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Large-scale longitudinal neuroimaging studies with diffusion imaging techniques are necessary to test and vali-
date models of white matter neurophysiological processes that change in time, both in healthy and diseased
brains. The predictive power of such longitudinalmodelswill always be limited by the reproducibility of repeated
measures acquired during different sessions. At present, there is limited quantitative knowledge about the
across-session reproducibility of standard diffusion metrics in 3 T multi-centric studies on subjects in stable
conditions, in particular when using tract based spatial statistics and with elderly people. In this study we
implemented a multi-site brain diffusion protocol in 10 clinical 3 T MRI sites distributed across 4 countries in
Europe (Italy, Germany, France and Greece) using vendor provided sequences from Siemens (Allegra, Trio Tim,
Verio, Skyra, Biograph mMR), Philips (Achieva) and GE (HDxt) scanners. We acquired DTI data (2 × 2 × 2 mm3,
b= 700 s/mm2, 5 b0 and 30 diffusion weighted volumes) of a group of healthy stable elderly subjects (5 subjects
per site) in two separate sessions at least a week apart. For each subject and session four scalar diffusion metrics
were considered: fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial (AD) diffusiv-
ity. The diffusion metrics from multiple subjects and sessions at each site were aligned to their common white
matter skeleton using tract-based spatial statistics. The reproducibility at each MRI site was examined by looking
at group averages of absolute changes relative to the mean (%) on various parameters: i) reproducibility of the
signal-to-noise ratio (SNR) of the b0 images in centrum semiovale, ii) full brain test–retest differences of the dif-
fusion metricmaps on the white matter skeleton, iii) reproducibility of the diffusion metrics on atlas-basedwhite
matter ROIs on the white matter skeleton. Despite the differences of MRI scanner configurations across sites
(vendors, models, RF coils and acquisition sequences) we found good and consistent test–retest reproducibility.
Whitematter b0 SNR reproducibilitywas on average 7±1%with no significantMRI site effects.Whole brain anal-
ysis resulted in no significant test–retest differences at any of the sites with any of the DTImetrics. The atlas-based
ROI analysis showed that themean reproducibility errors largely remained in the 2–4% range for FA and AD and 2–
6% for MD and RD, averaged across ROIs. Our results show reproducibility values comparable to those reported in
studies using a smaller number of MRI scanners, slightly different DTI protocols and mostly younger populations.
We therefore show that the acquisition and analysis protocols used are appropriate for multi-site experimental
scenarios.

© 2014 Elsevier Inc. All rights reserved.

Introduction

Diffusion tensor imaging (DTI) is a quantitative MRI technique
widely used for the in vivo characterization of whitemattermicrostruc-
tural organization (Ciccarelli et al., 2008; Mori and Zhang, 2006). DTI
can be applied to investigate both normal and pathological conditions,
and in longitudinal studies it can measure changes of white matter tis-
sue properties in normal aging (Lebel and Beaulieu, 2011; Sullivan and
Pfefferbaum, 2007; Sullivan et al., 2010; Westlye et al., 2010) as well
as in brain diseases like for example Alzheimer's Disease (Kantarci
et al., 2010; Mielke et al., 2009; Scola et al., 2010; Teipel et al., 2010),
Huntington's Disease (Magnotta et al., 2009; Sritharan et al., 2010;
Weaver et al., 2009), multiple sclerosis (Calabrese et al., 2011;
Harrison et al., 2011; Rashid et al., 2008; Sage et al., 2009), stroke recov-
ery (Wang et al., 2006) and traumatic brain injury (Sidaros et al., 2008).
Such longitudinal DTI studies can be used to test and develop DTI-based
biomarker models of disease progression/recovery, which may be of
great utility in better understanding physiopathology aswell as for eval-
uating therapeutic effects.

DTI allows the description of tissue microstructures modeling
the Gaussian diffusion properties of water and the detection of white
matter lesions (Basser and Pierpaoli, 1996). The most commonly used
DTI metrics in clinical studies are fractional anisotropy (FA) and mean
diffusivity (MD). Complementary information about white matter
structure can be obtained from axial (AD) and radial (RD) diffusivity
which, with some limitations, are considered indices of axonal injury
and demyelination, respectively (Song et al., 2005; Wheeler-Kingshott
and Cercignani, 2009). In addition to these diffusionmetrics, orientation
information in white matter tracts can be obtained using more ad-
vancedDTI acquisition and analysismethods, for examplewith probabi-
listic tractography (Behrens et al., 2003; Parker et al., 2003), diffusion
spectrum imaging (Wedeen et al., 2005) and high angular resolution
methods (Wedeen et al., 2008). These methods, however, typically re-
quire longer acquisition times and/or specialized MRI sequences not
always available on clinical scanners, and their implementations can
therefore be challenging in large multi-centric longitudinal studies,

particularly when involving elderly subjects. For these reasons this
study focuses on standardDTI acquisitions and their scalar derivedmet-
rics (FA, MD, AD, RD).

Longitudinal multi-center MRI studies are becoming an increas-
ingly common strategy to collect large datasets distributing the data ac-
quisition load across multiple partners (Van Horn and Toga, 2009).
Moreover, longitudinal studies reduce the between subject variability
because each subject is his/her own control. One critical factor that
limits the sensitivity to detect changes in any longitudinal study is
the reproducibility of repeatedmeasures. Obtaining reproducible quan-
titative results from DTI data is not trivial given that the final results are
sensitive to a large number of acquisition and analysis factors (Jones and
Cercignani, 2010). Various aspects of DTI reproducibility have been in-
vestigated, including basic reproducibilitymeasures of different popula-
tions (Bonekamp et al., 2007; Ciccarelli et al., 2003; Heiervang et al.,
2006;Marenco et al., 2006), evaluation of the effects of region of interest
(ROI) drawing protocols (Wakana et al., 2007), effects of signal averag-
ing (Farrell et al., 2007), head motion effects (Yendiki et al., 2013), as
well as the effects of various acquisition parameters like for example
b-value (Bisdas et al., 2008), diffusion weighting scheme (Landman
et al., 2007; Vaessen et al., 2010), voxel size (Papinutto et al., 2013),
and MRI scanner effects (Brander et al., 2010; Pagani et al., 2010;
Pfefferbaum et al., 2003; Vollmar et al., 2010; White et al., 2011; Zhu
et al., 2011).

However, despite thewide use of DTI as a tool to assesswhitematter
integrity in 3 T MRI studies, across-session test–retest reliability of
diffusion measures on subjects in stable conditions has not been thor-
oughly investigated using multiple MRI systems. Across-session repro-
ducibility is useful to estimate the effective reproducibility errors that
are part of a longitudinal study, since across-session acquisitions include
additional sources of variance like MRI system instabilities, differences
in head positioning and re-positioning within the RF coil, differences
in automated acquisition procedures like auto shimming, as well as
potential effects from how different operators follow instructions to ex-
ecute the same acquisition protocol. These variability sources are negli-
gible in within-session reproducibility studies. Table 1 outlines studies
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