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Large-scale longitudinal multi-site MRI brain morphometry studies are becoming increasingly crucial to char-
acterize both normal and clinical population groups using fully automated segmentation tools. The test–
retest reproducibility of morphometry data acquired across multiple scanning sessions, and for different
MR vendors, is an important reliability indicator since it defines the sensitivity of a protocol to detect longi-
tudinal effects in a consortium. There is very limited knowledge about how across-session reliability of mor-
phometry estimates might be affected by different 3 T MRI systems. Moreover, there is a need for optimal
acquisition and analysis protocols in order to reduce sample sizes. A recent study has shown that the longi-
tudinal FreeSurfer segmentation offers improved within session test–retest reproducibility relative to the
cross-sectional segmentation at one 3 T site using a nonstandard multi-echo MPRAGE sequence. In this
study we implement a multi-site 3 T MRI morphometry protocol based on vendor provided T1 structural se-
quences from different vendors (3D MPRAGE on Siemens and Philips, 3D IR-SPGR on GE) implemented in 8
sites located in 4 European countries. The protocols used mild acceleration factors (1.5–2) when possible. We
acquired across-session test–retest structural data of a group of healthy elderly subjects (5 subjects per site)
and compared the across-session reproducibility of two full-brain automated segmentation methods based
on either longitudinal or cross-sectional FreeSurfer processing. The segmentations include cortical thickness,
intracranial, ventricle and subcortical volumes. Reproducibility is evaluated as absolute changes relative to
the mean (%), Dice coefficient for volume overlap and intraclass correlation coefficients across two sessions.
We found that this acquisition and analysis protocol gives comparable reproducibility results to previous
studies that used longer acquisitions without acceleration. We also show that the longitudinal processing
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is systematically more reliable across sites regardless of MRI system differences. The reproducibility errors of
the longitudinal segmentations are on average approximately half of those obtained with the cross sectional
analysis for all volume segmentations and for entorhinal cortical thickness. No significant differences in reli-
ability are found between the segmentation methods for the other cortical thickness estimates. The average
of two MPRAGE volumes acquired within each test–retest session did not systematically improve the
across-session reproducibility of morphometry estimates. Our results extend those from previous studies
that showed improved reliability of the longitudinal analysis at single sites and/or with non-standard acqui-
sition methods. The multi-site acquisition and analysis protocol presented here is promising for clinical appli-
cations since it allows for smaller sample sizes per MRI site or shorter trials in studies evaluating the role of
potential biomarkers to predict disease progression or treatment effects.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Methods that enable the characterization of human brain mor-
phometry from MRI data are demonstrating important applications in
neuroscience. Several reviews describe how morphometry tools have
been applied to investigate a variety of populations, including, but not
limited to, normal development (Silk and Wood, 2011), normal aging
(Mueller et al., 2007), Alzheimer's disease (Drago et al., 2011; Fjell
andWalhovd, 2012; Frisoni et al., 2010; Jack, 2011), Parkinson's disease
(Kostić and Filippi, 2011), autism (Chen et al., 2011), bipolar disorders
(Selvaraj et al., 2012), epilepsy (Bernasconi et al., 2011) and schizophre-
nia (Levitt et al., 2010). One particular example of a successful contribu-
tion of brain morphometry to the field of neurodegenerative diseases is
the fact that hippocampal volume has been recently approved as bio-
marker to enrich the population selection in clinical trials that study
early stages of Alzheimer's disease (EMA/CHMP/SAWP/809208/2011).

There are several methods to obtain brain morphometry estimates
from MRI data. Manual segmentation of specific brain structures on
MRI made by trained raters, with its high inter-rater reliability, is con-
sidered as the gold standard by many neuroimaging studies (Rojas et
al., 2004; Whitwell et al., 2005). However, due to its time-costs, man-
ual segmentations are not practically applicable for large studies in-
volving many subjects and different brain structures. Various
automated and semi-automated algorithms have been proposed, in-
cluding atlas-based methods (Alemán-Gómez et al., 2007; Fischl et
al., 2002; Lötjönen et al., 2010; Magnotta et al., 2002; Wolz et al.,
2010), voxel-basedmorphometry with statistical parametricmapping
(Ashburner and Friston, 2000), tensor-based morphometry (Leow et
al., 2005; Studholme et al., 2001) and boundary shift integral methods
(Camara et al., 2007; Smith et al., 2002). This list of brain morphome-
try analysis methods is by no means complete nor does this paper at-
tempt to compare and contrast these methods.

Automated morphometric analysis is of particular interest in longi-
tudinal studies aimed at characterizing disease progression or the effect
of therapeutic treatments, bothwhen using known andwhen searching
for new useful biomarkers. In particular, longitudinal multi-center MRI
studies are becoming an increasingly common strategy to collect large
datasets while distributing the data acquisition load across multiple
partners (VanHorn and Toga, 2009), and probably one of the largest ex-
amples is the Alzheimer's Neuroimage Initiative, or ADNI (Carrillo et al.,
2012). One critical factor that limits the sensitivity to detect changes in
any longitudinal study is the reproducibility of repeated measures. The
test–retest reliability of MRI-derived morphometric estimates may be
affected by a variety of factors (Jovicich et al., 2009), includinghydration
status of the subject (Walters et al., 2001), instrument related factors
such as scanner manufacturer, field strength, head RF coil, magnetic
gradients (Jovicich et al., 2006), pulse sequence and image analysis
methods (Han et al., 2006). Repeated acquisitions within a single scan
session without subject repositioning may be used to characterize the
best attainable reproducibility conditions from an acquisition and anal-
ysis protocol. However, the reproducibility errors present in a longitudi-
nal study are better described by repeated acquisitions obtained in
different sessions several days apart. Such across-session differences
will include additional sources of variance like MRI system instabilities,
differences in head positioning within the RF coil, differences in auto-
mated acquisition procedures like auto shimming, as well as potential
effects from how different operators follow instructions to execute the
same acquisition protocol. Across-session reproducibility is even more
challenging inmulticenter neuroimaging clinical studies where compara-
ble results are usually difficult to obtain due to the added variability from
site differences in theMRI hardware, acquisition protocols and operators.

Despite the wide usage of automated morphometric techniques
applied to 3 T MRI studies, across-site test–retest reliability of mor-
phometry measures has not been thoroughly investigated and thus
its impact on statistical analysis is not clearly defined. Table 1 out-
lines studies that, to the best of our knowledge, have reported
across-session test–retest reproducibility measures of morphomet-
ric data derived from healthy volunteers using 3 T systems. Most
studies were done on a single MRI system (Kruggel et al., 2010;
Morey et al., 2010; Wonderlick et al., 2009), except for one study
that evaluated major MRI system upgrade effects on reproducibility,
therefore considering effectively two different systems (Jovicich et
al., 2009). These studies have been performed on only two vendors
(Siemens and GE), and three models (Trio, Trio TIM, GE Excite) that
nowadays tend to be less common as the manufacturers develop
newer versions. In addition, morphometry segmentation tools have also
been evolving. Recently, a FreeSurfer longitudinal image processing
framework has been developed (Reuter et al., 2012) showing a significant
increase in precision and discrimination power when compared with
tools originally designed for the FreeSurfer cross-sectional analysis. In
that study the test–retest reliability of the longitudinal streamwas evalu-
ated at 3 T, but it was done for repeated acquisitions obtained during the
same session and also when using a particular sequence, multi-echo 3D
MPRAGE (van der Kouwe et al., 2008), that has interesting advantages
relative to the standard 3D MPRAGE (Wonderlick et al., 2009) but that
is not yet commonly available across all vendors. To date there are no
studies evaluating the across-session test–retest reproducibility of this
new longitudinal analysis at 3 T, for one or more MRI system vendors,
while using an MRI acquisition that is standard across vendors.

All of these issues are relevant to the PharmaCog project, a new
industry-academic European project aimed at identifying biomarkers
sensitive to symptomatic and disease modifying effects of drugs for
Alzheimer's disease (http://www.alzheimer-europe.org/FR/Research/
PharmaCog). One of the objectives of the PharmaCog project is to inves-
tigate potential biomarkers derived from human brain structural and
functional MRI, in particular brain morphometry. Within this context,
the goals of the present PharmaCog study were the following: i) imple-
ment a multi-site 3 T MRI data acquisition protocol for morphometry
analysis, ii) acquire across-session test–retest data from a population of
healthy elderly subjects, and iii) evaluate and compare the across-
session reproducibility of the cross-sectional and longitudinal FreeSurfer
segmentation analyseswithin and acrossMRI sites. This work is therefore
an extension of previous work (Reuter et al., 2012), evaluating the
across-session reproducibility of the segmentation results (cortical thick-
ness, intracranial, ventricular and subcortical volumes) on a variety of 3 T
MRI scanning platforms (Table 1). To keep a manageable number of
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Table 1
Summary of studies that evaluated within-scanner across session test–retest reproducibility of 3 T MRI brain morphometry results on healthy subjects. Abbreviations: FreeSurfer
cross-sectional (CS) or longitudinal (LG) segmentations, intra-class correlation coefficient (ICC).

Study 3 T MRI scanners for test–retest
within scanner (number)

Subjects (number), age
(mean ± SD)

Analysis tool Reproducibility metrics (days
between test–retest)

This study Siemens Allegra (1), TIM Trio (2),
Verio (1), Skyra (1); GE HDxt (1);
Philips Achieva (2)

Healthy N = 40 (5 per/scanner),
(63.2 ± 8.1) years

FreeSurfer v5.1.0
(CS/LG)

Test–retest absolute % differences and ICC of
volume and thickness structures. Across-session
tests (14–31 days)

Morey et al. (2010) GE Excite (1) Healthy N = 23, (23.4 ± 3.3)
years

FreeSurfer v4.5 and
FIRST v1.2 (CS/LG)

Test–retest ICC and absolute % difference of
volume structures. Across-session both
within-day (1 h apart) and a week apart
(7–9 days)

Kruggel et al. (2010) Siemens Trio (1) ADNI (normal 3, MCI 9, D 3)
(74.6 ± 7.0)

FANTASM Global volumesa. Across-session tests (30 days)

Wonderlick et al. (2009) Siemens Trio TIM (1) Healthy N = 5, (21.4 ± 3.8)
years N = 6, (64.3 ± 12.2) years

FreeSurfer v4.0.1 (CS) Test–retest ICCa of volume and thickness
structures. Across-session tests (14 days)

Jovicich et al. (2009) Siemens Trio TIM (1)
Siemens Trio (1)

N = 5, (36.5 ± 3) years FreeSurfer (CS) Test–retest absolute % and signed differences of
volume structures. Across-session (7–42 days)

a Total brain volume of white matter, gray matter, cerebral spinal fluid.
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variables in this study we do not manipulate the acquisition sequence
other than trying to implement a target common protocol across all
sites following in great part ADNI recommendations. The study is focused
on the comparison of the test–retest reproducibility of morphometric re-
sults derived from two variants of the FreeSurfer segmentation, compar-
isons with other segmentation methods are beyond the scope of this
work.

Methods

Subjects

Nine clinical sites participated in this study across Italy (Brescia,
Verona, and Genoa), Spain (Barcelona), France (Marseille, Lille, and
Toulouse) and Germany (Leipzig and Essen). The Brescia site was re-
sponsible for the coordination and analysis of the whole study and
did not acquire MRI data. Each MRI site recruited 5 local volunteers
within an age range of 50–80 years. The subject's age range corre-
sponds to the same one of the clinical population that will be studied
with the protocols tested in this reproducibility study. Each subject
underwent two MRI sessions completed at least 7 days (but no
more than 60 days) apart at the site, to minimize biological changes
that could affect the reliability of the measures. Table 2 summarizes
information about age, gender and test–retest interval times of the
subjects recruited at each site. All participants were volunteers with
no history of major psychiatric, neurological or cognitive impairment
(referred to as healthy in this study), and provided written informed
consent in accordance with the “classification” of the study as regards
to the national regulations and laws in the different participating
countries. In France, the study received an authorization from the national
drug regulatory agency (Agence Nationale de Sécurité du Médicament et
des produits de santé) and an approval from the Comité de Protection des
Table 2
Summary of demographic, MRI system and acquisition differences across MRI sites.

Site 1 Site 2 Site 3

MRI site location Verona Barcelona Marseille

Subjects' age: mean ± SD, (range)
years

67.8 ± 9.9
(26)

74.6 ± 2.7
(6)

66.0 ± 8.3
(20)

Test–retest time interval (days) 28 ± 23 10 ± 3 23 ± 22
Gender, (females/N) 2/5 5/5 4/5
3 T MRI scanner Siemens Allegra Siemens TrioTim Siemens Verio
MR system software version VA25A B17 B17
TX/RX coil Birdcage Body/8-chan. Body/12-chan.
Parallel imaging: method,
acceleration

None GRAPPA 2 GRAPPA 2

TE (ms, shortest) 2.83 2.98 2.98
MPRAGE volume acquisition time
(min:sec)

9:50 5:12 5:12
Personnes Sud-Méditerranée 1 (Marseille), for the three French sites
(Marseille, Lille, and Toulouse). In Germany, Spain and Italy the study
obtained authorization from one Ethics Committee relevant to each
institution: Essen (Ethik-Kommission des Universitätsklinikums
Essen), Leipzig (Ethik-Kommission der Universität Leipzig), Barcelona
(Comité de Etica e Investigación Clínica Hospital Clínic de Barcelona),
Verona (Comitato Etico Istituzioni Ospedaliere Cattoliche, CEIOC) and
Genoa (Comitato Etico IRCCS-Azienda Ospedaliera Universitaria San
Martino-IST). All subjects signed informed consent.

MRI acquisitions

The eight 3 T MRI sites that participated in this study used differ-
ent MRI system vendors and models (Siemens, GE, and Philips).
Table 2 summarizes the main MRI system differences across sites.
Each MRI scanning session consisted of several acquisitions using
only vendor-provided sequences, including: anatomical T2*, ana-
tomical FLAIR, resting state fMRI, B0 map, DTI and two anatomical
T1 scans (without repositioning the subject), with a total acquisition
time of approximately 35 min. For this work, we utilized only the two
anatomical T1 scans (MPRAGE on Siemens and Philips, IR-SPGR on
GE), which were used for brain morphometry analysis (3D sagittal ac-
quisition, square FOV = 256 mm, 1 × 1 × 1 mm3, TR/TI = 2300/
900 ms, flip angle = 9°, no fat suppression, full k-space, no averages).
These parameters were largely based on the MPRAGE recommenda-
tions from ADNI 2 (http://adni.loni.ucla.edu/research/protocols/mri-
protocols/) except for two factors: nominal spatial resolution (we
used isotropic 1 mm3 instead of 1 × 1 × 1.2 mm3) and image acceler-
ation (when allowed by the RF coil we used an acceleration factor in
the range of 1.5–2, instead of no acceleration). The choice for using ac-
celerated MPRAGE acquisitions was motivated by several factors:
most modern 3 T scanners allow for it, the reduction of scanning time
Site 4 Site 5 Site 6 Site 7 Site 8

Lille Toulouse Genoa Leipzig Essen

64.2 ± 5.3
(13)

59.2 ± 4.5
(12)

58.2 ± 2.2
(5)

62.8 ± 2.6
(6)

52.4 ± 1.5
(3)

15 ± 11 14 ± 10 24 ± 17 13 ± 3 11 ± 5
3/5 3/5 2/5 3/5 2/5
Philips Achieva Philips Achieva GE HDxt Siemens TrioTim Siemens Skyra
3.2.2 3.2.2 15 M4A B17 D11
Body/8-chan. Body/8-chan. Body/8-chan. Body/8-chan. Body/20-chan.
SENSE 1.5 SENSE 1.5 ASSET 2 GRAPPA 2 GRAPPA 2

3.16 3.16 2.86 2.98 2.03
6:50 6:50 4:43 5:12 5:12

http://adni.loni.ucla.edu/research/protocols/mri-protocols/
http://adni.loni.ucla.edu/research/protocols/mri-protocols/
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is expected to reduce the sensitivity to headmotion artifacts even at an
expense of some loss in signal, and previous studies have reported no
test–retest reproducibility costs when accelerating relative to
non-accelerated acquisitions, both when using 3 T (Wonderlick et al.,
2009) and 1.5 T (Jovicich et al., 2009) MRI systems. The parallel acqui-
sition methods were different across sites, the choices were made
based on the optimal or possible options available at the different plat-
forms (see Table 2). Default options for geometric distortion corrections
were kept at each scanner. All images from multi-channel coils were
reconstructed by the scanner as the sum of the squares across channels.
When allowed by the MRI system, images were reconstructed and
saved without additional filtering options that could differ across scan-
ners introducing different degrees of smoothing.

Data preparation

Imaging datawere initially anonymized at each site by replacing the
subject namewith a unique identifier using the free DicomBrowser tool
(http://hg.xnat.org/dicombrowser). Anonymized dicom datawere then
compressed and uploaded on to a data sharing system accessible to all
member sites, from where they were subsequently downloaded for
analysis at the central site (Brescia).

Downloaded anonymized dicomdatawere converted to nifti format
using the free dcm2nii software (http://www.mccauslandcenter.sc.
edu/mricro/mricron/dcm2nii.html, output format FSL — 4D NIFTI nii)
from which the original dicom converted to nifti files were used. All
data were visually inspected for quality assurance prior to analyses to
check that there were no major visible artifacts, including motion,
wrap around, RF interference and signal intensity or contrast inhomo-
geneities. Each subject had a total of four anatomical scans, two from
the test session and two from the retest session. No within-session av-
eraging was done.

Brain segmentations

Each MPRAGE anatomical volume was analyzed in FreeSurfer
(Dale et al., 1999, Fischl et al., 1999) to automatically generate
subject-specific cortical thickness (Fischl et al., 2004, Desikan et al.,
2006) and subcortical volume (Fischl et al., 2002) estimates in
regions-of-interest (ROIs). For each subject we used two FreeSurfer
analyses: the cross-sectional (CS) and the longitudinal (LG) streams.
Detailed explanations of the differences between these two FreeSurfer
segmentations can be found both in a recent study (Reuter et al.,
2012) as well in the distribution site (http://freesurfer.net/fswiki/
LongitudinalProcessing). Briefly, in the FreeSurfer cross-sectional
analysis each time point is processed independently for each subject.
These cortical and subcortical segmentation and parcellation proce-
dures involve solvingmany complex nonlinear optimization problems
that are typically calculated using iterative methods. Such methods
need starting conditions that may introduce biases in the final results.
The FreeSurfer longitudinal analysis is designed to minimize such
biases with respect to any time point in a subject. The longitudinal
analysis uses results from the cross-sectional analysis and consists of
two main steps: i) creation of a template for each subject using all
time points to build an average subject anatomy and ii) analysis of
each time point using information from the template and the individ-
ual cross-sectional runs to initialize several of the segmentation algo-
rithms. This procedure of using the repeated measures as common
information from the subject to initialize the processing in each time
point can reduce variability compared to independent processing, as
has been shown recently (Reuter et al., 2012).

Our study is focused on a subset of the automatically segmented
regions which are of interest in neurodegenerative diseases. The volu-
metric ROIs included the hippocampal formation, amygdala, caudate
nucleus (caudate), putamen, globus pallidus (pallidum), thalamus,
lateral ventricles and total intracranial volume. The cortical thickness
ROIs included the parahippocampus gyrus, fusiform gyrus, superior
temporal gyrus, precuneus, superior parietal gyrus, supramarginal
gyrus, lateral occipital gyrus, lingual gyrus, superior frontal gyrus
and entorhinal cortex (Han et al., 2006). For each of these structures
(except the intracranial volume) the right and left hemisphere vol-
umes are estimated separately on each anatomical scan. The segmen-
tation results were visually inspected prior to the volume and
thickness analysis to confirm that no major errors were present. No
manual edits were done. All analyses were done using FreeSurfer ver-
sion 5.1, running on a Linux workstation (Ubuntu 10.04) equipped
with Intel CPU 8 × 3.07 GHz processors and 7.9 GB of RAM.

Evaluation of reliability

To evaluate the reliability of the brain segmentation results we
analyzed their variability, or reproducibility error, across the test–
retest sessions for each site. There are several sources of variability
for a fixed scanner, which include variability from hydration status
(expected to be small if scans are repeatedwithin a short time interval),
variability due to slightly different acquisitions in the two sessions
(head position change in the scanner, motion artifacts, scanner instabil-
ity, etc.), and finally variability due to the imaging processing methods
themselves. In addition, in a multi-center study there is also the added
variability from the different MRI systems (vendor, model, acquisition
parameters). In this study the goalwas to evaluate the across session re-
liability of FreeSurfer brain segmentations, within each site and across
sites, both for the CS and LG processing streams. The main hypothesis
wewanted to test here is whether the LG processing stream can reduce
across session variability, bothwithin and across sites, relative to the CS
segmentation stream.

Since every subject had segmentation results derived separately
from each of the two test and the two retest MPRAGE volumes, we
used these four possible test–retest comparisons across sessions to esti-
mate a mean across-session variability error per subject. As variability
error we used the dimensionless measure of absolute percent change
of volume (or thickness) of a structure with respect to its average. In
other words, for each subject, for each volumetric or thickness structure,
and for each analysis stream (LG or CS), the across-session variability
error was estimated as follows:

εij ¼ 100�
Vretesti−Vtestj
���

���
Vretesti þ Vtestj

� �
=2

ε ¼ ε11 þ ε12 þ ε21 þ ε22ð Þ=4

where ε is the mean across-session variability error and the indices i
and j can take values 1 or 2 to refer to the first or second MPRAGE
volume in each of the test (Vtest) and retest (Vretest) sessions. The
group variability error for every MRI site and brain structure was then
averaged across subjects, within each analysis stream separately. Such
estimation of variability can be interpreted as the mean measurement
error. The measure was chosen because it is intuitive and because
the estimation of the means is more robust than the estimation of the
variance from the signed differences, in particular for low number of
subjects.

The distributions of volume (or thickness) differences plotted
against volume (or thickness) means across sessions were examined
with a Bland–Altman analysis (Bland and Altman, 1986). These plots
show the spread of data, the mean difference and the limits of agree-
ment, and were used to confirm that the distributions were approxi-
mately symmetric around zero and to check for possible outliers.

An additional evaluation of variability was done by computing
the spatial reproducibility of the segmented subcortical and ventric-
ular volumes. Spatial reproducibility was examined by computing
the Dice coefficients for the volume overlap (van Rijsbergen, 1979)

http://hg.xnat.org/dicombrowser
http://www.mccauslandcenter.sc.edu/mricro/mricron/dcm2nii.html
http://www.mccauslandcenter.sc.edu/mricro/mricron/dcm2nii.html
http://freesurfer.net/fswiki/LongitudinalProcessing
http://freesurfer.net/fswiki/LongitudinalProcessing
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on the co-registered test–retest volumes segmented with both
FreeSurfer streams. In particular, given two different labels (test
and retest sessions) of a structure from the same subject, denoted
by Vtest and Vretest, and a function Vol (V), which takes a label
and returns its volume or of the intersection of two volumes, the
Dice coefficient is given by van Rijsbergen (1979):

Dij ¼
Vol Vretestj∩Vtesti

� �

Vol Vretestj
� �

þ Vol Vtestið Þ
� �

=2

D ¼ D11 þ D12 þ D21 þ D22ð Þ=4:

For identical spatial labels Vretesti and Vtestj, Dij achieves its max-
imum value of one, with decreasing values indicating less perfect spa-
tial overlap. For each subject the Dice coefficients were calculated as
an average across the right and left hemispheres. The group results
for each site were generated by averaging the Dice coefficients across
subjects for each structure.

The intraclass correlation coefficient (ICC) was used as an additional
measure of test–retest absolute agreement across sessions, ICC (2,1)
(Rajaratnam, 1960). The ICC analysis (SPSS, version 13.0) was comput-
ed separately for both the volumetric and thickness estimates, for each
MRI site and each analysis stream. Themean ICC value for each site was
the mean across subjects, and the ICC of each subject was the mean of
the four possible across-session test–retest combinations, as described
for the other reliability measures in this study.

Statistical analysis

The following statistical analyses were done, using MATLAB and
SPSS (v.13.0):

• To test for MRI site effects of the subject's distributions of age, seg-
mentation volume, cortical thickness, across-session reproducibility
error (of volumes and thickness) and across-session spatial overlap,
one-way Kruskall–Wallis tests (non-parametric version of ANOVA)
were used with MRI site as factor, with a significance threshold of
p b 0.05.

• To test for differences between the mean reproducibility errors of the
two FreeSurfer streams (LG vs. CS), for each cortical or volumetric
brain structure and site, the two-tailed Wilcoxon rank sum test was
used (non-parametric version of the paired Student's t-test), with a
significance threshold of p b 0.05.

Sample size comparisons

It is of interest to estimate the degree to which a potential improve-
ment in test–retest variability can affect the design in amulti-site longi-
tudinal study, for example in terms of reducing the number of subjects
that need to be recruited or reducing the length of a trial aimed at
detecting longitudinal changes. The formulation that describes longitu-
dinal sample size calculations (Diggle et al., 2002) can be used to com-
pare the longitudinal and cross-sectional segmentation methods in
terms of the percent of subjects (SSfrac) needed when processing the
data with the LG as opposed to the CS segmentation method (Reuter
et al., 2012):

SSfrac ¼ 100� σ2
LG 1−ρLGð Þ

σ2
CS 1−ρCSð Þ

where σ2 and ρ are the variance and correlation, respectively, of the
across-session test–retest estimates of a structure (thickness or vol-
ume) for the LG and CS segmentationmethods. The stability of these re-
sults can be estimated via bootstrapping (1000 resamples).
Results

In this study, we estimate the test–retest reliability of morphometry
measures derived from structural T1-weighted 3 T MRI data and evalu-
ate how their reproducibility errors are affected by FreeSurfer process-
ing stream (CS, LG) andMRI site (eight 3 T MRI scanners from different
vendors: GE, Siemens, Philips) on healthy elderly volunteers scanned in
two separate sessions at least one week apart. This short period be-
tween the test and retest sessions was chosen to minimize biological
changes that could affect the reliability of the measures and to mimic
the variability expected from separate sessions, asmeasured in longitu-
dinal studies. The 40 subjects enrolled (5 for each center, see Table 2 for
summary of demographic information) had similar age distribution ex-
cept for site 2 (older group, mean age 74.6 ± 2.7 years, significantly
different from sites 5–8, Kruskall–Wallis, p b 0.05) and site 8 (younger
group,mean age 52.4 ± 1.5 years, significantly different from sites 1–4,
Kruskall–Wallis, p b 0.05). There were no age distribution differences
between the other MRI sites. The time interval between test and retest
scans ranged from 7 to a maximum of 55 days, with a mean and stan-
dard deviation of 17 ± 14 days.

Our initial goal was to compute and evaluate the segmentations of
a total of 320 brain volumes: 8 MRI sites, 5 subjects per site, 4 acqui-
sitions per subject (two tests, two retests), and 2 FreeSurfer segmen-
tation analysis protocols. In practice we had 3 missing volumes: two
subjects of site 5 had missing MPRAGE volume repetitions during
the test session, and one MPRAGE from site 1 was discarded because
it required manual edits to complete the segmentation. Visual inspec-
tion of FreeSurfer segmented images showed a high similarity of re-
sult quality across sites (Fig. 1).

Estimation of brain morphometric volumes across MRI sites

Table 3 summarizes the groupmean volumetric results (subcortical,
ventricle and intracranial), averaged across hemispheres and across the
test–retest sessions, for eachMRI site as derived from the FreeSurfer LG
segmentation stream. A Kruskall–Wallis test for MRI site effect on the
hemispheric volumes showed that there were significant site-effects
(p b 0.05) for only 2 of the 15 structures evaluated: the left putamen
and right pallidum. This variability of morphometric results across
sites is consistentwith the fact that the groups of subjectswere different
at the various sites, and might simply reflect anatomical variability.

Estimation of volume reproducibility: effects of MRI sites and
segmentation analyses

Fig. 2 shows an example of a Bland–Altman plot for a single site on
two sample structures: the hippocampus (left) and the amygdala
(right). The plot shows, for site 2, the distribution of across-session vol-
ume differences relative to the volume means for the two analysis
streams, CS (top) and LG (bottom). For each brain hemisphere (left:
red crosses, right: blue circles) the mean volume difference (solid hori-
zontal line) and the limits of agreement (±2 standard deviations,
interrupted horizontal lines) are shown. The 20 data points in each
plot correspond to the 5 subjects and their respective 4 test–retest pos-
sible comparisons. As it can be seen the volumedifferences are symmet-
rically distributed around zero. The signed difference means were not
significantly different from zero, indicating no biases between the
across-session measures. Similar results were found for all other sites
and structures. In this example it is also possible to see how the spread
of the data appears reduced in the LG relative to the CS analysis.

Table 4 summarizes the across-session test–retest reproducibility
errors of the various segmented volumes for each site, for both analy-
sis streams (CS and LG). In each site the mean reproducibility error is
computed as a mean across subjects, across the four test–retest seg-
mentations and across the two brain hemispheres where relevant (in-
tracranial volume is the only exception). No significantMRI site effects



Fig. 1. Sample MPRAGE images and FreeSurfer segmentation results across different 3 T MRI sites for qualitative comparison. Abbreviations: Hp = hippocampus, Amy = amygdala,
Cau = caudate, Put = putamen, Pal = pallidum, Thal = thalamus, Lat = lateral ventricle, Ctx = cerebral cortex. See Table 2 for MRI site characteristics.
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were found on the reproducibility error, regardless of structure and
analysis stream used for the brain segmentations. Averaging the re-
producibility errors across sites allows summarizing the effects of
analysis on the various structures (Table 4, last column). For all struc-
tures the LG stream showed a significantly lower reproducibility error
relative to the CS stream (Wilcoxon test, p b 0.01), except for the lat-
eral ventricle volumes, which gave no significant differences between
analysis streams. When considering the separate hemispheric vol-
umes within each site and test across all structures, we also found
that in all sites the LG analysis gave significantly lower reproducibility
errors relative to the CS analysis (Wilcoxon test, p b 0.05).

Fig. 3 is a graphical example of some of the findings reported in
Table 4, showing the distribution of volumetric reproducibility errors
(%) across the eight MRI sites for just two structures, the hippocampus
(left) and the amygdala (right). Each point represents anMRI site, with
the longitudinal error on the vertical axis and the cross sectional error
along the horizontal axis, with corresponding within-site standard de-
viations. The diagonal unity line corresponding to perfect agreement
between the two measures is plotted as a thin reference line. The fact
that the overall reproducibility error is smaller with the longitudinal
line can be easily seen by having all MRI site points under the unity
line. The vertical and horizontal dotted lines mark the maximum
range of the spread in absolute errors. It can be seen that the spread of
errors for the longitudinal stream (range along vertical axis) is smaller
than the spread of errors given by the cross-sectional stream (range
along horizontal axis). Overall this means that the across-session test–
retest errors in volumetric estimates of the longitudinal stream give
lower reproducibility errors and also lower variability across MRI sites.

The ICC results for absolute volumetric agreement across sessions
are summarized in Supplementary Table 1. Overall the results are
consistent with the previous volumetric reliability analysis, showing
that the test–retest reliability is consistently higher for the longitudi-
nal stream than for the cross-sectional segmentation (Wilcoxon test,
p b 0.01) with the only exception of the lateral ventricles, which
showed no significant volume reliability differences.

Estimation of spatial reproducibility of volumetric segmentations: effects
of MRI sites and segmentation analyses

The across-session test–retest spatial overlaps for both analysis
streams are reported in Table 5, which shows that for each site, struc-
ture and analysis the mean Dice coefficient of spatial overlap averaged
across subjects, across the 4 test–retest scans and across hemispheres.
There were no significant MRI site effects of the Dice coefficients, re-
gardless of analysis stream and structure. When averaged across MRI
sites, the LG analysis showed significantly higher spatial reproducibility
relative to the CS analysis, for all brain structures evaluated (Wilcoxon
test, p b 0.01). When grouping hemispheric structures within each
site separately we also found that the spatial reproducibility of the LG
analysiswas significantly higher than that obtainedwith the CS analysis
(Wilcoxon test, p b 0.02). Overall this means that the LG analysis
stream not only gives higher test–retest volume reproducibility than
the CS analysis, but also higher spatial consistency, bothwithin each in-
dependent MRI site and across sites when these are grouped.

Estimation of cortical thickness across sites

Table 6 summarizes the group mean cortical thickness results, av-
eraged across hemispheres and across the test–retest sessions, for
each MRI site as derived from the FreeSurfer LG segmentation stream.
The Kruskall–Wallis test for MRI site effect on the hemispheric vol-
umes showed that there were significant site-effects (p b 0.01) for
only 3 of the 18 cortical structures evaluated: the right/left fusiform
and the right superior frontal gyrus. This variability of morphometric
results across sites is consistent with different degrees of anatomical
variability from the different groups scanned at the different sites.

Effects of site and analysis on thickness reproducibility

Fig. 4 shows, similar to Fig. 2, an example of a Bland–Altman plot for
a single site on the across-session thickness reproducibility of two sam-
ple cortical structures: the supramarginal gyrus (left) and the entorhi-
nal cortex (right). In this example it is possible to see how the spread
of thickness variability data is very similar in the LG and CS analyses
for the supramarginal gyrus, but visibly reduced with the LG for the en-
torhinal cortex.

Table 7 summarizes the mean across-session test–retest reproduc-
ibility errors in the cortical thickness estimates. For each site the
mean error is averaged across subjects, across the four test–retest
scans and across brain hemispheres. No significant MRI site effects
were found on the reproducibility error, regardless of structure and
analysis stream used for the brain segmentations. The LG stream
gave a significant reduction of the reproducibility error in the entorhi-
nal cortex relative to the CS analysis (Wilcoxon test, p b 0.01). For all
other evaluated cortical structures there were no significant repro-
ducibility differences between the LG and CS analyses. This null effect
on reproducibility differences was confirmed for the thickness of ad-
ditional areas not reported in Table 6: cuneus, pre-central, inferior pa-
rietal and caudal middle frontal.

Fig. 5 is similar to Fig. 3, and it used to illustrate in a plot an example
of the cortical thickness findings reported in Table 7. The figure shows
the distribution of cortical thickness reproducibility errors (%) across
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the eight MRI sites for just two structures, the supramarginal gyrus
(left) and the entorhinal cortex (right). As can be seen, the distribution
of errors falls above and below the unity line, and the spread of errors of
both analysis streams is comparable for the supramarginal gyrus, yet
they appear greatly reduced for the entorhinal cortex. In other words,
relative to the cross-sectional stream the longitudinal analysis shows
significant improved reliability in the cortical thickness estimates of en-
torhinal cortexwhile offering comparable reliability for all other cortical
areas investigated.

The ICC results for absolute thickness (not shown)were consistent
with the absolute error analysis (difference relative to the mean), giv-
ing no significant differences between the thickness reproducibility
errors from LG and CS analyses.

Effects of segmentation method on sample size

Fig. 6 shows the percent of subjects needed when using the longi-
tudinal segmentation with respect to those needed by the cross-
sectional segmentation to obtain the same power at same p-value
to detect the same effect size. The longitudinal analysis offers a clear
reduction in sample size, less than 40% as many subjects are required
for most structures. A few of the structures showed smaller effects in
sample size reductions (caudate volume, left entorhinal thickness)
because the correlation of the estimates across sessions was high
and similar for the two segmentation methods.

Effects of within session MPRAGE averaging

The two within session MPRAGE volumes acquired during the test
and retest sessions were co-registered, averaged and segmented with
the longitudinal segmentation analysis to test if the across-session re-
producibility errors of volume and cortical thickness estimates would
be reduced relative to those obtained with single MPRAGE acquisitions.
We foundno systematic and clear advantageswhen using two averaged
MPRAGE volumes. The absolute reproducibility errors did not signifi-
cantly differ in most structures between the two cases. Supplementary
Fig. 1 shows summary results that compare the power analysis advan-
tages (similar to Fig. 6) of the longitudinal analysis relative to the
cross-sectional analysis for both the averaged and non-averaged
MPRAGE volumes. It can be seen how for several structures averaging
does not change the relative power to the cross-sectional analysis (hip-
pocampus, putamen, thalamus), for a few structures averaging in-
creases errors (amygdala, right hemisphere entorhinal and pallidum)
and for a few other structures averaging reduces errors (right hemi-
sphere caudate, left hemisphere entorhinal).

The global cortical gray matter signal intensity was also evaluated
to investigate how image quality features varied across MRI sites for
the averaged and non-averaged MPRAGE scans. For each subject the
cortex intensity mean divided its standard deviations across the
brain represents the signal-to-noise ratio (SNR) from a segmentation
standpoint. The measures were done from the normalized images
used for the final automated segmentation. Only the test-session
was considered, the results from the retest session were similar. Sup-
plementary Fig. 2 shows, for each MRI site, the cortical gray matter
SNR (mean and standard deviation across subjects) for the first
MPRAGE volume and the two averaged MPRAGE volumes. The
Kruskall–Wallis test on global gray matter SNR gave significant MRI
site effects (p = 0.004) on the averaged MPRAGE but no site effects
on this single MPRAGE (p > 0.05). The effect was driven by lower sig-
nal from Site 1 (Siemens Allegra) and Site 6 (GE HDxt). Paired t-tests
showed no significant group differences between the cortical gray
matter SNR of the averaged and single acquisitions, at none of the
sites (p > 0.05). There are two main observations from these results.
One is that there were slight SNR differences across sites, most likely
due to a combination of several reasons including differences in sub-
ject groups, differences in MRI hardware (Site 1 is the only one using



Fig. 2. Sample distribution of cross-sectional (CS) and longitudinal (LS) volume reproducibility results (Site 2) in hippocampus (Hp) and amygdala (Amy). Bland–Altman plots
showing volume difference versus volume mean (two single MPRAGE acquisitions per session, subjects, n = 5). For each brain hemisphere (left: red crosses, right: blue circles)
the mean volume difference (solid horizontal line) and the limits of agreement (±2 standard deviations, interrupted horizontal lines) are shown. For reference, zero volume dif-
ference is shown as a black dotted line.
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a birdcage RF coil) and differences in MRI acquisition sequences (Site
6 is the only site using an IR-SPGR sequence). These SNR differences
could be potentially reduced with further adjustments in the acquisi-
tion protocol. The second observation is that the SNR differences did
not affect the across-session reproducibility of the morphometry
measures studied, which gave no significant MRI site effects.

Discussion

The main goal of this study was to investigate the effects on reli-
ability of two variants of the automated FreeSurfer brain segmentation
analysis when used in a 3 T MRI consortium. The choices of MRI data
acquisition and data analysis protocols can affect reproducibility er-
rors and are therefore crucial in longitudinal studies aimed at evaluat-
ing MRI-derived biomarkers for disease progression and/or treatment
efficacy. In this brain morphometry study we show for the first time
the across-session test–retest reproducibility advantages of the fully
Table 4
Brain volumetric reproducibility errors for the various 3 T MRI sites derived from the cros
mean reproducibility errors (percent absolute difference relative to the mean) are compute
There are no significant MRI site effects, regardless of analysis (Kruskall–Wallis test, p b 0.
averaged across sites. Except for the lateral ventricles, for all other structures the reproduc
p b 0.01). Abbreviations for the segmented volumes: Hp = hippocampus, Amy = amygd
ventricle volume. See Table 2 for MRI site characterization.

Structure
and
analyses

MRI sites: volumetric reproducibility errors (%)

Site 1 Site 2 Site 3 Site 4 Site 5

Hp CS 3.50 ± 2.84 2.58 ± 2.02 3.56 ± 3.52 1.99 ± 1.59 2.40 ± 1.71
LG 1.95 ± 1.77 1.92 ± 1.57 1.96 ± 1.44 0.91 ± 0.71 1.80 ± 1.31

Amy CS 7.38 ± 7.04 8.02 ± 5.80 4.84 ± 3.73 4.26 ± 4,54 6.76 ± 6,80
LG 4.59 ± 3.64 4.57 ± 3.15 3.56 ± 2.29 2.49 ± 1,96 3.48 ± 3,27

Cau CS 2.76 ± 1.65 2.78 ± 2.26 3.19 ± 4.07 2.27 ± 1,49 2.37 ± 1,73
LG 1.35 ± 1.07 1.69 ± 1.27 2.45 ± 3.47 1.64 ± 1,38 2.03 ± 1,35

Put CS 5.38 ± 3.91 5.47 ± 4.94 3.14 ± 3.00 3.70 ± 3,52 4.32 ± 4,54
LG 3.24 ± 2.96 2.09 ± 1.63 1.88 ± 1.26 2.07 ± 1,75 1.70 ± 1,44

Pal CS 6.28 ± 5.23 5.54 ± 5.17 5.71 ± 4.70 6.11 ± 7,40 8.82 ± 10,70
LG 4.93 ± 5.41 3.15 ± 3.16 3.63 ± 2.37 2.23 ± 1,30 4.46 ± 4,29

Thal CS 4.15 ± 3.37 3.65 ± 3.18 4.09 ± 3.07 3.69 ± 3,21 5.52 ± 7,30
LG 2.27 ± 1.71 1.78 ± 1.60 1.51 ± 1.17 1.79 ± 1,21 1.88 ± 1,38

Lat CS 3.43 ± 2.64 1.88 ± 1.43 2.50 ± 1.69 2.35 ± 1,66 2.73 ± 2,68
LG 2.37 ± 2.30 2.49 ± 1.49 2.70 ± 1.39 2.00 ± 0,98 2.47 ± 1,27
automated longitudinal FreeSurfer segmentation analysis relative to
the cross-sectional analysis, when tested in a consortium of different
3 T MRI scanners using different vendors (Siemens, Philips, GE). Spe-
cifically, cortical, subcortical and ventricular segmentations were
obtained from a group of 40 healthy elderly subjects (mean age
63.2 ± 8.1 years, 5 different subjects per MRI site) whowere scanned
in two separate sessions (mean time interval of 17 days), using two
standard 3D MPRAGE acquisitions per session (with parallel imaging
when possible, no averaging) on eight different 3 T MRI scanners
(Table 2). Our study confirms the hypothesis that the longitudinal
FreeSurfer segmentation offers an overall improvement of morphom-
etry reproducibility relative to the cross-sectional segmentation, both
at the single site level and also in the overall consortium when the
data from all sites are pooled. These results were consistently derived
from three different across-session reliability evaluations: absolute
percent change relative to the mean, Dice coefficient for spatial over-
lap and intraclass correlation coefficients.
s-sectional (CS) and longitudinal (LG) FreeSurfer segmentations. Within each site the
d across subjects, across the four test–retest acquisitions and across brain hemispheres.
01). The last column shows the reproducibility errors for each site and analysis when
ibility errors of LG are significantly lower than those from CS analysis (Wilcoxon test,
ala, Cau = caudate, Put = putamen, Pal = pallidum, Thal = thalamus, Lat = lateral

Mean error across MRI sites (%)

Site 6 Site 7 Site 8

4.93 ± 4.53 3.34 ± 2.36 3.79 ± 2.58 3.26 ± 0.93
2.07 ± 1.99 1.94 ± 1.40 1.76 ± 1.27 1.79 ± 0.37
8.40 ± 9.10 7.13 ± 5.37 9.46 ± 8.95 7.03 ± 1.75
3.68 ± 2,63 2.91 ± 3.05 5.17 ± 5.64 3.81 ± 0.91
2.76 ± 2,07 2.16 ± 1.88 2.28 ± 2.01 2.57 ± 0.36
2.46 ± 1,91 1.56 ± 1.26 1.51 ± 0.88 1.84 ± 0.43
5.51 ± 3,86 4.98 ± 7.45 4.34 ± 5.31 4.61 ± 0.88
2.82 ± 2,21 1.66 ± 1.41 1.52 ± 0.99 2.12 ± 0.60

11.21 ± 7,82 6.28 ± 7.13 8.34 ± 8.14 7.44 ± 1.95
4.99 ± 4,16 2.67 ± 1.91 2.99 ± 2.44 3.76 ± 1.27
7.29 ± 5,19 5.40 ± 7.02 5.94 ± 7.01 4.97 ± 1.29
2.11 ± 1,87 1.52 ± 1.44 1.42 ± 1.45 1.78 ± 0.30
2.36 ± 2,62 1.67 ± 1.28 1.90 ± 2.07 2.35 ± 0.56
1.54 ± 1,24 2.17 ± 1.56 2.73 ± 2.73 2.31 ± 0.40

image of Fig.�2


Fig. 3. Across-session test–retest reproducibility errors of hippocampus (Hp) and amygdala (Amy) volume estimates, effects of MRI site and processing stream. The plots show the
reproducibility errors from the longitudinal and cross-sectional segmentations for each one of the eight 3 T MRI sites, with their respective within-site standard deviations. Data
derived from Table 4.
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Given the high resemblance of our MPRAGE protocol with the one
proposed by ADNI for 3 T MRI systems, the multi-site implementation
of this study was greatly facilitated by the detailed acquisition informa-
tion that ADNI has made publicly available (http://adni.loni.ucla.edu/
research/protocols/mri-protocols/). Using ADNI's sample protocols rel-
evant to our MR systems and adding the few variations adopted in
our study (isotropic voxels 1 × 1 × 1 mm3 and accelerated acquisitions
when possible), it was possible to implement the target protocol. Our
goal was to use a protocol that was as uniform as possible across sites
while using the standard sequences made available by the various
MRI system vendors. In particular, our target was to use an acceleration
factor of 2 for all vendors with parallel imaging possibilities. The fact
that in two sites this was instead set to 1.5 was an oversight, and intro-
duced a slightly longer acquisition at those sites yetwith nodetected ef-
fects in reproducibility. The international nature of the studymeant that
the coordination and follow up of processes related to Ethical Commit-
tee approvals took considerable effort and time. In our experience it is
highly advised to start with such procedures as soon as possible.

The brain segmentation results of volume (Table 3) and thickness
(Table 6) are comparable to previous studies reporting similar metrics
measured on elderly subjects (Fennema-Notestine et al., 2009; Han et
al., 2006; Jovicich et al., 2009; Reuter et al., 2012; Velayudhan et al.,
2013; Wonderlick et al., 2009). For most structures, there's a fairly
wide range of estimates reported in the literature and the values
found in this study are within the reported ranges.
Table 5
Spatial reproducibility of volume segmentations. Within-site group mean volume overlap
spheres) derived from the FreeSurfer cross-sectional (CS) and longitudinal (LG) segmentatio
(Kruskall–Wallis test, p b 0.01). The last column shows the spatial reproducibility for each s
was significantly higher with the LG analysis relative to the CS analysis (Wilcoxon test, p b 0
Cau = caudate, Put = putamen, Pal = pallidum, Thal = thalamus, Lat = lateral ventricle

Structure
and
analyses

MRI sites: Dice coefficients for spatial overlap

Site 1 Site 2 Site 3 Site 4 Site 5

Hp CS 0.88 ± 0.02 0.89 ± 0.02 0.87 ± 0.03 0.89 ± 0.02 0.88 ±
LG 0.92 ± 0.02 0.94 ± 0.02 0.91 ± 0.06 0.95 ± 0.03 0.93 ±

Amy CS 0.83 ± 0.04 0.84 ± 0.03 0.85 ± 0.03 0.87 ± 0.03 0.85 ±
LG 0.89 ± 0.03 0.91 ± 0.02 0.90 ± 0.05 0.94 ± 0.02 0.91 ±

Cau CS 0.88 ± 0.02 0.87 ± 0.01 0.86 ± 0.03 0.87 ± 0.02 0.87 ±
LG 0.93 ± 0.02 0.93 ± 0.02 0.91 ± 0.04 0.94 ± 0.01 0.93 ±

Put CS 0.86 ± 0.03 0.88 ± 0.03 0.88 ± 0.02 0.89 ± 0.03 0.88 ±
LG 0.91 ± 0.02 0.94 ± 0.01 0.92 ± 0.02 0.95 ± 0.01 0.94 ±

Pal CS 0.80 ± 0.14 0.78 ± 0.15 0.81 ± 0.09 0.81 ± 0.16 0.75 ±
LG 0.90 ± 0.05 0.90 ± 0.05 0.90 ± 0.05 0.94 ± 0.03 0.89 ±

Thal CS 0.91 ± 0.01 0.92 ± 0.01 0.91 ± 0.02 0.92 ± 0.01 0.91 ±
LG 0.95 ± 0.01 0.96 ± 0.01 0.95 ± 0.02 0.97 ± 0.01 0.96 ±

Lat CS 0.92 ± 0.02 0.90 ± 0.03 0.91 ± 0.03 0.90 ± 0.03 0.88 ±
LG 0.95 ± 0.01 0.95 ± 0.03 0.94 ± 0.03 0.95 ± 0.02 0.93 ±
The across-session reliability of the volumetric estimates was found
to be overall consistent across the eight 3 T MRI sites for each structure
and segmentation analysis tool (Table 4). In most structures, with only
one exception, we found that for all sites the longitudinal analysis
resulted in significantly improved volumetric reliability relative to the
cross-sectional analysis, in average reducing the reproducibility error
by half. Only in the lateral ventricle volume we found that there were
no reliability differences between the two segmentation methods. We
found that the smaller structures (pallidum and amygdala) yielded
the highest absolute volume reproducibility errors, approximately
3.8% (average across sites), whereas all other structures had errors in
the range 1.8–2.2% (average across sites), with the longitudinal seg-
mentation analysis. Our absolute % errors in test–retest volumetric esti-
mates are comparable to those reported by previous studies (Kruggel et
al., 2010; Morey et al., 2010; Reuter et al., 2012). The spatial reproduc-
ibility of the segmented volumes was fairly constant and already good
using the cross-sectional stream, with a mean Dice coefficient range
across sites from 0.84 to 0.88 (Table 5). The spatial reproducibility
was significantly improved with the longitudinal pipeline (mean Dice
coefficient range across sites from 0.90 to 0.95). Spatial overlap results
are also in good agreement with a previous within-session test–retest
study (Reuter et al., 2012).

The thickness reproducibility results of the various structures were
largely consistent across sites and vendors, with errors in the range
0.8–5.0% for the longitudinal analysis (Table 7). There was a trend
(Dice coefficient) and standard deviation (across subjects, scanner sessions and hemi-
n streams. There are no significant MRI site effects, regardless of structure and analysis
ite and analysis when averaged across sites. For all structures the spatial reproducibility
.01). Abbreviations for the segmented volumes: Hp = hippocampus, Amy = amygdala,
volume. See Table 2 for MRI site characterization.

Mean Dice across MRI sites

Site 6 Site 7 Site 8

0.02 0.86 ± 0.04 0.88 ± 0.06 0.84 ± 0.04 0.87 ± 0.02
0.03 0.91 ± 0.07 0.95 ± 0.01 0.88 ± 0.06 0.92 ± 0.02
0.03 0.81 ± 0.02 0.91 ± 0.05 0.90 ± 0.03 0.86 ± 0.03
0.04 0.89 ± 0.04 0.92 ± 0.01 0.87 ± 0.06 0.92 ± 0.03
0.02 0.84 ± 0.03 0.86 ± 0.12 0.87 ± 0.02 0.86 ± 0.01
0.03 0.89 ± 0.04 0.94 ± 0.01 0.92 ± 0.04 0.92 ± 0.02
0.03 0.86 ± 0.02 0.86 ± 0.11 0.87 ± 0.02 0.87 ± 0.01
0.02 0.92 ± 0.03 0.94 ± 0.01 0.92 ± 0.03 0.93 ± 0.01
0.21 0.81 ± 0.04 0.77 ± 0.21 0.74 ± 0.19 0.78 ± 0.03
0.07 0.89 ± 0.04 0.92 ± 0.02 0.89 ± 0.05 0.90 ± 0.02
0.03 0.89 ± 0.02 0.83 ± 0.07 0.82 ± 0.04 0.89 ± 0.04
0.02 0.94 ± 0.02 0.96 ± 0.01 0.95 ± 0.02 0.94 ± 0.03
0.04 0.89 ± 0.02 0.92 ± 0.05 0.85 ± 0.06 0.90 ± 0.02
0.05 0.92 ± 0.03 0.96 ± 0.01 0.89 ± 0.07 0.94 ± 0.02

http://adni.loni.ucla.edu/research/protocols/mri-protocols/
http://adni.loni.ucla.edu/research/protocols/mri-protocols/
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Table 6
Cortical thickness estimates across sites. Within-site group means and standard deviation (across subjects, scanner sessions and hemispheres) of cortical thickness derived from the
FreeSurfer longitudinal segmentation stream. Abbreviations: Fus = fusiform gyrus, LatOc = lateraloccipital gyrus, Ling = lingual gyrus, Parahp = parahippocampal gyrus,
Prec = precuneus, SupFr = superiorfrontal gyrus, SupPar = superiorparietal gyrus, SupTem = superiortemporal gyrus, Supra = supramarginal gyrus, Ent = entorhinal cortex.
See Table 2 for MRI site characterization.

Structure thickness MRI sites: cortical thickness estimates (mm)

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

Fus 2.55 ± 0.13 2.84 ± 0.15 2.74 ± 0.11 2.75 ± 0.08 2.82 ± 0.12 3.08 ± 0.11 2.75 ± 0.09 2.77 ± 0.08
LatOc 2.22 ± 0.15 2.31 ± 0.10 2.33 ± 0.12 2.14 ± 0.09 2.26 ± 0.18 2.44 ± 0.10 2.30 ± 0.09 2.30 ± 0.09
Ling 2.01 ± 0.07 1.97 ± 0.07 2.11 ± 0.11 1.96 ± 0.07 2.09 ± 0.15 2.15 ± 0.10 2.11 ± 0.08 2.01 ± 0.09
Parahp 2.79 ± 0.24 2.95 ± 0.25 2.88 ± 0.27 2.80 ± 0.26 3.04 ± 0.26 3.06 ± 0.24 2.89 ± 0.23 2.76 ± 0.32
Prec 2.26 ± 0.09 2.38 ± 0.05 2.38 ± 0.11 2.33 ± 0.09 2.40 ± 0.17 2.41 ± 0.19 2.34 ± 0.05 2.30 ± 0.07
SupFr 2.67 ± 0.11 2.71 ± 0.05 2.61 ± 0.13 2.63 ± 0.09 2.79 ± 0.10 2.64 ± 0.12 2.59 ± 0.08 2.59 ± 0.11
SupPar 2.14 ± 0.10 2.27 ± 0.05 2.27 ± 0.15 2.18 ± 0.07 2.22 ± 0.11 2.27 ± 0.09 2.26 ± 0.05 2.20 ± 0.07
SupTem 2.63 ± 0.10 2.70 ± 0.13 2.73 ± 0.12 2.80 ± 0.09 2.81 ± 0.10 2.86 ± 0.15 2.70 ± 0.16 2.77 ± 0.10
Supra 2.41 ± 0.09 2.51 ± 0.09 2.50 ± 0.13 2.46 ± 0.13 2.59 ± 0.13 2.61 ± 0.10 2.53 ± 0.12 2.53 ± 0.09
Ent 3.46 ± 0.28 3.62 ± 0.33 3.72 ± 0.33 3.62 ± 0.19 3.78 ± 0.32 3.89 ± 0.36 3.75 ± 0.39 3.54 ± 0.30
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for Site 1 to show higher reproducibility errors on thickness estimates
relative to all other sites, especially for the cross-sectional analysis.
This may be due to the fact that Site 1 was the only one not using a
multi-channel RF coil, which potentially leads to lower image quality
on the cortex and in addition a longer image acquisition without paral-
lel imaging that is more susceptible to signal degradation from head
motion during the acquisition. Only on one structure, the entorhinal
cortex, we found that the longitudinal segmentation gave consistently
improved thickness reliability across sites relative to the cross-
sectional segmentation. For the other cortical thickness structures in-
vestigated we found no significant differences in the across-session
test retest reliability of the two segmentation streams. This is in contrast
to previous studies that have shown in elderly subjects that the longitu-
dinal analysis can improve test–retest thickness reproducibility (Han et
al., 2006; Reuter et al., 2012). Several study differencesmay explain this
discrepancy. The study of Han et al. used a 1.5 T system for the
across-session test–retest, they used a larger number of subjects
(N = 15), and the value reported is global mean thickness across the
whole brain cortex while we use the standard FreeSurfer outputs of
mean thickness for several gyri. In the case of the study of Reuter et
al., although this is a 3 T study, several other factorsmay account for dif-
ferences relative to our study, including increased sensitivity from their
Fig. 4. Sample distribution of cross-sectional (CS) and longitudinal (LG) thickness reproducib
Altman plots showing thickness difference versus thickness mean (two single MPRAGE acqu
blue circles) the mean volume difference (solid horizontal line) and the limits of agreemen
volume difference is shown as a black dotted line.
population size (N = 115), improved across-session co-registrations
by using multi-echo MPRAGE sequence (van der Kouwe et al., 2008;
Wonderlick et al., 2009) and reduced variability given that only
within-session acquisitionswere acquired and analyzed. One disadvan-
tage of themulti-echoMPRAGE sequence is that it is not yet available on
all MRI vendor platforms.

In agreement with two multi-site 1.5 T reproducibility studies, one
focused on cortical thickness reproducibility (Han et al., 2006) and
one focused on subcortical, ventricular and intracranial volume repro-
ducibility (Jovicich et al., 2009), we found that averaging two
MPRAGE acquisitions acquired within a session made relatively minor
contributions to improvement in the across-session reproducibility.
The acquisition of two MPRAGE volumes is still recommended mainly
for practical reasons: if one volume is bad (e.g. due to motion artifacts)
then the other can still be used for segmentation without averaging.

To minimize biases a multi-site reproducibility study should ideally
use a large sample of volunteers who are all scanned repeated times at
all sites within a short time period. Such a study is extremely challeng-
ing for multiple reasons, including costs and coordination, particularly
in the case of a consortium distributed internationally. Our study has
several limitations relative to this ideal scenario: i) each MRI site
scanned a different set of subjects but with consistent recruitment
ility results (Site 2) in supramarginal gyrus (Supra) and entorhinal cortex (Ent). Bland–
isitions per session, subjects, n = 5). For each brain hemisphere (left: red crosses, right:
t (±2 standard deviations, interrupted horizontal lines) are shown. For reference, zero

image of Fig.�4


Table 7
Effects of MRI site and processing stream on thickness reproducibility. Within-site group mean reproducibility error (percent absolute difference relative to the mean) and standard
deviation (across subjects, scanner sessions and hemispheres) derived from the FreeSurfer cross-sectional (CS) and longitudinal (LG) segmentation streams. There are no significant
MRI site effects, regardless of structure and analysis (Kruskall–Wallis test, p b 0.01). The last column shows the spatial reproducibility for each site and analysis when averaged
across sites. No significant differences were found between the thickness reproducibility errors from LG and CS analyses when grouped across sites (Wilcoxon test, p b 0.01). Ab-
breviations: Fus = fusiform gyrus, LatOc = lateraloccipital gyrus, Ling = lingual gyrus, Parahp = parahippocampal gyrus, Prec = precuneus, SupFr = superiorfrontal gyrus,
SupPar = superiorparietal gyrus, SupTem = superiortemporal gyrus, Supra = supramarginal gyrus, Ent = entorhinal cortex. See Table 2 for MRI site characterization.

Cortical
structures

MRI sites: cortical thickness reproducibility error (%) Average error across sites (%)

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8

Fus CS 4.53 ± 3.24 2.03 ± 1.57 1.76 ± 1.35 1.73 ± 1.25 2.73 ± 2.07 1.92 ± 1.46 3.18 ± 2.47 2.62 ± 1.59 2.56 ± 0.95
LG 4.31 ± 3.42 1.74 ± 1.49 1.68 ± 1.50 2.36 ± 1.56 3.07 ± 2.17 1.41 ± 1.12 1.55 ± 1.05 1.95 ± 1.21 2.26 ± 0.99

LatOc CS 4.12 ± 3.93 2.01 ± 1.36 1.61 ± 1.27 1.25 ± 0.77 2.51 ± 2.10 2.47 ± 2.65 2.65 ± 2.08 2.00 ± 1.81 2.33 ± 0.87
LG 2.18 ± 1.52 1.96 ± 0.99 1.69 ± 1.33 1.83 ± 1.56 2.34 ± 2.35 2.05 ± 1.59 2.21 ± 1.30 2.27 ± 1.41 2.07 ± 0.23

Ling CS 5.14 ± 4.43 2.51 ± 1.27 2.35 ± 2.39 1.45 ± 1.19 2.25 ± 1.37 3.04 ± 2.19 2.55 ± 1.81 2.11 ± 1.92 2.67 ± 1.09
LG 2.07 ± 1.45 1.88 ± 1.27 1.91 ± 1.62 1.92 ± 1.67 2.62 ± 2.28 2.05 ± 1.59 1.80 ± 1.50 2.37 ± 1.68 2.08 ± 0.28

Parahp CS 5.51 ± 5.13 2.86 ± 1.97 2.60 ± 1.58 3.53 ± 2.19 3.15 ± 2.52 2.22 ± 1.97 2.47 ± 2.26 2.90 ± 2.23 3.15 ± 1.03
LG 4.54 ± 3.59 1.76 ± 1.07 2.14 ± 2.02 2.25 ± 1.94 2.93 ± 2.48 1.52 ± 1.29 1.40 ± 1.24 2.49 ± 1.90 2.38 ± 1.01

Prec CS 3.47 ± 3.45 1.57 ± 1.05 1.67 ± 1.08 1.55 ± 1.35 2.43 ± 1.86 2.36 ± 1.55 1.78 ± 1.60 2.53 ± 1.61 2.17 ± 0.66
LG 3.18 ± 3.35 1.36 ± 0.98 1.02 ± 0.86 1.44 ± 0.99 2.23 ± 1.73 2.78 ± 2.03 1.72 ± 1.36 2.47 ± 1.56 2.02 ± 0.76

SupFr CS 1.58 ± 0.93 1.93 ± 1.56 1.58 ± 1.48 4.48 ± 2.88 2.21 ± 1.96 2.83 ± 2.96 1.99 ± 1.87 3.37 ± 1.96 2.50 ± 1.01
LG 1.57 ± 1.05 1.16 ± 0.81 1.57 ± 1.07 4.29 ± 2.98 1.78 ± 1.59 1.45 ± 1.02 1.53 ± 1.05 3.21 ± 3.21 2.07 ± 1.09

SupPar CS 3.66 ± 4.07 1.68 ± 1.16 1.69 ± 1.37 1.50 ± 1.02 3.16 ± 2.28 3.19 ± 2.54 2.66 ± 2.59 3.01 ± 2.16 2.57 ± 0.83
LG 2.27 ± 2.28 0.85 ± 0.59 1.34 ± 1.09 1.57 ± 1.65 2.20 ± 1.68 1.38 ± 0.93 1.55 ± 1.11 2.33 ± 1.54 1.69 ± 0.53

SupTem CS 2.41 ± 2.10 1.38 ± 1.11 1.11 ± 0.73 1.55 ± 1.14 3.16 ± 2.28 2.76 ± 2.16 1.78 ± 1.57 1.53 ± 1.36 1.96 ± 0.73
LG 2.58 ± 2.28 1.33 ± 0.78 1.03 ± 0.84 1.31 ± 0.89 1.35 ± 0.93 1.96 ± 1.79 1.17 ± 0.86 1.13 ± 1.22 1.48 ± 0.53

Supra CS 2.63 ± 2.59 1.58 ± 1.09 1.64 ± 1.07 1.81 ± 1.10 1.88 ± 1.83 2.45 ± 2.14 1.91 ± 2.01 2.99 ± 2.83 2.11 ± 0.51
LG 2.91 ± 2.47 1.00 ± 0.59 1.37 ± 1.24 1.75 ± 1.41 1.86 ± 1.35 1.92 ± 1.30 1.30 ± 0.86 2.23 ± 1.40 1.79 ± 0.60

Ent CS 9.63 ± 7.77 5.12 ± 3.47 4.35 ± 3.83 5.30 ± 3.42 3.82 ± 2.46 6.66 ± 6.35 4.06 ± 3.45 4.60 ± 3.68 5.53 ± 3.07
LG 5.01 ± 3.50 3.34 ± 2.25 2.35 ± 2.29 3.41 ± 2.69 2.80 ± 2.63 2.31 ± 1.65 2.07 ± 1.50 2.67 ± 1.99 3.01 ± 1.42
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criteria, ii) the number of subjects studied per site was low, five, and iii)
the number of test–retest across-session repetitions acquired was the
absolute minimum, two. The rather large range of recruitment ages
(50–80), which was chosen to be consistent with the follow up clinical
study, combined with the first two limitations explains the MRI site ef-
fects found for mean age across sites. This also led to some anatomical
differences across the sites, with MRI site effects in a few of the mean
volume (left putamen and right pallidum) and thickness (right/left fusi-
form and right superior frontal gyrus) estimates. Altogether the ana-
tomical differences across sites are in the order of 15%, considering
that theMRI site effects were significant in 5 of 33 evaluated structures,
volumetric and thickness measures combined. Since this study was fo-
cused on evaluating test–retest reproducibility we expect that these
few across-site anatomical differences will not affect the main findings.
The use of only two across-session repetitions will probably lead to a
lower-limit estimate of the test–retest variance, assuming that higher
number of repetitions may introduce higher variance from a variety of
sources (includingMRI scanner instabilities, subject positioning, subject
hydration). An additional limitation of our reproducibility study is that
we do not have a balanced distribution of 3 T MRI vendor platforms
(Siemens: 5, Philips: 2, GE: 1), yet this limitation might be reduced as
Fig. 5. Across-session test–retest reproducibility errors of supramarginal gyrus (Supra) and
The plots show the reproducibility errors from the longitudinal and cross-sectional segment
deviations. Data derived from Table 7.
new clinical centers join the consortium. With these limitations it is
hard to establish whether the lack of significant site-dependent repro-
ducibility findings will remain had we studied more subjects. Pooling
the data across vendors to test for MRI system effects (e.g. Siemens vs.
Philips) would allow evaluating a larger population. This, however,
has two main problems related to the limitations previously men-
tioned: unbalanced number of sites for each vendor and unbalanced
heterogeneity of scanner models across vendors (the two Philips sites
used identicalmodels, Achieva,whereas the Siemens sites used four dif-
ferent models, TrioTIM, Skyra, Verio and Allegra). Lastly, we do not re-
port a random effects study, therefore the results should not be
extrapolated to acquisition protocols (pulse sequence, scanner) or sub-
ject populations not included in this study.

In addition to volumetric and cortical thickness estimates other
morphometric measures can be used to study brain anatomy. As re-
cently shown, the characterization of 3D shape of brain structures
(Miller, 2004; Miller et al., 2009;Wang et al., 2007)may be used to in-
vestigate differences between subject populations (Frisoni et al., 2008,
Cavedo et al., 2011). Therefore, the combination of both volume and
shape metrics might improve the power of detecting cross-sectional
differences across populations or longitudinal changes. An important
entorhinal cortex (Ent) thickness estimates, effects of MRI site and processing stream.
ations for each one of the eight 3 T MRI sites, with their respective within-site standard

image of Fig.�5


Fig. 6. Sample size ratio needed to have the same power analysis using LG instead of CS stream. The percentage of subjects needed is less than 50% for most of the structures considered.
Left and right hemispheric structure labels are: Hp = hippocampus, Amy = amygdala, Cau = caudate, Put = putamen, Pal = pallidum, Thal = thalamus and Ent = entorhinal cortex.
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extension of the reproducibility study here presented could be to ex-
amine the reproducibility of shape metrics.

The optimization of protocols towards improving the reliability of
metrics characterizing brain morphometry is crucial for longitudinal
studies, both for the search of potentially new useful biomarkers as
well as for themonitoring of a diseasewith knownmarkers. In addition,
biomarkers that are considered for validation by governmental organi-
zations must be robust, indicating that the characterization of their re-
producibility by means of multi-site MRI studies is important; not
only for their general reliability but also for understanding how effec-
tively they may be used to monitor disease progression. Our results
show that, to detect the same effect size with same statistical power,
the longitudinal segmentation analysis needs less than 40% of the sub-
jects that would be needed with the cross-sectional segmentation.
Such reduction in the number of subjects needed or the number of lon-
gitudinal acquisitions is the result of the higher across-session reliability
and can translate into significant cost reductions in longitudinal studies
such as for example drug trials. These results are very similar to those of
a recent study that evaluated across-session test–retest data (two aver-
aged non-accelerated MPRAGE acquisitions) obtained at a single 1.5 T
scanner (Reuter et al., 2012). The study of Reuter et al. (2012) also
showed how the refinement of the longitudinal stream is sufficient to
improve the discrimination between patients in two longitudinal stud-
ies, one with dementia and one with Huntington's disease subjects.
Based on these findings we believe that our confirmation of the im-
proved reliability of the longitudinal stream in a multi-site 3 T MRI set-
ting is not associated to a cost of sensitivity to detect changes related to
neurodegeneration.

The multi-site anonymous 3D MPRAGE imaging data acquired
in this study (158 brain volumes) will be made publicly available
to promote the development and evaluation of brain segmentation
tools (https://neugrid4you.eu/).

Conclusions

This study achieved the following three main goals: i) a structural
MRI acquisition protocol for morphometry analysis was implemented
across eight 3 T MRI sites (3D MPRAGE, most sites using mildly accel-
erated acquisitions) covering various vendors (Siemens, Philips, GE)
and countries (Italy, Spain, Germany and France); ii) within- and
across-session test–retest data were acquired from a group of 40
healthy elderly volunteers (5 different volunteers per MRI site), gen-
erating a dataset with a total of 158 brain MRI volumes (8 sites, 5 sub-
jects per site, 2 within-session acquisitions and 2 across-session
acquisitions at least a week apart, 2 missing volumes) and iii) two
fully automated brain segmentation protocols were evaluated and
compared in terms of the across-session reproducibility of their re-
sults: the cross-sectional and longitudinal FreeSurfer segmentation
streams. The main result is that the longitudinal analysis yields a con-
sistent improved reproducibility across the various sites relative to
the cross-sectional segmentation, reducing the variability by about
half in most volumetric estimates and in the entorhinal cortical thick-
ness, while not significantly changing the variability in the rest of
cortical structures studied. The average of two MPRAGE volumes ac-
quired within each test–retest sessions did not result in a systematic
reduction of the across-session reproducibility errors. To the best of
our knowledge this is the first study that confirms the improved perfor-
mance of the longitudinal analysis in a 3 T consortium with various MRI
vendors using a population of healthy elderly subjects and a fairly stan-
dard acquisition protocol. In addition,within the limitations of the sample
size andMRI sites tested, our study provides preliminary reference values
for absolute percent test–retest variability errors for a variety of volumet-
ric (subcortical, ventricle, intracranial) and cortical thickness structures.
These errorsmay be used as instrumental error estimates for power anal-
ysis in the structures and measures of interest. Lastly, we make the raw
anonymous MRI data of this study publicly available so that it can be
used for studies evaluating other morphometric segmentation tools as
well as for future developments of the analysis methods here tested.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.neuroimage.2013.05.007.
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