. hardware and software changes), demonstrate that some of
these statistics depend on external variables (e.g. time of day, temperature), highlight their strong dependence on
proper handling of the MRI phantom, and show how the use of a phantom holder may balance this dependence.
Site effects, however, do not only exist for the phantom data, but also for human MRI data. Using T1-weighted
structural images, we show that total intracranial (TIV), grey matter (GMV), and white matter (WMV) volumes
significantly differ between the MR scanners, showing large effect sizes. Voxel-based morphometry (VBM) ana-
lyses show that these structural differences observed between scanners are most pronounced in the bilateral basal
ganglia, thalamus, and posterior regions. Using DTI data, we also show that fractional anisotropy (FA) differs
between sites in almost all regions assessed. When pooling data from multiple centers, our data show that it is a
necessity to account not only for inter-site differences but also for hardware and software changes of the scanning
equipment. Also, the strong dependence of the QA statistics on the reliable placement of the MRI phantom shows
that the use of a phantom holder is recommended to reduce the variance of the QA statistics and thus to increase
the probability of detecting potential scanner malfunctions.

fMRI
DTI
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C. Vogelbacher et al.
Introduction

Affective disorders, i.e. major depressive disorder (MDD) and bipolar
disorder (BD), are common, chronic, costly and debilitating diseases.
Genetic and environmental risk factors contribute to both their etiology
and their longitudinal course (Meyer-Lindenberg and Tost, 2012; Tost
et al., 2012). The neurobiological correlates by which these pre-
dispositions exert their influence on brain structure and function how-
ever are poorly understood. The overarching aim of the multicenter
research consortium MACS (Marburg-Miinster Affective Disorders
Cohort Study, htp://for2107.de/) is to decipher neurobiological medi-
ators and pathways leading from individual configurations of genetic and
environmental risk factors to the clinical presentation of symptoms and
the course of illness. Within this consortium, a large cohort of subjects
(n~2500) will be recruited, consisting of healthy subjects and patients
suffering from either MDD or BD. All participants will be deeply phe-
notyped by multimodal magnetic resonance imaging (MRI), clinical
assessment, neuropsychology, and biomaterial analyses. The cohort will
be completely re-assessed after two years.

Large, longitudinal, multicenter MR neuroimaging studies require
careful planning and coordination, making a comprehensive quality
assurance (QA) protocol necessary (Glover et al, 2012). Although
modern MRI systems show good technical quality (i.e. high
signal-to-noise ratio, good image homogeneity, and minimal ghosting)
and differentiation between tissue classes (i.e. image contrast), image
characteristics may change significantly over the course of a longitudinal
study and may differ between MRI scanners. This is in particular a major
challenge for functional magnetic resonance imaging (fMRI) studies since
functional signal changes are typically just a small fraction (~1-5%) of
the raw signal intensity (Friedman and Glover, 2006a,b). Therefore in
particular the temporal stability of MRI acquisitions is important, for
instance to differentiate between MRI signal changes that are associated
with the time course of a disease and signal changes caused by alterations
in the MRI scanner environment. In a longitudinal, multicenter imaging
study, there are many MRI (e.g. choice of scan parameters, selection of
paradigms) and non-MRI related factors (e.g. data storage, long-term
management of measurement procedures) which have to be properly
controlled for in order to improve the overall quality and to reduce
intersite variability (for an overview, cf (Glover et al., 2012)).

Several examples of MRI scanner QA protocols are described in the
literature, mostly in the context of large-scale multicenter studies (for an
overview, see (Glover et al., 2012; Van Horn and Toga, 2009)).
Depending on the main neuroscientific or clinical questions, these QA
protocols focused on the quality assessment for structural (e.g.Gunter
et al. (2009)) or functional MRI data (e.g.Friedman and Glover (2006a,
b)). In several ongoing projects, QA protocols were also developed for
more specialized problems, for instance in multimodal settings as the
combined acquisition of MRI with EEG (lhalainen et al., 2015) or PET
data (Kolb et al., 2012) or with regard to the development of new
phantoms (Hellerbach et al.,, 2013; Olsrud et al., 2008; Tovar et al.,
2015). The analysis of the implementation of quality assurance methods
has become one important factor to look at if one is interested in eval-
uating the strength of large-scale neuroimaging studies. The documented
adherence to QA protocols is considered a key benchmark that will help
to guide both clinicians and researchers to evaluate the quality, impact,
and relevance of the study to the patient-level (Van Horn and Toga,
2009).

In multicenter designs, data has to be pooled across different MR
scanners. Therefore it is necessary to develop analysis techniques that
properly account for intersite variability. It has, e.g., been suggested that
smoothing images to an equal full-width-at-half-maximum (FWHM) level
(Friedman et al., 2006) or including the signal-to-noise ratios as covariate
(Friedman et al., 2006) reduces differences in BOLD effect sizes across
scanners. While potentially reducing intersite differences is important
when pooling data in multicenter studies, this does by no means obviate
the need to account for scanner differences by dedicated covariates in the
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subsequent formal analysis. Here, we shall illustrate the presence and
extent of between-center differences and the dependence on experi-
mental conditions such as temperature and time of day for different
imaging modalities. This illustrates that subsequent analyses performed
in the MACS consortium have to account for these covariates.

The present article had two aims. The first aim was to describe the
implementation of a comprehensive QA protocol for the acquisition of
MRI data in the MACS consortium. This protocol aimed to monitor MR
scanner performance, to assess the impact of changes in scanner hard-
ware and software, and to serve as an early-warning system indicating
potential scanner malfunctions. MR scanner characteristics were assessed
by the regular measurement of a MRI phantom. Since MRI phantoms
deliver more stable data than living beings, they can be used to disen-
tangle instrumental drifts from biological variations and pathological
changes. A variety of QA parameters can be calculated from phantom
data, for instance geometric accuracy, contrast resolution, ghosting level,
and spatial uniformity. For functional imaging studies, in particular the
assessment of the temporal stability of the acquired time series is
important, both within a session and between repeated measurements. In
the present article, we will in particular provide a comprehensive over-
view of the QA statistics included in our QA protocol. The second aim was
to analyze how QA data from phantom measurements was influenced by
external variables. In particular, we (i) analyzed how these statistics
differed between scanners, (ii) investigated the effect of changes in
experimental settings (e.g. hardware changes), (iii) analyzed how QA
statistics depend on time of day, temperature and helium level, and (iv)
showed how the implementation of a phantom holder significantly
decreased the variance of the QA statistics. We will further demonstrate
that differences between MR scanners have a measurable impact on
human MRI data, as exemplarily shown by standard analyses of MRI
data.”

Methods

The MACS neuroimaging consortium involved two MR centers (De-
partments of Psychiatry at the University of Marburg and the University
of Miinster) with different hardware and software configurations. In
Marburg, the data were acquired at a 3T MRI scanner (Tim Trio, Siemens,
Erlangen, Germany) using a 12-channel head matrix Rx-coil. In Miinster,
data were acquired at a 3T MRI scanner (Prisma, Siemens, Erlangen,
Germany) using a 20-channel head matrix Rx-coil.” Pulse sequence pa-
rameters were standardized across both sites to the extent permitted by
each platform. Until April 30, 2017, only one major hardware change
(change of a defective gradient coil, see below) took place at the Uni-
versity of Marburg.

The study started on September 9, 2014 at the University of Marburg,
and on September 4, 2015 at the University of Miinster. Re-assessment
after a two-year interval started on June 21, 2016. All subjects were
assessed with a large neuroimaging battery, involving both structural
(high-resolution T1-weighted images, diffusion weighted imaging for
DTI analyses) and functional measurements. The functional imaging

2 At this point, it might be instructive to clarify the scope of the present article in order
to guard against common misunderstandings. The focus of this article is the analysis of
phantom QA data with the aim to monitor the long-term performance of the MR scanners
in the MACS consortium. The phantom data, however, cannot be used to directly assess
the quality of the human MRI data. Even if a MR scanner performs acceptably, human MRI
data might have to be excluded for other reasons (e.g. extensive motions artefacts). For the
analysis of human MRI data, a separate QA protocol has to be developed, depending on the
image modality (e.g. T1-weighted image or functional image) and the analysis methods.
This is, however, beyond the scope of the present article. All analyses with the human MRI
data that are presented in this article were included to illustrate that differences between
MR scanners used in the MACS consortium have a large impact on the human MR data.

* Throughout the manuscript, we will discuss the influence of differences between MR
scanners used in both centers. Of note, not only the MR scanners were different, but also
the head coils. Scanner differences thus comprise the combined effect of different scanner
models and different head coils.
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battery included a face matching task (Hariri et al., 2002), an affective
priming task (Suslow et al., 2013), a face encoding task (Dietsche et al.,
2014), and a 8-min resting state sequence.

In the following, we will (1) describe the QA protocol (sequence of
measurements, MRI phantom, MRI parameters), (2) give an overview on
the QA statistics, and (3) describe how we analyzed human MRI data.

QA study protocol

The basic idea of the QA protocol was to regularly measure a MRI
phantom and perform an automated analysis of the acquired data using
various QA statistics.

MRI Phantom. The phantom was a 23.5 cm long and 11.1 cm-diameter
cylindrical plastic vessel (Rotilabo, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) filled with a mixture of 62.5 g agar and 2000 ml distilled
water. In contrast to widely used water filled phantoms, agar phantoms
are more suitable for fMRI studies. On the one hand, T2 values and
magnetization transfer characteristics are more similar to brain tissue
(Hellerbach and Einhauser-Treyer, 2013), on the other hand they are less
vulnerable to scanner vibrations and thus avoid a long settling time prior
to data acquisition (Friedman and Glover, 2006a,b).

Scanning protocol. A phantom measurement was performed after each
subject. Only if two subjects were measured consecutively, it was allowed
to measure the MRI phantom only once (i.e. between the two measure-
ments). At the beginning of the study, the phantom was manually aligned
in the scanner and fixated using soft foam rubber pads. Alignment of the
phantom was lengthwise, parallel to the z-axis, and at the center of the
head coil (Supplementary Fig. S1). The alignment of the phantom was
evaluated by the radiographer performing the measurement and — if
necessary — corrected using the localizer scan. The measurement volume
was Iy c d at the pl with slice direction perpendicular
to the phantom body. To reduce spatial variance related to different
placements of the phantom in the scanner and to decrease the time-
consuming alignment procedure, we developed a Styrofoam phantom
holder in the course of the study (Supplementary Fig. S2). The phantom
holder allowed a more time-efficient and standardized alignment of the
ph within the . The measurement volume was placed
automatically in the center of the phantom. Since September 17, 2015,
all phantom measurements at the University of Marburg were performed
with this holder. A similar holder will be used in Miinster in the near
future. In addition to MRI data, further scanner related parameters were
collected such as the temperature of the scanner room, the helium level
during each phantom measurement, MR system maintenance appoint-
ments and all MR scanner related incidents (e.g. hardware failures).

Major incidents. On June 3, 2016, service technicians detected a
defective radiofrequency pulse amplifier in Marburg during a regular
maintenance service performed by the manufacturer. After the replace-
ment, it was not possible to adjust the new amplifier to the MRI system.
During extensive error diagnostics, the technicians detected a water
bubble around one of the gradient coils located below the body coil. After

4 MR imaging is increasingly performed, as in the present case, with arrays of small
surface coils placed near the body. The advantage of using small surface coils is that they
produce higher signal-to-noise ratios than would be possible from a larger, more distant
coil. The disadvantage is non-uniformity of the signal. The depth of penetration of coils is
inversely proportional to their diameters. Signals arising superficially in the subject are
thus accentuated, while those deeper in the brain (e.g. the amygdala) are attenuated. It is
possible, however, to make corrections for non-uniform receiver coil profiles prior to
imaging. For Siemens scanners, this method is known as “prescan normalize”. The
normalization process involves an addi pair of low scans, one
with the head coil receiving signals and the other with the body coil receiving signals
instead. The body coil is used for RF transmission in both cases. Then, under the
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Table 1
MRI parameters of the imaging sequences used to measure the phantom at the sites Mar-
burg and Miinster.

Site Marburg Miinster
Repetition time (TR) 2000 ms 2000 ms

Echo time (TE) 30ms 29 ms

Field of View (FoV) 210 mm 210 mm

Matrix size 64 x 64 64 x 64

Slice thickness 3.8mm 3.8mm

Distance factor 10% 10%

Flip angle 90° 90°

Phase encoding direction anterior >> posterior anterior >> posterior
Bandwidth 2232 Hz/Px 2232 Hz/Px
Acquisition order Ascending Ascending
Number of slices 33 33

Measurements 164 164

Effective voxel size (mm®) 3.28 x3.28 x4.18 3.28 x3.28 x 4.18
Acquisition time (TA) 5:34 min 5:34 min

the gradient coil was replaced, the MRI system was working properly
again. On August 11, 2016, the MR protocol in Miinster was changed.
During the analysis of human fMRI data, it was detected that activity in
the amygdala, a core region activated during the face matching task, was
relatively low. Therefore the prescan normalize’ option was activated to
increase signal-to-noise in deeper brain regions.

MRI data acquisition. We designed a QA program that focused on the
temporal stability of the MRI data, necessary for fMRI studies in which
MR scanners are typically highly stressed. We therefore measured the
MRI phantom with a functional T2*-weighted echo planar i (EPI)
sequence sensitive to blood oxygen level dependent (BOLD) contrast. We
chose the same sequence parameters as for the resting-state measure-
ment, albeit a lower acquisition time (Table 1). Also the same scanner
specific reconstruction methods were employed, since alterations might
be reflected in the resulting imaging data. The MRI parameters of the EPI
sequences are listed in Table 1. 167 images were acquired. Images 1-3
were by default not recorded by the MRI system, images 4-5 were also
discarded from analysis to account for equilibrium effects.

Analysis of QA data

A wide array of QA methods has been developed to describe MR
scanner stability (for an overview see e.g. Glover et al. (2012)). Our QA
protocol used statistics as they were previously described by Friedman et
al (Friedman and Glover, 2006a,b) (the so-called “Glover parameters™).
These statistics were complemented by other parameters described by
Simmons et al. (1999); Stocker et al. (2005). In the course of the project,
we adapted both the algorithms used to analyze the data (e.g. by the
development of air bubble detection algorithms) and the operating pro-
cedures (e.g. by the introduction of a standardized phantom holder).

The data analysis was fully automated. All algorithms were imple-
mented in Matlab R2014a (Version 8.3.0.532, 64 Bit February 11, 2014)
(The Mathworks, Inc. Natick, MA, USA) and Python 2.7.11 (https://
www.python.org, 5th Dec. 2015). First, all data were converted from
DICOM to the NIfTI format using the dem2nii tool (https://www.nitrc.
org/projects/dem2nii/, version 7, July 2009). Second, images were
binarized applying Otsu's method (Otsu, 1979), separating each data set
into phantom and background. Third, an array of published and widely
used QA statistics — statistic maps and summary statistics — were calcu-
lated. These statistics were summarized in a QA report file for further
inspection.

In a first step, both the original phantom data and the QA statistic
maps (i.e. signal image, temporal fluctuation noise image, signal-to-
fluctuation noise ratio image and static spatial noise image) were visu-

assumption that the large body coil's receive profile is across a head-sized
object, when the prescan head coil image is divided by the prescan body coil image,
the resulting image is essentially an image of the receive field of the head Rx coil. This
image can then be used to normalize a target image (such as an EPI), thereby removing the
receive field heterogeneity.
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ally i d by two of the authors (C.V., M.B.) to detect potential signal
abnormalities (e.g. unexpected structures, large signal intensity de-
viations) or artefacts (e.g. ghosting or air bubbles). In a second step, we
calculated all QA values for all phantom measurements at both sites. In
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the following, we describe both the calculation of and the motivation for
these. These statistics are broadly subdivided into statistics describing
either temporal or spatial characteristics of the phantom image.

Spatial characteristics and statistics

Signal image: The signal image is the voxel-wise average of the center
slice of the phantom (slice-of-interest, SOI) across the time series
(Friedman and Glover, 2006a,b). It can be used, by visual inspection, for
a first assessment of spatial signal variability within the phantom. In-
homogeneity in the signal image might be caused, for instance, by
problems of the head coils. Static spatial noise image: The static spatial
noise image is the voxel-wise difference of the sum of all odd images and
the sum of all even images in the SOI (Friedman and Glover, 2006a,b). If
the signal variance at a voxel is high, this difference will consequently
yield large values in magnitude, and may thus be used to visualize noise
in the signal. Signal-to-noise-ratio (SNR): Friedman and Glover (Friedman
and Glover, 2006a,b) define the SNR as the quotient of the average in-
tensity of the signal image in a region of interest (ROI, 15 x 15 voxel),
located at the center of the phantom of the SOI, and the standard devi-
ation of the static spatial noise within the same ROL”

Percent integral uniformity (PIU): PIU describes the uniformity of an
image. Since the agar phantom consisted of a homogenous material,
spatial inhomogeneity in the MR image may be related to scanner mal-
functions. The PIU values were calculated for the SOI as follows (Mri and
Program, 2005): The phantom was separated from the image background
and minimum (Ipin) and maximum intensities (Imay) within the phantom
were detected using a moving 3 x 3 voxel ROL The PIU was then
calculated for each time point by

PIU =100 x (1 = (Lnax - Imin) / (lnax + Lnin))

From this time series, we calculated mean PIU, minimum PIU,
maximum PIU, and the standard deviation of the PIU. In the results
section, we will present the mean PIU.

Since PIU depends on the actual homogeneity of the agar phantom, it
must be ensured that non-uniform signals, caused, e.g., by air bubbles in
specific slices, are not included in the calculation of the image unifor-
mity. We therefore implemented an air bubble detection algorithm that
removed the influence of signal inhomogeneity not related to the MR
scanner but the phantom itself. This algorithm significantly reduced the
variance of the PIU value, making it more likely to detect image degra-
dations caused by scanner malfunctions.

Ghosting: Ghosting is a typical artifact in MR images. In fMRI, ghosting
artifacts can lead to spatially variable signals that might cause a
displacement of activity or might decrease the sensitivity. In our proto-
col, we implemented two different methods to quantify the ghosting in
the acquired imaging data. In a first approach (based on Simmons et al.
(1999)), we used three 8 x 8 voxel ROIs placed in the SOI of the phan-
tom, one at the phantom center and two in the image background,
moving either in frequency or phase encoding direction across the image.
Thereby, the mean intensity (I;) within the central ROI as well as mean
(Imean) and maximum “mean intensity” (Iya) of the moving ROIs were
calculated for each time point. Finally, four characteristics were defined
as follows:

Signal to Maximum Ghost Ratio (Phase) = Is/Ima(Phase)

Signal to Mean Ghost Ratio (Phase) = Iy/Ijpean(Phase)

Signal to Maximum Ghost Ratio (Frequency) = Is/Inax(Frequency)
Signal to Mean Ghost Ratio (Frequency) = Is/Tpean(Frequency)

5 Note, however, that this definition does not follow common conventions for a SNR, as
the variance of the static spatial noise image is proportional to the number of images used
for its calculation. When the number of images is large, also the variance in the static
spatial noise image will be large. When the same number of images are used as a basis for
its caleulation, as it is the case in this study, it is possible, though, to use this value to
compare relative spatial noise between scanners and experimental settings.
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For all statistics, we calculated mean, maximum, minimum and
standard deviation across all time points. In the results section, we will
present the mean ghosting values.

In a second approach (based on the ACR protocol, (Mri and Program,
2005)), we calculated the percent signal ghosting (PSG). For each slice of
the volume and time point, a signal ROI (8 x 8 voxels) was placed at the
center of the phantom, four background ROIs (8 x 8 voxels) were located
at the edges of the MR image (top, bottom, right, left) outside the
phantom. The average signal intensity was calculated for each ROI PSG
was defined as

PSG = [(lop + Ibottom) — (lieft + Lright)] / (2 * Leenier)]

In the results section, we will present PSG as time average either for
the SOI (PSGjice) or the total volume (PSGyolume)-

Temporal characteristics and statistics

Temporal fluctuation noise image: The temporal fluctuation noise image
was calculated, analogous to the signal image, for the SOI of the phan-
tom. After the time series of each voxel in the SOI was detrended by a
second order polynomial, we calculated the standard deviation of the
residuals (Friedman and Glover, 2006a,b). It can be used, by visual in-
spection, to evaluate the signal variance which is left after having
removed temporal drifts from the signal. Signal-to-fluctuation-noise-ratio
(SFNR) image: The SFNR image is the voxel wise ratio of the signal image
and the temporal fluctuation noise image (Friedman and Glover, 2006a,
b). SENR: The SFNR is the average intensity of the SFNR image in a ROI
(15 x 15 voxel, placed at the center of the phantom of the SOI) (Friedman
and Glover, 2006a,b). It is a signal to noise ratio, in which the denomi-
nator denotes the variability of the signal which cannot be explained
purely by temporal fluctuations in the signal, and, thus, constitutes a
measure of relative temporal noise.

Percent fluctuation and drift: First, the intensity values of all voxels in a
ROI (15 x 15 voxel, placed at the center of gravity of the SOI) were
averaged. Second, the mean signal intensity of the times series was
calculated. Third, the standard deviation of the time series was calculated
after detrending by a second order polynomial. The drift was defined as
the ratio of the difference of highest and lowest values of the fitted
polynomial and the mean signal intensity (Friedman and Glover, 2006a,
b). The percent fluctuation was defined as the ratio of the standard devi-
ation of the residuals (after detrending) and the mean signal intensity
(Friedman and Glover, 2006a,b). Both drift and percent fluctuation are
multiplied by 100.

Percent signal change (PSC): The PSC was adapted from Stocker et al.
(2005) and describes the homogeneity of the SNR over time. SNR was
calculated for each slice and time point separately using five ROIs. A
signal ROI (15 x 15 voxels) was defined in the center of the phantom,
four background ROIs (8 x 8 voxels) to estimate the noise were placed in
the corners of the image. The signal was defined as the averaged intensity
in the signal ROI, the noise was defined as the Rayleigh corrected stan-
dard deviation of the signal intensity of the voxels in the four noise ROIs
at one time-point. PSC was calculated as 100/SNR. It can be depicted as a
time-course of the SNR either of each slice or the total volume. It thus can
be used to detect deviations of the SNR for specific time-points or specific
slices.

Statistical analysis of QA statistics from ph measurements: First we
studied the influence of site and experimental settings (e.g. hardware or
software changes) on the normal ranges of the presented QA statistics.
Time series plots were visually inspected for all QA statistics. Differences
in mean, in variance, in drift, and also oscillation were, in fact, so obvious
that formal statistical analysis was not needed.

Second, we studied the potential influence of external variables, such
as temperature, time of day of the measurement, and helium level of the
scanner, on the normal ranges of the above QA statistics. As described in
the results section, differences in experimental settings (e.g. hardware
and software changes) have a severe impact on the normal ranges of all
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QA statistics. In order to have a homogeneous data set at hand, we opted
to study the influence of these external parameters on a reduced data set
which only consisted of scans measured in Marburg after the replacement
of the defective coil. A linear model was fitted to each QA statistic which
included covariates for temperature, time of day, helium level, and a
variable which modelled the general level of the QA statistic at a specific
date. The reason to include the latter is that most of the QA statistics are
subject to drifts or oscillations within the almost two years of data
acquisition, In order to estimate the general level of a QA statistic, a
LOWESS (locally weighted scatterplot smoothing) which included 40%
of the data at any given date was fitted to the respected series. Replacing
the intercept of a model with this variable, makes the effect estimates for
the external variables robust for shifts, drifts, or oscillations. After visual
inspection of the temperature distribution in the data, temperature was
dichotomized as “cold” (<20.8°) and “warm” (>20.8°). Helium level
entered the model as a continuous variable. Time of day was also
dichotomized into “early” (7:00-13:59) and “late” (14:00-20:00)
measurements.

Assessment of human MRI data

In multicenter designs, data has to be pooled across different MR
scanners, The data acquired at different scanners however can differ
profoundly. To illustrate these differences, we analyzed the impact of
different MR scanners on standard metrics obtained from human MRI
data (e.g., total brain volume). We restricted our analysis to healthy
control subjects to exclude effects related to disease status. Since in multi-
site studies a prominent source of between-site bias can result from an
imbalance in the distribution of subjects (e.g., differing numbers of men
and women, different age distributions), we also investigated the effects
of age and sex on structural and functional MRI measures. All explorative
and formal statistical analysis were performed in Python (3.5.2) using
packages Numpy (1.12.0), Pandas (0.19.2), and Statsmodels (0.8.0).

Analysis 1: In the first analysis, we assessed whether volumetric in-
formation from T1-weighted structural images differed between MR
scanners. Total intracranial volume (TIV), total gray matter volume
(GMV), and total white matter volume (WMV) were calculated using a
standard processing pipeline of the CAT12 toolbox, applying a smoothing
kernel of 8 mm (www.neuro.uni-jena.de/cat). An explorative data anal-
ysis assessed the general shapes and locations of the distributions of the
response variables TIV, GMV, and WMV, and saw them fit for linear
modelling. Linear models were fit to TIV, GMV, and WMV including the
independent variables age (in years), sex, and site of the scan. For lack of
influence, the variable age was dropped from the model for WMV. The
validity of each model was assessed by visual inspection of the respective
residual distributions. To analyze whether significant volume differences
were caused by spatially localized differences between MR images ac-
quired from both scanners, we also compared, using a voxel-based
morphometry approach (VBM, (Ashburner and Friston, 2001)), as
implemented in the CAT 12 toolbox, the arctan-transformed volume
densities of each voxel, again using site, age and sex as covariates.

Analysis 2: In the second analysis, we assessed whether characteristics
from T2*-weighted functional images obtained during the face matching
task differed between MR scanners. Applying the percent signal change
(PSC) routines for phantom data as described above on human fMRI data,
we assessed the noise inherent in the functional imaging data. PSC values
from fMRI data acquired in Miinster and Marburg were compared using
again a linear model with covariates site, age and sex.

Analysis 3: In the third analysis, we assessed whether fractional
anisotropy (FA) information in selected brain regions, calculated from
diffusion-weighted structural images, differed between MR scanners. DTI
data analysis was performed using FSL 5.0.2 (FMRIB Software Library,
Oxford, United Kingdom, http://www.fmrib.ox.ac.jk/fsl). Preprocessing
of DTI data was performed according to the following protocol: First,
images were corrected for head motion and eddy currents, respectively,
by aligning all images onto the mean reference volume. Second, brain
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tissue was extracted using the FSL brain extraction tool BET. Third, the
diffusion tensor and FA-maps were estimated for each voxel. Voxel-wise
statistical analysis of FA-maps was performed using tract based spatial
statistics (TBSS) v1.2 implemented in FSL according to the following
procedure: First, all FA data sets were aligned into a common space, the
standard Montreal Neurological Institute (MNI) space, using non-linear
registration, and were subsequently interpolated, resulting in a spatial
resolution of 1 x 1 x 1 mm®. Second, a mean FA-image was created and
further thinned to generate a mean FA skeleton. Third, each subject's
aligned FA data was projected onto the mean FA skeleton using a non-
maximum suppression threshold of >0.3. The resulting data was then
fed into the voxel-wise statistical analysis on the whole-brain mean FA
skeleton using a linear regression model with site, age and sex as cova-
riates. Each contrast was analyzed according to permutation-based non-
parametric inference with 10,000 random permutations, using threshold-
free cluster enhancement (TFCE), allowing for correction for multiple
comparisons with a significance level of p < 0.05.

Results
Analysis of phantom MRI data

We set October 31, 2016, a-priori as date for a “data freeze” of the
phantom data. Until this date, 1009 phantom measurements were per-
formed in Marburg, 205 in Miinster. This data set was used for the
following analyses. In Marburg, 369 measurements were performed
without phantom holder and 640 with holder. From the 640 phantom
measurements performed with the phantom holder, 428 took place
before replacement and 212 after replacement of the defective gradient
coil. In Miinster, 165 measurements were done without the pre-scan
normalize option and 40 measurements with this changed routine.

First, we show that differences between the scanners, technical
changes of a scanner (such as the replacement of the MRI gradient coil),
and changes in the QA-protocol (such as the introduction of a phantom
holder), or changes in certain sequence parameters (such as adding the
prescan normalization option) impact many of the QA statistics in a variety
of ways.

The supplementary material (Supplementary Figs. 53-515) includes
time series plots of all defined QA statistics. Three of the time series,
namely signal fluctuation noise ratio (SFNR), PSG Signal Image (PSG-SI),
and maximal ghost frequency (MGF), are shown in Figs. 1-3. The following
properties, which are exemplarily described for SFNR, PSG-SI, and MGF,
are characteristic for all implemented QA statistics (Supplementary
Figs. 53-S15): normal ranges of each of the QA statistics differ between
scanners and also drastically change whenever hardware or software
settings are changed at a scanner — both in mean and variance. (i) The
typical SFNR values for the scanner in Miinster lie above the respective
values in Marburg. (ii) After implementing a phantom holder in Marburg,
the mean of SFNR and MGF dropped, the mean PSG-SI was raised, and
the variances of SFNR and PSG-SI were considerably reduced. (iii)
‘Whereas the coil change in Marburg did not seem to have a relevant
impact on SFNR and MGF, it had a huge impact on PSG-SI. (iv) Adding
the prescan normalize option to the protocol in Miinster had an impact on
the MGF. Whereas the normal range of Miinster's MGF lay below the
respective value in Marburg without prescan normalize, the typical range
was later lying above. SFNR and MGF show drifts over time. Some out-
liers in the QA values can be identified and they are all explained by a
wrong alignment of the phantom in the phantom holder in Marburg, by
wrong placement of the phantom in the MR scanner in Miinster or by use
of a wrong phantom.

Based on the 212 phantom measurements which have been acquired
in Marburg using the new phantom holder and after the coil change, we
studied the dependence of QA statistics on the external variables tem-
perature, time of day, and helium level. Helium level does not seem to
have an influence on any of the QA-statistics. Measurements during the
second half of the day, seem to reduce SFNR (fj = -1.69, CI(0.95)=(-2.77,-
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Fig. 1. SFNR values of phantom measurements in Marburg and
Miinster. One can see, for instance, that (i) typical SFNR values
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450 »  Marburg (new coil with holder) for the scanner in Miinster lie above the respective values in
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4 Monseer {4ith pre-scan normalize) considerably reduced the variance of SFNR, and (iii) the coil
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0.62), p = 0.0021), Max Ghost Phase (f} = -2.8, C1(0.95)=(-0.42, -0.14),
p=0.0001), Mean Ghost Frequency (p =-0.63, CI(0.95)=(-1.02, -0.25),
p=0.0012), Mean Ghost Phase (p=-0.42, CI(0.95)=(-0.68, -0.16),
p=0.0015), and to increase PSC (p=0.01, CI(0.95)=(0.01, 0.02),
p < 0.0001). Measurements acquired above 20.8°C room temperature
seem to reduce the SFNR (p =-2.12, CI(0.95)=(-3.24, -1), p=0.0003).

Analysis of human MRI data

In the following, we assessed whether image characteristics from all
imaging modalities differ between MR scanners and how they depend on
subject covariates age and sex. In February 2016, a first data freeze was
conducted after 1000 subjects (both patients and controls) were
measured in the study. All 444 healthy control subjects (335 in Marburg,
109 in Miinster) were used in the analysis of the volumetric information.
Functional data from the face matching task and DTI data were not
available from all these subjects but of a subsample of 373 (273 in
Marburg, 100 Miinster). Differences induced by the gradient coil change

02 03 04 05 06 07 08 09 10
2016
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in Marburg were not assessed, as the data freeze was performed prior to
this change.

Volumetric information from T1-weighted MR images

In order to assess possible differences between volumetric measure-
ments between the scanners of Marburg and Miinster, estimated brain
volumes, namely TIV, GMV and WMV, were compared. Subjects’ age
ranged from 18 to 65 years and showed similar distributions in Marburg
and Miinster with almost the same range. The women to men ratio leaned
towards the former with 61% women in the combined sample (66% in
Miinster and 59% in Marburg). Since age and sex are both known to be
associated with brain volume, they need to be considered in the model-
ling process, as they would otherwise confound potential results.

TIVs were modelled using a linear model with age (in years), sex, and
site as independent variables. As seen in Table 2, all three variables were
statistically significant with p-values <0.001 for sex and site, and <0.01
for age. On average, TIV estimates in Miinster were larger than in Mar-

burg by a value of approximately 69 em® or 0.58 standard deviations.
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Fig. 3. PSG Signal Image values of phantom
‘measurements in Marburg and Miinster. One
can see, for instance, that the mean PSG-SI
was raised after implementation of a phan-
tom holder, while the variance was consid-
erably reduced. Interestingly, the coil
change in Marburg had a huge impact on
PSG-SI.
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Table 2
Brain volumes (linear model coefficients with 95%-confidence intervals) calculated from T1-weighted images acquired in Marburg and Miinster, respectively.
Coefficient Lower confidence limit (0.025) Upper confidence limit (0.975) p-value
TV
Intercept 1740.18 1703.71 1776.65 <0.0001
Sex(female] —159.14 —181.70 —136.58 <0.0001
Site[Miinster] 69.34 42.95 95.72 <0.0001
Age -1.31 —2.26 —-0.36 0.0070
GMV
Intercept 851.00 835.06 866.93 <0.0001
Sex[female] —69.86 =79.71 -60.00 <0.0001
Site[Miinster] 30.13 18.61 41.66 <0.0001
Age —2.88 -3.30 -2.47 <0.0001
WMV
Intercept 575.07 567.04 583.10 <0.0001
Sex[female] —68.67 —78.50 -58.84 <0.0001
Site[Miinster] 19.09 7.95 30.23 0.0008

This corresponds to brains in Miinster to be an average of 4.0% larger
than in Marburg. Female TIVs lie an average of 159 cm® or 1.35 standard
deviations below the TIVs of males, which corresponds to around 9.1%
smaller TIVs of females in comparison to males. Estimated TIVs dropped
by an average of 1.3 cm® or 0.01 standard deviations per year of age.

GMVs were also modelled by a linear model with the same inde-
pendent variables age (in years), sex, and site. Table 2 shows that also for
GMV all three variables were statistical significant with p-values <0.001.
On average, grey matter volumes in Marburg were estimated to be
30cm® or 0.59 standard deviations smaller than in Miinster. This cor-
responds to an average of 3.5% larger grey matter estimates in Miinster
than in Marburg. The average grey matter volume of female lies 70 cm?,
1.36 standard deviations, or 8.2% below the GMV of males. Grey matter
decreases by 2.9 cm?® or 0.06 standard deviations per year of age.

The first fit of a linear model to WMVs included the same independent
variables as for TIV and GMV but has shown no significant impact of age
to white matter. Consequently, the variable was dropped resulting in a
linear model for WMV including the variables sex and site. Estimates are
shown in Table 2. Both sex and site are statistical significant with p-
values <0.001, Females have white matter volumes which are on average
70em’ or 1.34 standard deviations below the volumes of males. This

corresponds to 12% smaller volumes than males. Subjects in Miinster
have white matter volume estimates which lie on average 19 cma, 0.37
standard deviations, or 3.3% above the estimates of Marburg.

Within the age range in our sample (18-65 years), TIV estimates drop
by an average of more than 61.5 cm®. This effect is close to the effect of
site on TIV, and lies well within the 95% confidence region of the site
effect. If we had two subjects, one 18 and one 65 year old, both with
average volumes, i.e. the 65 year old subject’s TIV lies approximately
60 cm? below the 18 year old, their scans would yield the same TIV es-
timate, if the 65 year old subject was measured in Miinster and the 18
year old in Marburg. GMV even drops by an average of 135.4 cm® within
the age range from 18 to 65 years, which is larger than the effect of site
and sex combined.

The sex effect (male to female), and the site effect (Marburg to
Miinster) go in opposite directions for TIV, GMV, and WMV respectively.
As more females have been recruited in Miinster, each of the two vari-
ables would act as a confounder for the estimation of the other: if sex
‘would be dropped from the model, this would lead to an underestimation
of the site effect; if site would be dropped from the model, this would lead
to an underestimation of the sex effect. Even though the sex unbalance in
this sample is not very severe and, dropping either of the variables only
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Fig. 4. Using voxel-based morphometry, volu-

lead to minor changes in the effect size estimates of the other (including
their respected significance), and even though, as age is homogeneously
distributed between Marburg and Miinster, site does not act as a severe
confounder, when estimating and testing for an age effect in this
example, we strongly recommend to include site as a covariate to any
model: Dropping either of the variables would lead to a misspecification
of the same.

To assess whether the volumetric differences between MR scanners
were spatially localized, we compared the data from both sites using
voxel-based morphometry, again including sex and age as covariates in
the model. Results are presented in Fig. 4 (p < 0.001 at the voxel level,
p < 0.05 corrected at the cluster level). Brain differences were found in
the bilateral basal ganglia and thalamus and the posterior regions (oc-
cipital cortex, cerebellum).

Noise in T2*-weighted fMRI data

Subjects’ age range was the same as for the full sample of 444 sub-
jects, as well as the ratio of women to men in the two centers. A linear
model was fit for Percent Signal Change (PSC). Variable selection was
performed by backward selection starting with the full set of available
covariates: sex, age, and site, including their p ial i i
Neither sex nor site had a significant impact on PSC and were conse-
quently dropped from the model resulting in a simple linear regression
model with age as the only significant covariate (p < 0.001).

For each year of age, the average PSC of a person's face matching task
increases by an average of 0.008 (95% confidence interval (0.005,
0.011)) or 0.5%. This corr ds to an ge i of 0.02 stan-
dard deviations. Although the covariate age is highly statistical
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metric differences between MRI data measured
in Miinster and Marburg were assessed at a
local scale (contrast Miinster > Marburg,
p < 0.001 at the voxel level, p < 0.05 corrected
at the cluster level). Brain volume differences
were found in particular in the bilateral basal
ganglia and thalamus and the posterior regions
(occipital cortex, cerebellum).

significant, one should, however, also consider the low predictive power
of the model: the adjusted coefficient of determination was estimated to
0.06, i.e., only 6% of the variation in PSC may be explained by age dif-
ferences. Thus, although the effect of age is statistically significant, the
statistical model also shows that its biological consequence is minor in
this case.

Fractional anisotropy (FA) values from diffusion tensor imaging (DTI) data

Differences in FA maps between Marburg and Miinster are depicted in
Fig. 5. DTI in Marburg showed significantly (p < 0.05,
corrected for multiple comparisons) higher FA values in almost all re-
gions assessed, while DTI data from Miinster showed higher FA values
specifically in the brainstem.

Discussion

For high-quality imaging studies, it is important to implement
comprehensive QA protocols that assess, for instance, instabilities of the
MRI system. Often malfunctions of the MR-scanner are only detected long
after the study is finished and the QA data is retrospectively analyzed (see
Friedman and Glover (2006a,b) for an example). In the present article,
we therefore described the impl ion of a prehensive QA
protocol for the acquisition of MRI data in the multicenter research
consortium MACS. The protocol aimed to monitor scanner performance,
to define benchmark characteristics, and to assess the impact of changes
in scanner settings. We will, therefore, first discuss the impact of hard-
ware and software changes on the normal ranges of the QA statistics, and
the implications this impact has for their use in monitoring MR scanner

Fig. 5. Differences in FA values between
DTI data measured in Miinster (p < 0.05,
corrected for multiple comparisons). For the
contrast Marburg > Miinster, differences
(marked in green) were found in widespread
regions throughout the brain (left). For the
contrast Miinster > Marburg, FA values were
higher specifically in the brainstem (marked
in red, right).
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