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Abstract

BACKGROUND: MRI is the imaging modality of choice for diagnosis and intervention
assessment in neurological disease. Its full potential has not been realized due in part to challenges
in harmonizing advanced techniques across multiple sites.

PURPOSE: To develop a method for the assessment of reliability and repeatability of advanced
multisite-multisession neuroimaging studies and specifically to assess the reliability of an
advanced MRI protocol, including multiband fMRI and diffusion tensor MRI, in a multi-site
setting.

STUDY TYPE: Prospective.
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POPULATION: Twice repeated measurement of a single subject with stable relapsing-remitting
multiple sclerosis (MS) at seven institutions.

FIELD STRENGTH/SEQUENCE: A 3T MRI protocol included higher spatial resolution
anatomical scans, a variable flip-angle longitudinal relaxation rate constant (R1=1/T1)
measurement, quantitative magnetization transfer imaging, diffusion tensor imaging, and a resting-
state fMRI (rsFMRI) series.

ASSESSMENT: Multiple methods of assessing intra-site repeatability and inter-site reliability
were evaluated for imaging metrics derived from each sequence.

STATISTICAL TESTS: Student’s t, Pearson’s r, and ICC(2,1) were employed to assess
repeatability and reliability. Two new statistical metrics are introduced which frame reliability and
repeatability in the respective units of the measurements themselves.

RESULTS: Intra-site repeatability was excellent for quantitative R1, magnetization transfer ratio
(MTR), and diffusion-weighted imaging (DWI) based metrics (r>0.95). rsFMRI metrics were less
repeatable (r=0.8). Inter-site reliability was excellent for R, MTR, and DWI (ICC>0.9), and
moderate for rsFMRI metrics (ICC~0.4).

DATA CONCLUSION: From most reliable to least, using a new reliability metric introduced
here, MTR>R,>DWI>rsFMRI; for repeatability, MTR>DWI>R1>rsFMRI. A graphical method for
at-a-glance assessment of reliability and repeatability, effect sizes, and outlier identification in
multisite-multisession neuroimaging studies is introduced.

Keywords

multisite; multiple sclerosis; MRI; reliability; repeatability

INTRODUCTION

Magnetic resonance imaging (MRI) is frequently used for the investigation of the
pathophysiology and progression of neurological disease, but metrics derived from imaging
data may be inadequate diagnostic and prognostic markers for clinical symptoms (e.g. in
multiple sclerosis, (1)). Efforts to develop more reliable, sensitive and specific
measurements in the clinic have been successful in improving their relationship to imaging,
but variability in imaging metrics remains high, especially when comparing values across
different sites. Demonstrating that similar outcome measures can be realized at multiple sites
by independent investigators is an essential step in establishing a standardized imaging
protocol. Quality assurance metrics of raw images (signal- and contrast-to-noise) and image
analysis results must be rigorously compared across imaging sessions and sites. One of the
first tasks undertaken by the North American Imaging in Multiple Sclerosis (NAIMS)
Cooperative was harmonization of an advanced one-hour MRI protocol with whole brain
coverage (2).

The protocol included: 1) R measurement (R1=1/T,) using a variable flip angle method, a
putative proxy for macromolecular content and structural organization within tissue (3); 2)
magnetization transfer ratio (MTR) imaging, shown to be sensitive for tissue damage in gray
matter (GM) and white matter (WM)(4) that precedes the development of acute lesions (5—
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8); 3) diffusion weighted imaging (DWI), a method that quantifies restricted movement of
water in the brain parenchyma; and 4) resting state functional MRI (rsFMRI), a dynamic
method that maps concordance among spontaneous fluctuations in blood-oxygen level
dependent signal across brain regions. Ry is sensitive to inflammatory and demyelinating
processes (9) and is decreased in normal appearing white matter (NAWM) in MS (10,11).
MTR may predict cognitive deterioration in MS (12,13), and has been shown to be relatively
stable (14,15) though one study has needed to “normalize” MTR (6). The association of
DWI metrics with MS has been variable, ranging from high (16) to nonexistent (17), though
sensitivity for lesion detection is high (18). rsFMRI has been the most variable of the four
with respect to studies of MS, reporting decreases (19) and increases (20,21) in MS patients
relative to controls, though a recent report found strong correlations with well-established
disability assessment tools (22).

Assessment of the reliability of a given imaging metric or method across different sites or
sessions is complex. While the intraclass correlation coefficient (ICC, (23)) is a well-
documented metric for assessment of agreement, it is inadequate for the assessment of all
sources of variance within each imaging modality; additionally, the ICC(2,1) metric is a
dimension-less quantity for which interpretation is loosely defined (24). A metric that is
suited to providing effect sizes for multisite imaging studies would be valuable. We propose
new metrics for reliability (RAJ, agreement across sites) and repeatability (RPT, agreement
within site) that employ departure from the measured sample distribution and introduce a
graphical approach for assessing both metrics at a single glance. Each metric uses a
jackknife procedure to anchor it within the distribution of the study, which provides an
assessment of reliability in situations for which ground truth is difficult to assess (e.g. /n
vivo MRI). The method is similar to Bland-Altman analysis; however, Bland-Altman is used
to assess differences between two methods of measuring the same quantity. Multisite
imaging studies measure the same quantity with the same method. The new method (RAJ
plot) provides reliability assessment at a single glance, visual representations of effect sizes
(in this study between lesional and control tissue measurements), and repeatability in the
form of bar ranges.

The purpose of this study was to evaluate the reliability and repeatability of advanced
imaging metrics derived from Ry mapping, MTR imaging, DWI and rsFMRI in the context
of known pathology and to present a novel method of assessing measurement variability.

MATERIALS AND METHODS

Experimental Design

A 45 year old male with clinically definite, stable relapsing-remitting multiple sclerosis and
mild-to-moderate physical disability (13 years disease duration, no new lesions or significant
clinical progression for at least 400 days prior to this study) was selected from a cohort at
the National Institutes of Health (NIH). Further disease characteristics of this subject are
published separately (25). The subject travelled to seven North American sites and
underwent two distinct 3T MRI sessions at each site. All MRI instruments were
manufactured by Siemens, though instrument models, software versions, and hardware
(including RF coils) varied by site. Informed consent was obtained at each imaging center.
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The timeline, hardware and software details for each site can be found in Figure 1. The
subject was removed from the magnet between intra-site scanning sessions and was re-
registered prior to the second scan.

MRI Acquisition Parameters

All sites collected data using Siemens 3T MRI instruments with a body RF coil transmitter
and a head only or head/neck RF coil receiver (see Figure 1). Employees of the instrument
vendor were instrumental in the development and application of many of the sequences used
in the protocol, but did not contribute to study design, data acquisition, or data analysis.
Each site supplied their own MRI operator and imaging slabs were positioned manually. The
variable flip angle (VFA) method was employed to create whole-brain quantitative T1 (qT1),
reported here as Ry (£1/T1) maps. VFA images were acquired using whole-brain 3D
gradient recalled echo (GRE) sequences with 2.3 ms echo time (TE), 20 ms repetition time
(TR), four read-RF pulses of nominal flip angle (FA): 3°, 6°, 10°, 20°; field of view (FOV)
19.2cm x 25.6cm x 14.4 cm [LR x AP x HF], 192 x 256 x 48 matrix, 1 min 20 sec
acquisition time per FA. B; field maps were acquired using a Siemens calibration pulse
sequence for 2D B4 mapping by measuring the ratio of spin echo and stimulated echo with
TR 1000 ms, TE 14 ms, FA 90° (FA 80° at site 6), FOV (25.6 cm)?, 64 x 64 matrix, and 24 5
mm thick slices, 1 min 9 sec acquisition time. Site 2 also acquired a B; field map using the
Siemens turbo-flash (TFL) based product protocol with TR 10,200 ms, TE 2.02 ms, FA 8°,
FOV (25.6 cm)?, 64 x 64 matrix, 40 slices, and 3 mm thick slices, 0 min 21 sec acquisition
time. Magnetization transfer imaging (MTI) data were acquired with a prototype 3D GRE
pulse sequence providing a flexible MT frequency offset, with two saturation pulse offset
frequencies (4 kHz for MT effect on, 100 kHz for MT effect off) at the peak B of 8 uT
amplitude and 15 ms Gaussian saturation pulse, sufficient for MTR calculation. Other MTI
acquisition parameters include: TR 43 ms, TE 2.3 ms, FA 10°, FOV 19.2 cm x 25.6 cm X
14.4 cm, 192 x 256 x 48 matrix, 2 min 45 sec for each MT contrast. Total acquisition time
for all MTR and VFA images was 11 min 59 sec. rsFMRI data were collected with whole-
brain 2D echo planar imaging (EPI) with a multiband factor of 4 (MB=4, C2P provided by
Center for Magnetic Resonance Research, University of Minnesota, USA) (26), TR 1 sec,
TE 30 ms, FA 55°, FOV (22 cm)2, 110 x 110 matrix, 60 2 mm thick contiguous slices, iPAT
4, number of volumes acquired was between 280 and 340, ~5 min acquisition time. DWI
data were collected with whole-brain 2D EPI and a bipolar diffusion scheme with a
multiband factor of 2 (MB=2, C2P provided by Center for Magnetic Resonance Research,
University of Minnesota, USA) (27), 64-65 isotropic directions at b=2000 sec/mm?2, with
4(site 3) or 8 (all other sites) unweighted (b=0) volumes, TR 4.3 sec, TE 96 ms, FA 90°,
FOV (19.8 cm)?, 86 x 86 imaging matrix, iPAT 2, total acquisition time ~5 min 36 sec. Site
two acquired the DWI at b=1000 sec/mm?, and site five acquired DWI at both b=2000
sec/mm? and b=~750 sec/mm? (a “multishell” experiment). These acquisitions were
processed the same as all other DWI acquisitions. High spatial resolution T1-w 3D
MPRAGE (TE 2.52 ms, TR 1900 ms, inversion time (TI) 900 ms, FA 9°, 256 x 246 x 176
matrix, FOV (25 cm)? x 17.6 cm, sagittal orientation, and To-w 3D FLAIR (TE 355 ms, TR
4800 ms, T1 1800 ms, FA 120°, 256 x 256 x 176 matrix, FOV (25.6 cm)?2 x 17.6 cm sagittal
orientation) were used for segmentation.
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Preprocessing

All data were processed at a single site (OHSU).

Anatomical ProcessingAnd Lesion Segmentation—MPRAGE and FLAIR
acquisitions were used for lesion segmentation. FLAIR was rigid body registered (6 DOF,
OAR/FLIRT) to the MPRAGE and the MPRAGE was skull stripped (SPECTRE/TOADS-
CRUISE (28)). The resultant brain mask was applied to the registered FLAIR, and both
acquisitions were submitted to LesionTOADS (28) with inhomogeneity correction. Output
binary lesion masks were visually inspected for accuracy against the FLAIR acquisition.

R1 And MTR Processing—Images were converted to NIFTI format, coregistered to an
average of all MT and VFA images acquired at session 1 at site 1 (inclusive, FLIRT/FSL),
and skull stripped (BET/FSL). All images were averaged together to create a new population
mean reference space and then subsequently re-registered to the population mean to ensure
consistent manipulation of all images. MTR maps were calculated voxelwise for each
session by [MTR; = (Sp;— Ssati) / Sp.1; where Sy j is the signal intensity obtained from the
it voxel with 100 kHz saturation pulse offset and Sqat i I the signal intensity obtained from
the it voxel with 4 kHz saturation pulse offset. R; maps were calculated by fitting voxel
signal intensity (S)

—TR-R,;

sin(B,; - @) - (1 —e li

—TRR,, )
l—e " cos(By; - a)

S(TR,a) = M,

using nonlinear least squares regression with equal weighting, where B1; is the flip angle
correction factor for the it" voxel calculated from the acquired B map and a is the nominal
flip angle, My; is the total magnetization for the it voxel. Limited spatial SNR (SNR;
defined here as [mean signal divided by the standard deviation over voxels]) and extensive
B1 inhomogeneities in the most superior and inferior slices in VFA imaging prohibited
accurate Rq estimation in these areas, so twelve mid-axial slices demonstrating good
homogeneity were selected for Rq analysis. Interestingly, although Rq values were generally
reasonable, the Siemens service protocol for B; mapping exacerbated B;—related
inhomogeneity in the site 2 R maps. The TFL-based B; map for site 2 produced flat maps,
but underestimated R relative to other sites due to global underestimation of actual flip
angles. Thus, the TFL-based B, map was histogram matched to the service sequence B
before being used for B4 correction for site 2 R{ mapping.

Tissue-specific quantification of R; and MTR metrics was performed in site 1 session 1
space (i.e. ROIs were applied in the within subject template space).

DWI Processing—Mosaic DICOM images, b-vectors, and b-values were compiled into
NIFTI format (MRIConvert), eddy current/motion corrected (3dAllineate --EPI —mutualinfo/
AFNI), unweighted volumes were affine registered to session 1 at site 1 (inclusive, flirt/
FSL), unweighted volumes were averaged together and nonlinear tensor estimation
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performed (3dDWItoDT —eigs/AFNI). Tractography was performed with MedINRIA. A
priori ROI masks (right and left middle frontal gyrus [R/L MFG], right and left inferior
parietal lobule [R/L IPL], and bilateral PCC [BiPCC]) were chosen using TT_Daemon ROIls
(@auto_tlrc, 3dWarp, convert_xfm, whereami, 3dAutomask, 3dcalc/AFNI+FSL) and limited
to juxtacortical WM (FA > 0.1, 3dclust, 3dcalc, 3dmaskave/AFNI). A single normal
appearing white matter (NAWM) ROI contralateral to the lesion was constructed using the
lesion mask generated as above and flipped from right to left in Talairach space (3dLRflip).
Lesion, GM, and WM ROls were originally generated on the T1 and FLAIR images
acquired at site 1 session 1, in an effort to avoid segmentation or spatially-specific ROI
differences to bias site-specific DWI results. All ROIs were then back transformed to native
space (convert_xfm, flirt/FSL).

RsFMRI Processing—Mosaic DICOM images were compiled to NIFTI with .json dump
(dcmstack), slice-time corrected (3dTshift [custom schedule]/AFNI), motion corrected
(3dvolreg/AFNI), affine registered to session 1 at site 1 (inclusive, flirt/FSL), bandpass
filtered at 0.01-0.1 Hz and blurred at (4mm)3 FWHM (3dBandpass, 3dmerge/AFNI), and
volume truncated to be the same number of samples at every site for every session (256
volumes). Time courses were averaged over the voxels in each a priori ROI constructed as
above (without juxtacortical WM limitation, 3dmaskave/AFNI) and correlated with one
another (1ddot/AFNI). Each region pair was r-to-Fisher’s Z transformed (1deval/AFNI, ten
total region pairs). Temporal and spatial SNR measurements (mean/standard deviation) were
taken over the L MFG ROI.

Statistical Analysis

Pearson’s r was employed to assess within-site agreement. Multivariate 2-way ANOVA
([site] and [measurement type]) was employed to assess site effects across measurements. In
the case of rsFMRI, ROI-based diffusion analyses, and lesion to non-lesional tissue in MTR
and Rq analyses, a multivariate 3-way ANOVA was employed ([site] and [measurement
type] and [region/interregional correlation]). In each case measurements were assessed as
grand means across sessions. ICC(2,1) was calculated by

MSV,, — MSV,,

1CC2,1) = )

s *<MSVB—MSVE>/
MSVy+(n—1D)*MSV+n A

where MSV), is the mean squared variance (MSV) in measurement, MSVE is the MSV in
the residual, 77is the number of sites, MSVp is the MSV in site, and kis the number of
measurements, which produced a metric for which “1” is perfect agreement. Excellent
agreement was loosely defined as values greater than 0.8 (24).

Two new methods were employed to assess reliability and repeatability for most imaging
metrics within each tissue class in an attempt to provide guidance for expected effect sizes
across multisite imaging studies and to test an application to real data. The first is reliability
assessment with jackknifing (RAJ), for which the jackknife difference of each sample from
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the sample mean without that sample (RAJ, “site bias pseudovalue™) is calculated in

normalized units as:

where nis the number of samples, ais the measurement value at each sample averaged over
repeated measurements (in this case, sessions at each site), and 7is site a = %Z?: X (the

mean of all measurements); RAJ;is the ordinate axis of graphs in Figure 5. RAJ is the mean
of all RAJ,,

which yields a study-wide metric of jackknife unit deviation from the sample distribution for
which high values denote less reliable measurements and low values denote more reliable
measurements, an inverse relationship to that of ICC (Figure 5). Note that this metric is
normalized to the mean magnitude of the measurement itself, and thus is easily comparable
across methods and measurements.

Repeatability (RPT), defined as the variability of the same measurement on the same sample
with the same equipment, is the average of the distance to the midpoint of repeated
measurements in samples normalized to the mean of the measurement over all samples:

()

where aX and aY are the first and second sessions at site 7 and for which higher values
indicate a measurement is less repeatable (Figure 5). This metric is easily modifiable for
designs in which more than two repeated measurements were taken by replacing the
numerator by the average of a variance metric over sites.

For the purpose of comparing RAJ metrics to ICC metrics, ICC(2,1) was computed over
mean squared values from single factor ANOVAS on each tissue type in each modality (or
inter/intrahemispheric connections in the case of rsFMRI). These values are displayed on the
abscissa in Figure 5.
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A variable flip angle method was used to collect Ry measurements, which is faster than an
inversion recovery experiment but suffers from B, inhomogeneity, and was corrected with a
separately acquired B; map. MTR and Ry images were acquired with relatively thick slices
(3mm) in order to cover the whole brain in a reasonable timeframe. Spatial and temporal
SNR measurements, as well as common post-processing metrics (e.g. for DWI, fractional
anisotropy [FA], mean diffusivity [MD], and longitudinal diffusivity [LD]) were taken at
each site for each measurement, and agreement assessed within site (“intrasite”, N=2) and
across sites (“intersite”, N=7), both in normal appearing brain and in lesional and
perilesional tissue.

The subject completed studies at all sites within a 4-month window. The subject successfully
completed two MRI sessions at each site with the average time between the start of each
session was 83 minutes with a range to 64 — 122 minutes (Figure 1).

All statistical testing is presented as: [test type](degrees of freedom)=[test result],[significance
value]. Summary statistics for each technique can be found in Table 1.

R1 And MTR Mapping

DwiI

Spatial SNR in VFA measurements over voxels in a right hemisphere WM volume were not
stable within- and across-site at flip angles 3°, 10°, and 20° (between session r(s)=.16, .29, .
39, respectively, p>.05, Supplementary Figure 1, top left bar graph) but reasonably stable
within and across-site at 6° (r(s)=.85, p<.02); overall within- and across site spatial SNR was
extremely stable (r(26)=.86, p<.0001). Spatial SNR was stable in MTR both within-site and
across-site for 4 kHz measurements (between session r(5)=0.87,p=0.01, between site mean/
stdev=42.9/4.2, top right bar graph in Supplementary Figure 1); 100 kHz measurements
were stable between sites but not between sessions (between session r(5)=0.22,p>0.5
between site mean/stdev=52.0/4.0). Calculated MTR and R1 were stable across sessions in
NAWM, cortex, and lesion masks (r(19)=-99 and .96, p<.0001, respectively, Figure 2). MTR
was relatively stable across sites as were Ry measurements (ICC=.98 and .97, respectively);
R1 across-voxel averages remained stable relative to between session variance (Figure 2).
Representative axial slices of MTR and Ry maps can be found in Supplementary Figure 1.
Reliability and repeatability for WM Rq as measured by RAJ and RPT were RAJ/
RPT\wMm=2.7/2.4%, RAJRPTgm=4.3/1.8%, RAJ/RPT esion=4.4/2.3%. Reliability and
repeatability for MTR as measured by RAJ and RPT were RAJ/RPT\wu=1.7/.8%, RAJ/
RPTgm=1.4/.8%, RAJ/RPT |egion=2.6%/1.5% (Figure 5).

Spatial SNR (calculated as the mean over voxels in an ROl in NAWM in an unweighted
volume contralateral to the lesion divided by the standard deviation of voxels in the same
ROI) was stable both within-site and across-site (intrasite SNR mean of the difference
between session one and session two was .17, with a standard deviation of .16; intersite
mean of the SNR average over sessions within site was 3.55, with a standard deviation of .
19, Supplementary Figure 2). For all seven sites, FA, MD, and LD in NAWM (averaged over
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voxels in five juxtacortical a prioriNAWM ROls, Figure 3C) were in excellent agreement
within-site (r(33)=.94,p<.0001, r(33)=.96,p<.0001, r(33)=.97,p<.0001, respectively), and
extremely high agreement across-site (ICC=.904, Supplementary Figure 2). The effect of
site (F(e,12)=3.4,p=.03) and measurement (F2,12)=120.5,p<.0001) were significant.
Measurements of FA (top), MD (middle), and LD (bottom) in the lesion and contralateral
NAWM ROI (Figure 3) were extremely well correlated within-site (rg)=.91-.99,p<.0001 for
all seven sites) and across-site (ICC=.914, Figure 3). The effect of site was significant
(F(6,42)=210.9,p<.0001) as was measurement (F 3 42)=12.6,p<.05) and the effect of lesion
(F(1,42)=184.1,p<.0001, Figure 3). Reliability and repeatability for diffusion metrics in
NAWM as measured by RAJ and RPT were RAJ/RPTa=6.5/.8%, RAJ/RPT\p=16.7/1.4%,
RAJ/RPT| p=16.4/1.4%. Reliability and repeatability in the lesion as measured by RAJ and
RPT were RAJ/RPTEa=5.8/.7%, RAJRPT\p=13.2/.7%, RAJRPT p =13.5/.7% (Figure 5).
Tractography seeded by the lesion and a contralateral ROl were qualitatively similar across
all sites and sessions and clearly displayed limited cross-callosal, anterior-posterior and
cortical projections in the lesion seeded tractographic map (Supplementary Figure 2).
Diffusion metrics within tracts were not compared quantitatively across sites or sessions.

Temporal SNR (tSNR; calculated as the mean time course of all voxels in LMFG divided by
the standard deviation of those voxels over time) was extremely reliable within-site (intrasite
mean of the difference in tSNR between session 1 and session 2 was 51.1, with a standard
deviation of 46.4), but there was considerable variability across-site (intersite mean of the
average tSNR over sessions within site was 278.9, with a standard deviation of 117.7,
Supplementary Figure 3); spatial SNR (calculated as the mean over voxels in LMFG at a
single timepoint divided by the standard deviation of those same voxels) was stable both
within-site (intrasite mean of the difference in SNR between session one and session two
was .44, with a standard deviation of .30) and across-site (intersite mean of the average SNR
over sessions within site was 5.40, with a standard deviation of 1.12, Supplementary Figure
3), though site 2 had approximately half the spatial SNR of the other sites (3.0 compared to
5.8 [mean over sites 1, 3—7]). Qualitatively, motion estimates were smaller at session 2 at all
sites other than site 2 (Supplementary Figure 3). For all seven sites, interregional
correlations (Fisher’s z as calculated in rsFMRI Methods) were reliable between sessions
(Figure 4, total r(gg)=.80, p<0.0001, intrasite session correlations (over Fisher’s z in each of
ten region pairs) ranged from r(g)=.65-.96). Intersite measurements of agreement for the ten
ROI pairs (ROIs shown in Supplementary Figure 3) were not reliable (ICC=.408); the effect
of site (Fg,54)=123.5, p<.0001) and connection (F(g 54)=63.2, p<.0001) were significant.
Reliability and repeatability for intrahemispheric (LIPL-LMFG and RIPL-RMFG) and
interhemispheric (LIPL-RIPL and LMFG-RMFG) correlations as measured by RAJ and
RPT were RAJ/RPT=20.6/10.7% and RAJ/RPT=32.1/11.5%, respectively (Figure 5).

RAJ And ICC

A log fit to the relationship between 1CC(2,1) and RAJ for all measurements is displayed in
Figure 5, for which the fit equation was RAJ = .32 + .079¢!! ~7€©)  The RAJ metric is
significantly inversely correlated with ICC(2,1), r(12)=.83, p=.0002.
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DISCUSSION

This study investigated the reliability and reproducibility of several advanced 3T MRI
techniques on a single relapsing-remitting MS subject across seven institutions with two
sessions at each site. Consistency for all tested MRI modalities, including MTR, Ry
mapping, DWI, and rsFMRI, was excellent between sessions within a single site. The most
quantitative measurement, Ry, is in good agreement with literature values obtained from
VFA experiments (29), which can underestimate R, compared to the gold standard inversion
recovery method (3,29). With few exceptions, qualitative (tractography) and semi-
quantitative (MTR, diffusion tensor metrics) measurements were reliable across all sites.
rsFMRI metrics, while relatively reliable within site, were not reliable across site, likely due
to between site variability in physiological motion characteristics or differences in functional
status of the subject across time. In addition, one site showed substantial differences with
other sites, perhaps related to greatly reduced spatial SNR in FMRI acquisitions. All image
post-processing was largely automated and therefore these methods are well-suited for
continued development with the ultimate goal of using these metrics in much larger multisite
studies. We used ICC(2,1) (23) to test the reliability of each metric across site. ICC is a well-
recognized statistic for the assessment of test-retest reliability of MRI data and has been
used in both functional and anatomical multisite studies (30,31). MTR measurements in
NAWM were in excellent agreement across sites, as were diffusion measurements and R
measurements . However, rsFMRI correlations were not reliable.

This protocol was specifically designed to use advanced acquisition techniques in the
shortest possible scan time in order to be easily portable to large scale multisite studies and
to facilitate adding them en masse or piecemeal to existing imaging protocols. The use of
advanced techniques in this study, such as MTI and multiband (or “simultaneous
multislice™) echo planar imaging further increases their utility in future studies. Although
comparing multiband to conventional multislice interleaving was not an explicit goal of the
present study, the reliability of multiband DTI measures were excellent, similar to reports in
the literature that used conventional multislice acquisitions. Site 2 demonstrated markedly
lower (~50%) spatial SNR in MB=4 fMRI multi-band acquisitions compared to other sites,
though had spatial SNR very similar to overall group in conventional and MB=2
acquisitions, perhaps indicating a head-coil RF receive issue. Unfortunately, there were no
longitudinal data (phantom or otherwise) collected to confirm a coil sensitivity issue at this
site. Sensitivity to pathology in this RRMS patient relative to healthy controls was not
assessed by this study, as a comparison was not explicitly made and the primary goal of the
study was to assess the application of these general methods in a multisite study. However,
comparisons to normal appearing tissue are sufficient in this context to illustrate ostensible
effect sizes for each modality. Though a MS patient was used for this study, the power of
these findings lies in the study design and analysis and comparison of computed metrics
across sites and sessions, as this method is widely applicable to all radiographically defined
neuropathology and normal neurophysiology.

Intraclass correlation coefficients are qualitatively helpful for the overall assessment of the
reliability of a given metric, but do not provide an immediately accessible quantitative
measure of reliability or repeatability. For example, ICC may not be useful in comparing two
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multisite studies which seek to assess the same biological process using the same method. In
contrast, RAJ and RPT provide quantitative measurements of departure from reliability and
repeatability in units of percent jackknife difference from sample mean, which is easily
comparable across multisite studies. It is important to note that ICC(2,1) is inversely related
to RAJ and RPT; that is, a decrease in RAJ or RPT indicates a more reliable and repeatable
measurement, and an /ncrease in ICC denotes a commensurate interpretation. The
introduction of a graphical method for the facile scrutiny of multisite-multisession
measurements may well serve the neurocimaging community, as multisite studies have
become more common in recent years owing to the ready sharing of data and methods
across platforms, and the identification of problem sites or measurements can be difficult
using agglomerative metrics such as ICC. Reliability and repeatability in a multisite study
may also be achieved by the inclusion of a phantom for site calibration. A recent review of
the importance of the use of a phantom to calibrate data acquisition and analysis in
longitudinal and/or in cross sectional multisite studies noted that phantoms that can deliver a
quantitative reference or standard are of particular importance in multisite studies which
make quantitative measurements, such as relaxation rates or lesion volumes(32). The use of
such a phantom has been widely adopted by the Alzheimer’s Disease Neuroimaging
Initiative. Some studies have taken different approaches towards reproducibility
measurements, such as performing measurements on two identical imaging systems(33),
repeated within subject, or quantifying reproducibility using test-retest on human subjects
while varying sequence parameters on a single imaging system(34). These studies provide
some guidance for expectations of effect sizes and coefficients of variability when a
multisite study must combine or compare data across different imaging systems, but also
illustrate the difficulty of this task: reproducibility is governed by a host of factors for which
the magnitude of variability may be study-, site-, or population-specific.

The data collection period occurred over a span of approximately 4 months; scheduling and
travel to all the sites presented a logistical challenge. It is possible, though unlikely, that
disease progression or regression occurred at a significant rate during this period and
increased the amount of variance in the measurements across site; however, lesion load did
not change when scanned at NIH pre- and post-study, suggesting stable disease (25).
Additional post-processing techniques accounting for diffusion effects and imperfect
spoiling in VFA R1 mapping have been described. These corrections may improve Rq
fittings but were not explored in this work. Given the variability in fMRI measurements
within site and the variability in motion estimates both between and within sites, differences
across site reflected in poor reliability for this technique are more likely attributable to
relatively noisy measurements as a result of motion than to disease state. A single
manufacturer and By field strength was used to make all MRI measurements reported in this
study. Though this manufacturer and 3T magnets are well-represented in research centers,
many sites use other vendors and/or 1.5T MRIs. It may be difficult to port or replicate this
protocol on other manufacturer platforms or magnets with different By strengths. The study
design, specifically the use of a single patient, makes generalizability of the magnitude of
agreement of these methods difficult. It is possible that subjects with a more severe disease
burden, manifested as higher signal heterogeneity in a single tissue type, may decrease both
repeatability and reliability. However, this report seeks in part to present a novel metric for
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the assessment of intra- and intersite agreement which can be appropriately applied to data
from other subjects, increasing the generalizability of this report. Finally, this study did not
include a healthy control comparison, a reference standard, or the collection of phantom
data, which might have served to elucidate a cause of a given measurement’s departure from
the rest of the sample. While one goal of the consortium is to quickly and effectively
diagnose a data acquisition or processing issue arising from a given scan at a given site, this
study and metric enables the consortium to frame the errant data point in the context of other
scans across that site and across the consortium, which provides the information necessary
to diagnose an issue without the necessity of a costly phantom purchase and/or distribution.

In conclusion, an advanced brain MRI protocol was able to be implemented and tested at
seven sites across North America, comprised of differing software and hardware elements,
though all manufactured by a single vendor, and the resulting derived metric of brain
physiology were found to be largely reproducible. From most reliable to least,
MTR>R{>DWI>rsFMRI; for repeatability, MTR>DWI>R>rsFMRI. Finally, this work
provides novel metrics for the assessment of the reliability and repeatability of multisite-
multisession imaging studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Timeline, hardware and software details for data acquisition at each site. Sites are

anonymized for reporting of all results, but are color coded the same throughout all figures.
The bar plot illustrates the time between sessions at each site.
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MTR and Rq image results. Left. Between session agreement for all sites for MTR (bottom)
and R4 (top) for each tissue class. Right. Between site agreement for all tissue classes for
mean MTR (bottom) and Ry (top).
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site

Diffusion-weighted image results. Left and middle. Measurements of FA, MD, and the first
eigenvalue (LD) over NAWM ROls, grand site mean shown in bar graphs. Right. Mean over

session within site for tensor measurements in lesion and NAWM.
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Figure 4.
rsFMRI image results. Top. Scatter plot depicting session-wise agreement for all sites

(colors) and for each region pair (10 pairs), identity is depicted as a solid line, linear
regression shown as a dotted line, and regression lines are drawn for each site (inset).
Bottom. Lines drawn for each site across 10 region pairs (left), grand mean values between
sites depicted in bar graph (right).
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Figure 5.

Repeatability and reliability of each MRI metric. Top two rows. RAJ plots of R, MTR,
DWI, and rsFMRI measurements, respectively. Interpretation of various elements of RAJ
plots: a) taller tissue boxes indicate more variable measurement across site, b) proximity of a
marker to the abscissa is proportional to that site’s reliability, ¢) the magnitude of the
horizontal range bars is inversely proportional to that site’s repeatability, d) the horizontal
overlap of tissue boxes is inversely proportional to the differentiability of tissue types using
the method, e) the point on the abscissa of the traced “V” is the grand mean of that
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measurement. Bottom left. RAJ over all methods; bars are colored by RPT. Bottom right.
The inverse relationship of ICC(2,1) and RAJ.
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