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A concern for researchers planningmultisite studies is that scanner and T1-weighted sequence-related biases on
regional volumes could overshadow true effects, especially for studies with a heterogeneous set of scanners and
sequences. Current approaches attempt to harmonize data by standardizing hardware, pulse sequences, and pro-
tocols, or by calibrating across sites using phantom-based corrections to ensure the same raw image intensities.
We propose to avoid harmonization and phantom-based correction entirely. We hypothesized that the bias of
estimated regional volumes is scaled between sites due to the contrast and gradient distortion differences be-
tween scanners and sequences. Given this assumption, we provide a new statistical framework and derive a
power equation to define inclusion criteria for a set of sites based on the variability of their scaling factors. We
estimated the scaling factors of 20 scannerswith heterogeneous hardware and sequence parameters by scanning
a single set of 12 subjects at sites across the United States and Europe. Regional volumes and their scaling factors
were estimated for each site using Freesurfer's segmentation algorithm and ordinary least squares, respectively.
The scaling factorswere validated by comparing the theoretical and simulated power curves, performing a leave-
one-out calibration of regional volumes, and evaluating the absolute agreement of all regional volumes between
sites before and after calibration. Using our derived power equation, wewere able to define the conditions under
which harmonization is not necessary to achieve 80% power. This approach can inform choice of processing pipe-
lines and outcome metrics for multisite studies based on scaling factor variability across sites, enabling collabo-
ration between clinical and research institutions.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

The pooled or meta-analysis of regional brain volumes derived from
T1-weighted MRI data across multiple sites is reliable when data is ac-
quired with similar acquisition parameters (Cannon et al., 2014;
Ewers et al., 2006; Jovicich et al., 2006). The inherent scanner- and
sequence-related noise of MRI volumetrics under heterogeneous acqui-
sition parameters has prompted many groups to standardize protocols
across imaging sites (Boccardi et al., 2013; Cannon et al., 2014; Weiner
et al., 2012). However, standardization across multiple sites can be pro-
hibitively expensive and requires a significant effort to implement and
maintain. At the other end of the spectrum, multisite studies without
standardization can also be successful, albeit with extremely large sam-
ple sizes. The ENIGMA consortium, for example, combined scans of over
10,000 subjects from 25 sites with varying field strengths, scanner
makes, acquisition protocols, and processing pipelines. The unusually
large sample size enabled this consortium to provide robust phenotypic
traits despite the variability of non-standardized MRI volumetrics and
the power required to run a genome wide association study (GWAS)
to identify modest effect sizes (Thompson et al., 2014). These studies
raise the following question: Is there a middle ground between fully
standardizing a set ofMRI scanners and recruiting thousands of subjects
across a large number of sites? Eliminating the harmonization require-
ment for a multisite study would facilitate inclusion of retrospectively
acquired data and data from sites with ongoing longitudinal studies
that would not want to adjust their acquisition parameters.

Towards this goal, there is a large body of literature addressing the
correction of geometric distortions that result from gradient non-
linearities. These corrections fall into two main categories: phantom-
based deformation field estimation and direct magnetic field gradient
measurement-based deformation estimation, the latter of which re-
quires extra hardware and spherical harmonic information from the
manufacturer (Fonov et al., 2010). Calibration phantoms, such as the
Alzheimer's Disease Neuroimaging Initiative (ADNI) (Gunter et al.,

2009) and LEGO® (Caramanos et al., 2010), have been used by large
multisite studies to correct for these geometric distortions, which also
affect regional volumemeasurements. These studies have outlined var-
ious correction methods that significantly improve deformation field
similarity between scanners. However, the relationship between the se-
verity of gradient distortion and its effect on regional volumes, in partic-
ular, remains unclear. In the case of heterogeneous acquisitions,
correction becomes especially difficult due to additional noise sources.
Gradient hardware differences across sites are compounded with con-
trast variation due to sequence parameter changes. In order to properly
evaluate the reproducibility of brain segmentation algorithms, these
phantoms should resemble the human brain in size, shape, and tissue
distribution. Droby and colleagues evaluated the stability of a post-
mortem brain phantom and found similar reproducibility of volumetric
measurements to that of a healthy control (Droby et al., 2015). In this
study, we propose to measure between-site bias through direct calibra-
tion of regional volumes by imaging 12 common healthy controls at
each site. Quantifying regional bias allows us to overcome between-
site variability by increasing sample size to an optimal amount, rather
than employing a phantom-based voxel-wise calibration scheme that
corrects both contrast differences and geometric distortions.

We hypothesized that all differences in regional contrast and geo-
metric distortion result in regional volumes that are consistently and
linearly scaled from their true value. For a given region of interest
(ROI), two mechanisms simultaneously impact the final boundary defi-
nition: (1) gradient nonlinearities cause distortion and (2) hardware
(including scanner, field strength, and coils) and acquisition parameters
modulate tissue contrast. Based on the results of Tardiff and colleagues,
who found that contrast-to-noise ratio and contrast inhomogeneity
from various pulse sequences and scanner strengths cause regional
biases in VBM (Tardif et al., 2009, 2010), we hypothesized that each
ROI will scale differently a teach site. Evidence for this scaling property
can also be seen in the overall increase of gray matter volume and de-
crease of white matter volume of the ADNI-2 compared to the ADNI-1
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