
UC Irvine
ICTS Publications

Title
Function Biomedical Informatics Research Network Recommendations for Prospective Multi-
Center Functional Magnetic Resonance Imaging Studies

Permalink
https://escholarship.org/uc/item/9560827v

Journal
Journal of Magnetic Resonance Imaging, 36(1)

ISSN
1522-2586

Authors
Glover, Gary H.
Mueller, Bryon A.
Turner, Jessica A.
et al.

Publication Date
2012-02-07
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9560827v
https://escholarship.org/uc/item/9560827v#author
https://escholarship.org
http://www.cdlib.org/


Function Biomedical Informatics Research Network

Recommendations for Prospective Multi-Center Functional

Magnetic Resonance Imaging Studies

Gary H. Glover, PhD1, Bryon A. Mueller, PhD2, Jessica A. Turner, PhD3,4, Theo G.M. van
Erp, PhD5, Thomas T. Liu, PhD6, Douglas N. Greve, PhD7, James T. Voyvodic, PhD8, Jerod
Rasmussen, MS5, Gregory G. Brown, PhD9, David B. Keator, MS5, Vince D. Calhoun,
PhD3,10, Hyo Jong Lee, PhD11, Judith M. Ford, PhD12, Daniel H. Mathalon, PhD, MD12,

Michele Diaz, PhD8, Daniel S. O’Leary, PhD13, Syam Gadde, BS8, Adrian Preda, MD5, Kelvin
O. Lim, MD2, Cynthia G. Wible, PhD14, Hal S. Stern, PhD15, Aysenil Belger, PhD16, Gregory
McCarthy, PhD17, Burak Ozyurt, PhD18, Steven G. Potkin, MD5, and FBIRN19

1Department of Radiology, Stanford University, Stanford, CA 94305

2Department of Psychiatry, University of Minnesota, Minneapolis, MN 55454

3Mind Research Network, 1101 Yale Blvd. NE, Albuquerque, New Mexico 87106

4Department of Psychiatry, University of New Mexico, Albuquerque, New Mexico 87131

5Department of Psychiatry and Human Behavior, University of California Irvine

6Center for Functional MRI, University of California San Diego

7Department of Radiology, Massachusetts General Hospital, Boston, MA 02115

8Brain Imaging and Analysis Center, Duke University Medical Center

9VA San Diego Healthcare System and Department of Psychiatry, University of California San

Diego

10Department of ECE, University of New Mexico, Albuquerque, New Mexico 87131

11Department of Computer Science and Engineering, Chonbuk National University, Korea

12Department of Psychiatry & Brain Imaging and EEG Laboratory, University of California, San

Francisco and San Francisco VA Medical Center

13Department of Psychiatry, University of Iowa, Iowa City, IA 52240

14Department of Psychiatry, Harvard Medical School and Brockton VAMC, Boston, MA 02115

15Department of Statistics, University of California, Irvine

16Departments of Psychiatry and Psychology, University of North Carolina at Chapel Hill, NC

17Department of Psychology, Yale University

18Department of Psychiatry, University of California San Diego

Abstract

Corresponding author: Gary H. Glover, Lucas MR Center, 1201 Welch Road, Stanford University Department of Radiology, Stanford,
CA 94305, gary.glover@stanford.edu, PH: (650) 723-7577, FAX: (650) 736-7925.
19Function Biomedical Informatics Research Network
(http://www-calit2.nbirn.net/research/function/,https://wiki.birncommunity.org/display/FBIRN/FBIRN+Home)

NIH Public Access
Author Manuscript
J Magn Reson Imaging. Author manuscript; available in PMC 2013 July 01.

Published in final edited form as:

J Magn Reson Imaging. 2012 July ; 36(1): 39–54. doi:10.1002/jmri.23572.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t

http://www-calit2.nbirn.net/research/function/
https://wiki.birncommunity.org/display/FBIRN/FBIRN+Home


This report provides practical recommendations for the design and execution of Multi-Center

functional Magnetic Resonance Imaging (MC-fMRI) studies based on the collective experience of

the Function Biomedical Informatics Research Network (FBIRN). The paper was inspired by

many requests from the fMRI community to FBIRN group members for advice on how to conduct

MC-fMRI studies. The introduction briefly discusses the advantages and complexities of MC-

fMRI studies. Prerequisites for MC-fMRI studies are addressed before delving into the practical

aspects of carefully and efficiently setting up a MC-fMRI study. Practical multi-site aspects

include: (1) establishing and verifying scan parameters including scanner types and magnetic

fields, (2) establishing and monitoring of a scanner quality program, (3) developing task

paradigms and scan session documentation, (4) establishing clinical and scanner training to ensure

consistency over time, (5) developing means for uploading, storing, and monitoring of imaging

and other data, (6) the use of a traveling fMRI expert and (7) collectively analyzing imaging data

and disseminating results. We conclude that when MC-fMRI studies are organized well with

careful attention to unification of hardware, software and procedural aspects, the process can be a

highly effective means for accessing a desired participant demographics while accelerating

scientific discovery.

Keywords

Functional magnetic resonance imaging; fMRI; multi-center; multi-site; FIRST Biomedica

Informatics Research Network; FBIRN

I. Introduction

Functional neuroimaging is now an indispensible tool in the study of human neuroscience as

well as for the study of various neurological and psychiatric diseases. Multi-center fMRI

(MC-fMRI) studies offer several advantages over single-center studies: the opportunity to

increase the rate of accrual and the total number of subjects enrolled in the study, to increase

the demographic diversity of the subject population(s), to include significant numbers of

subjects from rare (homogeneous) subgroups within clinical populations and to pool

expertise and opinions across multiple disciplines. Increasing the geographic diversity of

subject enrollment may improve the generalizability of the results while increasing the

number of subjects enrolled may greatly increase the statistical power of a study. Both may

result in a deeper understanding of subtle cause-effect relationships, provided that unwanted

variability is not introduced. In addition, lessons learned about stability and calibration in

MC-fMRI studies may provide valuable insights for conducting longitudinal studies.

The current literature contains more than 40 peer-reviewed papers that focus on the topic of

MC-fMRI. Early examples of MC-fMRI studies date to 1998, when Casey et al. (1) and

Ojemann et al. (2) reported on studies where about 8 subjects were scanned at four and two

sites, respectively. While good reproducibility was reported in both publications, and these

findings suggested the promise of MC-fMRI, neither study addressed cross-site reliability

using more formal methods such as intraclass correlation coefficients (3,4), and further,

neither study addressed the complexities associated with including patient groups. Vlieger et

al. (5) reported the first MC-fMRI reproducibility study. The same 12 healthy subjects

performed a visual fMRI task for a total of three sessions on two 1.5T scanners from

different vendors. This study found that the within-scanner reproducibility for one of the

scanners was lower than the between-scanner reproducibility, suggesting the need for

frequent monitoring of scanner quality assurance (QA) as well as for continued monitoring

of scan session implementation in imaging studies.
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Recently, many more MC-fMRI studies have been reported, including reproducibility

studies (4,6–13) and of clinical populations such as stroke (14), multiple sclerosis (15–

17,18) and first-episode (19) and chronic schizophrenia (20–26). In the latter studies, clinical

populations and matched controls were recruited and imaged at multiple sites, and the data

were then pooled into a single analysis. MC-fMRI studies are clearly becoming more

common, and may become the norm in the next decade. With burgeoning deployment of

MC-fMRI studies, questions of how to best carry out such enterprises have become more

frequent.

The development and performance of any substantial fMRI study requires a diverse set of

expertise in: sensory psychophysics, cognitive psychology, MRI physics, statistical methods

and structural and functional neuroanatomy. In turn, each of these factors is profoundly

affected by many other experimental and methodological factors that can be exacerbated in a

multi-center study. Without careful planning and coordination across the participating

centers there is a high likelihood of introducing undesirable inter-site variability or even

error into the study data and analysis. Undesirable inter-site variability may be introduced

through differences in the specific sequence parameters used to acquire the imaging data,

but can also result from site differences in the ancillary components, e.g., differences in the

stimulus presentation and response devices used during imaging, as well as differences in

clinical and cognitive measures used to evaluate the subjects (which may be used as factors

in the analysis). Such undesirable site differences may confound or obscure the desirable site

differences such as variable demographics between sites. Inter-site variability can reduce the

efficiency of a multi-center study compared to a single-center study with the same

enrollment. However, for typical values of between-site variability, within-subject

repeatability, and between-site differences in subject variation, the reduced efficiency of a

multi-site study compared with a large single site study can be as little as 12% (Zhou,

unpublished results). Such a small drop in efficiency is far outweighed by the increased

statistical power associated with the large sample sizes that multi-center projects make

possible.

There are many MR and non-MR related factors which, if properly controlled, can improve

overall quality and/or reduce inter-site variability in a MC-fMRI study. Such factors include:

rationalization and maintenance of scan parameters across scanners/vendors, monitoring of

longitudinal stability in scanner performance, especially after hardware and software

upgrades(27–29), initial and longitudinal reliability of the imaging measures within and

between sites (4,6,7,30), and use of a secure Health Insurance Portability and Accountability

Act (HIPAA) compliant database infrastructure that can store, retrieve, and monitor the

variety of data collected (imaging, behavioral, clinical, genetic, demographic, etc.) (31). The

purpose of this paper is to provide the reader with a cookbook containing the main

ingredients required to set up and implement a successful MC-fMRI study, based on the

collective experience of FBIRN. Although there are a number of papers that provide

practical recommendations for the maximizing efficiency of functional imaging task design

and the optimization of functional imaging parameters within a single center design, we

believe this paper is the first to provide practical information for efficiently implementing a

MC-fMRI study. While the recommendations embodied here may not apply to every large

study, the goal is to provide generic, practical information to be used as a basic recipe that

cuts across most multi-center fMRI studies and allows modifications based on study

specifics.

In the following sections we introduce the important considerations required for planning

and implementing a MC-fMRI study, describe the benefits of a traveling subjects study, and

discuss the unique considerations that should go into MC-fMRI data analysis. Note that

“multi-center” and “multi-site” terms are used interchangeably, since both have been used in
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the literature to refer to studies that collect data on multiple scanners at one or several

institutions. Information referred to in this paper as Supplemental Material is found in the

JMRI website XXX as well as the fBIRN site,

http://www.birncommunity.org/resources/supplements.

II. Planning phase

The first step in any fMRI study is to develop an overall research design that addresses the

study’s hypotheses. Apart from specifying the actual data collection and analysis methods,

additional characteristics that must be considered include the number and diversity of

participants and the desired rate of data accrual. If these latter constraints can not be satisfied

in a single-site design, then an MC-fMRI study is required, and the number of sites that are

needed will be dictated by these constraints. The MC-fMRI study will have fixed costs

associated with setting up the infrastructure needed, as well as variable costs that depend on

the number of sites. As the number of sites increases the cost/site decreases.

With the overall design in place, the next step in a MC-fMRI study is to develop an

organizational structure that supports the overall study goals. FBIRN had both technical and

scientific purposes: to develop and evaluate MC-fMRI calibration techniques and data

management tools, and to test numerous hypotheses in schizophrenia. Many investigators

across the FBIRN centers had hypotheses or models to test using the data collected as part of

the FBIRN project, while others focused on the development of methods that optimize the

reliability of inter-site data pooling. These two aspects shaped the structure necessary to

achieve both types of goals.

To maximize the available expertise in each domain, FBIRN was structured around Working

Groups (WGs), each of which was tasked with particular facets of the study preparation and

implementation. Initially each working group had at least one representative from every

center; in later phases of the study, as the focus turned from development and

implementation to data acquisition, analysis and evaluation, researchers with the particular

expertise or vested interest were most active in the appropriate WGs. In contrast, a study that

is more centrally controlled may choose to have all study aspects decided at a single center,

with researchers at the other sites implementing the set protocol and passing the data back to

the central authority. In this more centralized case WGs may not be necessary. However,

any MC-fMRI study will need to assemble sufficient expertise to thoroughly consider and

evaluate the issues addressed by the FBIRN WGs, whether through a WG mechanism or

through other methods of evaluation, review and discussion. In addition to the WGs, a

steering committee should be appointed to handle all strategic issues including publication

and resource allocation. A more thorough discussion of the FBIRN working groups can be

found in Supplemental Material I.

Once the overall administrative structure of the study is established, several key components

should be put in place.

1. A clear plan describing the study goals is needed to guide the project. The plan is

usually based on either the research grant or clinical trial contract, but further

details will ordinarily need to be discussed by the working groups and/or

administrative structure.

2. A communication schedule involving regular conference calls with representation

from every site should be established to begin the work of implementing the study

plan.

3. Based on the study plan, Institutional Review Board applications must be drafted,

redacted by participating centers as needed and submitted by each center as quickly
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as possible to avoid delays in launching the study. Keep in mind that Institutional

Review Boards have different requirements (e.g., some sites require pregnancy

tests prior to MRI scans, while others do not, etc.) and take different amounts of

time to review applications. The IRB protocol must also include a HIPAA

compliant data sharing agreement as well as an agreement for sharing of data with

new collaborators or the wider research community as the study matures (see

example of such a plan here:

http://www.birncommunity.org/wp-content/uploads/2009/09/

FBIRN_Data_Use_Agreement.pdf).

4. A list of scanner, stimulus delivery, and response collection hardware and software

by site should be created to guide the study design and plan for possible hardware

and software (license) purchases. Scanner information should include, but is not

limited to: manufacturer, platform, software version, available coils, gradient

system, whether a research agreement exists with the vendor, pulse sequence

compiler, available software licenses, manufacturer representative, name and

contacts of local coordinators, and available phantoms. With regard to the stimulus

delivery and response systems this list should include, but is not limited to:

computer hardware (PC, Mac), stimulus delivery software (visual, auditory, etc.),

stimulus delivery equipment (goggles, projection, headphones, visual angle,

intensity), response box (brand, number of response keys etc.), availability of and

type of scanner trigger to be used to start the tasks (e.g., one trigger per 3D volume,

one trigger per slice, during or after dummy scans, etc.), ability to measure

physiology (e.g., respiration, heart rate, galvanic skin response, etc., and if so what

equipment), and head motion restriction options.

5. A central website should be established for disseminating study-related

information, including scan parameters, inclusion and exclusion criteria, clinical

scales, scan checklist, and progress reports for all data types being collected, such

that participants from each site always have access to the most up-to-date study

information. For example, Fig. 1 shows a screen capture of the wiki page for the

most recent FBIRN study while Fig. 2 shows the FBIRN dashboard, a dynamic,

web-accessible, project specific snapshot of what data have been collected by each

participating site. Further details for the wiki and dashboard are found in

Supplemental Material V.

6. A database infrastructure should be created for uploading imaging and behavioral

data as well as other metadata. This technology should include the ability to

monitor data quality as it is deposited so that data characteristics for each site are

tracked from the beginning of the study.

III. Implementation of Study

The most crucial aspect of the MC-fMRI study is standardization of every component of the

data acquisition across sites, particularly if multiple scanner vendors are utilized. Domains

of standardization include the fMRI imaging protocol, on-going scanner image quality,

session protocol implementation, stimulus presentation and behavioral hardware/software,

data informatics and final site verification.

III.A Implementing the multi-Center fMRI imaging protocol

The overall goal in developing the multi-center imaging protocol is to minimize site-specific

differences in the data acquisition across sites. This typically requires an iterative design

process in which the project’s scientific goals and scanner capability differences must be

jointly considered.
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1. Field strength—One of the key initial choices is whether the study will require that all

scanners be at the same magnetic field strength or whether a diversity of field strengths (e.g.

1.5T, 3T, and 7T) will be allowed. Since both the biophysics of the fMRI signal and the

physics of the MR image acquisition depend on the magnitude of the static magnetic

field(32,33), limiting scanners to the same field strength has the advantage of greatly

minimizing systematic site differences that are difficult to calibrate out. However, field

strength concerns may be outweighed if, for example, a site has a significant recruitment

advantage but does not have access to a scanner with the chosen field strength. In this case

calibration methods must be employed to minimize differences in BOLD contrast for the

brain regions being interrogated (27,34). Invariably, however, the use of multiple field

strengths may result in an overall site dependence in BOLD sensitivity even after the

calibration corrections are applied to the imaging data. In addition, such methods may result

in an overall performance that is set by the lowest sensitivity scanners.

2. Scan parameters—A critical step is specification of all MRI parameters, including the

field of view, spatial resolution, temporal resolution and slice orientation. Most MC-fMRI

studies will require whole brain coverage; however, trade-offs in coverage versus TR will

lead to choices that need standardization, such as whether to cover the cerebellum. Almost

all fMRI studies currently utilize some form of 2D slice acquisition, although more

sophisticated acquisition schemes, such as those being developed for the Human

Connectome Project (http://www.humanconnectomeproject.org/), are likely to find

increased use in the near future. When using a 2D slice acquisition, the choice between

interleaved and sequential slice acquisition order must be made. Interleaved acquisition can

reduce inter-slice crosstalk, i.e. the interference between adjacent slices due to imperfect

slice profiles, but leads to a larger time difference between the acquisitions of contiguous

slices, which may impact motion correction. Sequential slice acquisition minimizes the

adjacent-slice time difference at the potential cost of increased inter-slice crosstalk. Since

slice profile will vary across slice excitation type and vendors (see Fig. 3, discussed below),

the use of a small gap (e.g. 25% of slice thickness between slices) may be advised to reduce

slice cross talk. The slice orientation (axial, coronal, sagittal, or oblique) and the direction of

acquisition (e.g. inferior to superior) must also be standardized across sites. In specifying the

slice acquisition, it is important to note that the method and nomenclature for specifying the

orientation and slice acquisition order differs between vendors.

The matrix size (number of readout points by number of phase encode lines) in conjunction

with the field of view (FOV) determines the in-plane spatial resolution, which of course

must be kept constant across sites. However it is also crucial to control the phase encode

direction between sites to avoid differences in the axis of distortion, which is more

pronounced in the phase encode direction. With the phase encode direction chosen in the

anterior-posterior (A/P) dimension, off-resonance distortion is manifested as stretching or

compression of the image in the A/P direction, which is more desirable than asymmetric

distortion in the R/L direction. In addition, the direction of the phase encode traversal (e.g.,

from the bottom to top of k-space) must be the same across sites to avoid further differences

in stretching vs. compression distortion.

The degree of geometric distortion arising from off-resonance depends on the time required

to traverse k-space, which is the product of the number of phase encode lines and the echo

spacing. Thus, for a specified number of phase-encode lines, it is important to ensure that

the echo spacing is the same across sites.

The echo spacing is inversely proportional to the receiver bandwidth, but the specification of

bandwidth is not always sufficient to uniquely specify the echo spacing. For example, on the

GE systems, an additional parameter (CV taratio) must be modified to achieve the desired
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echo spacing. Some systems also have “forbidden zones”, which indicate ranges of echo

spacing that are prohibited in order to avoid the excitation of mechanical resonances in the

gradient coils. In addition, gradient strength and peripheral nerve stimulation considerations

can set lower limits on the achievable echo spacing. Thus, it is critical to perform test scans

to rationalize the effective bandwidth setting for each type of vendor’s scanner.

Additional methods for reducing distortion and speeding up the acquisition time are (a) the

use of partial Fourier acquisitions and (b) the use of parallel imaging. Unfortunately, it can

be difficult to standardize either method across sites because of differences in

implementation across vendors. For example, the specification of TE can result in the use of

partial Fourier under circumstances that differ across vendors. Sites should standardize on

the use of either full or partial Fourier, and if partial Fourier is used, the number of phase

encode lines acquired should be the same across sites. If parallel imaging is chosen, the

acceleration factor and general approach (i.e. SENSE vs. GRAPPA) should be the same

across sites.

In fMRI EPI acquisitions, the reduction of signal from fat in the scalp is important because

this off-resonance signal will shift into the brain region and interfere with the accurate

measurement of the BOLD response. There are two main approaches: (1) the use of fat

suppression pulses prior to the RF slice excitation pulses that can excite both water and fat,

and (2) the use of RF slice excitation pulses designed to excite only the water signal

(typically denoted as spatial-spectral pulses or water excitation pulses). The use of fat

suppression pulses has the advantage of providing relatively sharp slice profiles, but has the

disadvantage of slightly increasing the time to acquire each slice and also of leaving some

residual fat signal (depending on the specifics of the implementation). On the other hand,

spatial-spectral pulses typically result in less fat signal at the cost of a broader slice profile

with pronounced out-of-slice ripples, which cause partial saturation of adjacent slices, as

illustrated in Fig. 3. Due to the difference in slice profiles, it is important to ensure that all

sites use the same approach to dealing with the fat signal. As scanner vendors have a

different default choices (e.g. Siemens uses fat suppression while GE uses a spatial-spectral

pulse) and the method for choosing the other option is not always obvious, special attention

must be paid to this standardization step.

Other parameter choices that must be kept constant include reconstruction image smoothing,

the slice prescription method and prospective motion correction. The application of imaging

smoothing during reconstruction, which increases SNR at a loss of in-plane resolution (34),

is not applied by default on Siemens systems but the default on GE systems is to apply a

Fermi k-space filter during reconstruction. The GE Fermi filter can be turned off at scan

time, which allows for a better matching between the GE and Siemens acquisitions. Some

vendors have an automatic slice prescription feature that may result in better reproducibility

of scan plane alignment within and across sites than would result from manual alignment by

each site’s technician. However, if automatic slice prescription is not available at all sites,

this may introduce additional site/vendor effects and should therefore be avoided. Similarly,

on-line prospective motion correction algorithms should not be employed unless uniformly

available across all sites in a single-vendor study.

Supplemental Material III contains a summary of the FBIRN scan parameters and other

protocol information.

III.B Implementing the MC-fMRI scanner quality assurance program

Shortly after determining the fMRI scan protocol the MC-fMRI study should design and

implement a standard QA program that will be performed routinely on each scanner. During

any substantial fMRI study, hardware and software changes are inevitable, particularly in
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studies that include multiple sites. Such changes can dramatically affect the ability to

measure longitudinal change in subjects or differences among subjects. A QA program with

scans that are performed and monitored regularly will help identify hardware and software

changes that are likely to affect the data analysis and interpretation.

A poorly performing scanner will produce suboptimal data and will very likely introduce

site variance. Minimizing image noise is important in fMRI because BOLD contrast is a

small fraction of total signal and many imaging volumes must be acquired over time to track

cognitive processes. MRI scanners must have excellent time series stability to measure

accurately the small BOLD signal within the long time series. fMRI methods, however, are

particularly demanding on the scanner hardware, using fast imaging methods such as EPI or

spiral acquisitions that typically push the scanner hardware to the limits to achieve high

temporal resolution. High temporal stability sustained over the course of a long study (up to

two hours) is required to obtain quality data within a single subject, sustained stability is

required to obtain consistent data throughout the course of an experiment, and consistent

stability across centers is needed to allow data from the sites to be combined within a MC-

fMRI study.

There is a diverse set of QA methods used on MRI scanners. Some sites may rely

exclusively on vendor supplied QA programs; however in our experience vendor QA

programs do not adequately test a scanner’s temporal stability. Other centers may rely on

QA programs that focus on assessing issues such as ghosting, image uniformity, signal

contrast and geometric distortion. While such QA programs are useful, they are not designed

to test scanners under the demands of high temporal resolution imaging present during an

fMRI study, and may not uncover problems that may only appear when scanners are pushed

in the way fMRI experiments stress a system.

Several examples of scanner QA programs can be found in the literature (10,28–30,35). It is

recommended that MC-fMRI studies design and implement a uniform QA program on every

scanner within the study consortium. A complete description of the QA program used during

the FBIRN MC-fMRI studies is beyond the scope of this paper but is found in Friedman et

al.(30) and Greve, et al., (29) and important elements are introduced in Supplemental

Material IV. Briefly, the FBIRN QA program has three parts: a custom phantom duplicated

at each site, a specific fMRI protocol, and software to analyze, detect deviations and share

the QA data and processed results with the consortium.

Scan parameters used in the QA acquisition should match those that will be used in the

human data. Ideally, QA scans are run and analyzed on a daily basis, but if that is

impractical they should at least be run contemporaneously with the subject scan acquisitions

to provide a timely alert to changes in scanner performance. Baseline data from each scanner

in the study should be acquired at least one month prior to human data collection to allow

for a normative database of QA metrics to be established. The values of specific QA metrics

will depend on the specific scan parameters used in the experiment (voxel size, slice select

method, hardware, image reconstruction, etc.) in ways that are hard to predict without actual

measurement. The normative database allows the study to establish minimum acceptable

values for the QA metrics based on the needs, hardware, and imaging parameters of the

specific study. Scanners that fail to meet these standards should be referred to the

manufacturer for repair before human data collection occurs at that site. Once a scanner is

considered to be at standard condition, QA acquisition and monitoring should continue

throughout the lifetime of the experiment to ensure the instrument maintains acceptable

performance. Ensuring each scanner is working at optimal performance is a simple yet

important step towards avoiding unnecessary inter-site variability in the study.
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III.C Protocol implementation issues

1. Distributing scan protocols—Efficient and well-controlled methods for distributing

the protocols to each site must be used to avoid implementation errors. Each of the major

vendors (Siemens, GE, and Philips) now has tools to export and import imaging protocols

that contain most scan parameters in documentation files. Once the scan protocol is

established it should be translated for each scanner type in the study, and the scanner-

specific protocol files should be made available to all participating sites during the course of

the study. At each site, the implementation should then be verified by generating a

documentation file from the scanner that is sent to a central study curator, who can validate

the local protocol’s accuracy. Note, however, that the documentation files may not contain

all of the relevant scan protocol information, particularly if non-product features are being

used (e.g. setting a scan parameter through a research CV). In addition, we recommend that

the documentation file be checked against the scan parameters shown on the console, as

occasional errors in file creation can occur. New scanner documentation files should be

created and sent to the curator for protocol adherence evaluation after any hardware or

software upgrades. In general, protocol files are needed for as many different hardware

(scanner vendor, head coils) and software platforms as present in the study.

2. Consistent naming of protocols—The use of imported scan protocol files also

ensures consistent scan naming (including capitalization) and parameters across sites, which

helps minimize errors in multi-center data retrieval and analysis. While FBIRN’s image

upload tools allow the mapping of locally-used scan naming schemes to study-consistent

naming schemes before upload to the shared data repository, not all imaging databases have

this feature. The ability to recognize scan type based on consistent information in the

DICOM ProtocolName(0018,1030) and SeriesDescription(0008,103e) fields can therefore

be very useful.

3. Scan protocol notes—Important reminders to the technologist can be added as

comments in the protocol by adding notes to the scan sequence. Information may include:

(1) slice prescription details (e.g., a note stating “AC-PC orientation, first two slices above

the brain”); (2) special instructions (e.g. “No Angulation”); and (3) specification of Research

and User CVs for GE scanners (e.g. setting the taratio CV to obtain the correct echo

spacing). Such information should also be noted in the MR scan checklist. There are many

details to remember while performing scans and providing reminders in multiple locations

reduces error. Examples of FBIRN scanner protocol documentation files (pdf and edx files

from Siemens, pdf and text files from GE) and an MR scan checklist can be downloaded

from the supplemental material site

(http://www.birncommunity.org/resources/supplements).

4. Left-Right orientation fiducial—Despite all good intentions, differences between

image conversion and display tools can cause uncertainty in the left-right image orientation.

We therefore recommend the use of a fiducial marker, e.g., vitamin E capsule or commercial

equivalent, positioned in the same hemisphere for each subject at each site during each scan.

Taping the marker to the specified temple appears to work well and is tolerated by most

study participants, although it can also be attached inside the coil. This provides for a good

solution to left-right issues, but all centers must make sure the fiducials show up in the scans

(i.e., are placed within the FOV) and that the centers consistently place the fiducial on the

correct side of all subjects scanned.

5. Protocol length and what to do when a study runs out of time—Careful

consideration should be given when establishing the total length of the scanning session.

Session duration cannot be based solely on the total scan time for the protocol or even a
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single site’s experience in running the study. Protocol duration should take into account

vendor software differences, and particularly for fMRI studies of clinical populations, the

time needed to get the participants in and out of the scanner (which may differ according to

local participant differences), time to set up stimulus delivery equipment, time to provide

instructions and practice the tasks prior to the start of scans, time needed for pre-scans (to

determine the dynamic data range and to perform auto-shimming), and differential expertise

at each center.

Even with the best preparation and the best-trained team of MR technicians, issues

inevitably arise during scans that result in delays. Because sites may have different customs

in such situations, it is important to establish and follow a uniform protocol for cases when

the study runs out of time before the protocol is completed. Possibilities include: calling

subjects back to finish the protocol, skipping scans, repeating the entire scan session using

alternate task versions, etc. fMRI studies often suffer from the challenges associated with

cognitive tasks; simply repeating an uncompleted scan may lead to questions of differential

habituation, exposure, or over learning the task or stimuli, which may or may not be an issue

in the context of the clinical sample in the broader study. If the scan order is not

counterbalanced across subjects, ordering the scans from most to least important can help

ensure that the most important data are collected on the majority of subjects.

6. Data collection priorities—In large-scale MC-fMRI studies, it is strongly

recommended that subject recruitment be coordinated across sites, so that an equal number

of patients and controls are recruited at each site and that data is acquired on all groups in

parallel. For example, if all patients are scanned first and controls later, possibly undetected

changes in acquisition characteristics over time can introduce biases in the resulting data.

III.D Multi-Center task paradigm stimulus presentation and behavioral data collection

The tasks and the stimulus presentation and behavioral data collection software/hardware

that are employed must be capable of addressing the research goals across the entire study

population and must be duplicated accurately across all sites. When designing the tasks by

committee, one of the lessons learned by the FBIRN Cognitive WG is that extra care must

be taken to discuss and make explicit all non-assumed and assumed aspects of task design

prior to actual programming of the stimuli. This includes counterbalancing across sites and

within subject scans, number of stimuli per condition, number of targets and foils per

condition, etc.

Behavioral task paradigms are a critical component of any fMRI study and present special

challenges for multi-center studies. Whereas there are relatively few types of MRI scanners,

every site in a multi-center fMRI study is likely to have a different combination of stimulus

computers, video and audio stimulus transducers, and response devices. Each site will also

tend to have their preferred stimulus software packages and personnel who are accustomed

to training and preparing subjects in particular ways. Every subject also introduces

behavioral variability in the way they adapt to the scanner environment and how they

perform the tasks. Standardizing the behavioral environment and the task paradigm

experience across subjects at every site therefore requires special experimental design

consideration. Moreover, because there are so many factors that can potentially affect

subject behavior, it is especially important in multi-center studies to ensure that as much as

possible of what happens during each scan is accurately recorded.

Intrinsic and random subject variability should be carefully considered. Subjects can present

differently on different days or even at different times during the same day. Natural variation

of the condition under study or medication-induced variations can lead to inconsistent

results in different scans. Issues that need to be routinely considered and should be included
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in a pre-scan clinical QA are: time of the day of clinical/behavioral assessments and time of

the scan, time interval between clinical/behavioral assessments and scan, food intake, sleep

and medications, including over the counter drugs, herbals, supplements and vitamins. There

should be clear guidelines about the use (dose and timing) of any medications, tobacco,

alcohol and caffeine prior to scanning. For at-risk populations, a rapid drug test (with results

available prior to scanning) can eliminate problem subjects to reduce variability.

In the early phases of the FBIRN experience, many of the most common and persistent

problems we encountered were associated with unanticipated procedural, behavioral, or

configurational variations at different sites or for different sessions, which were not fully

documented in the acquired data. In the later phases of the study we implemented a number

of design changes in our behavioral software and procedures, which significantly improved

both consistency and data quality across all sites. We also developed scripts that study

personnel read to the subjects as well as a video/slide presentation, and we had collaborative

training sessions for all of the experimenters (and provided the same scanning checklist and

reference documents at all sites) to further minimize potential differences in participant

treatment/interactions across sites. Please see Supplemental Material II for expanded

descriptions of FBIRN experiences in dealing with issues described below.

The specific issues that need to be addressed in collaborative multi-center studies are:

1. The behavioral paradigm software needs to be flexible enough to cope with

different scanner trigger interfaces, stimulus environments, and recording devices.

These include either TTL pulses or serial input devices for scanner

synchronization, video projectors or goggles with screens of different sizes, and a

variety of different button box devices. Sites are typically reluctant to change

hardware for a new study, so the study needs to be able to accommodate the

equipment that is available.

2. Accurate synchronization of scanner and task timing is a recurrent problem because

scanners differ in when they send out synchronization pulses relative to image

acquisition. For example, Siemens scanners send a trigger signal after an initial set

of discarded TR cycles, whereas GE scanners trigger for every TR, whether

discarded or not. Any study that involves different types of scanners, therefore,

needs to provide options to properly identify the timing of the first real MR image.

In the later FBIRN studies all trigger pulses were recorded throughout each scan to

verify the correct start and end of every acquisition series.

3. Accurate recording of button press responses is important, particularly if response

time is used as a behavioral measure. Ensuring that buttons work and every press is

recorded is fairly straightforward. Small differences in device responsiveness are

likely to be more difficult to assess, so balancing experimental conditions within

site is probably the safest way to avoid a site bias in response time results.

4. If recording cardiac, respiration, galvanic skin response or similar psychometric

data, it is important to standardize across sites. The FBIRN study found that the

quality of vendor-supplied cardiac and respiration data was inconsistent and

implemented independent recording instruments (see Supplemental Material II).

5. Variable data quality or missing behavioral data was another recurrent problem in

early stages of our multi-center study. By the time data were reviewed at central

collation sites it was difficult or impossible to resolve problems associated with

poor task performance, mislabeled data files, or missing or questionable data

values. Behavioral paradigm software and procedures can reduce such problems by

enabling run-time quality assessment, providing highly automated standardized
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procedures, checking important parameters for invalid or missing values, and

recording detailed documentation and log files of everything that happens during a

session. Implementing run- time quality assessments in the FBIRN study was very

valuable as it allowed for corrections in subject performance (e.g. performing at

chance levels, use of wrong buttons) or hardware (e.g., loose connections to be

addressed and remedied during the scanning).

6. Finally, the logistics of distributing, installing, and updating paradigm software at

multiple sites can lead to another source of problems. Ideally, a single package of

task software with stimulus files could be distributed once and used for an entire

study, but in practice most software requires occasional updates to fix problems or

add features. Recording which version of each software component was used for

each subject at each site is critical for properly interpreting the data. The FBIRN

used a simple version synchronization program to make software updates easy to

install, in which every component is labeled with a version number and data files

are tagged with the software version that created them.

III.E Informatics: data uploading, storing, and monitoring

Given the volume of data collected and importance of standardized processing, the

informatics system requires careful planning. While multi-site imaging projects significantly

increase the speed of data collection, they add complexity to the data management

environment that is responsible for ensuring accurate representations of the data and timely

access for participating sites. Methods for data upload and download, conversion, scoring,

and quality assurance must be in place prior to commencing the study to avoid massive data

loss and/or data collection errors. In federated data management systems where each site

maintains their own storage and database, there are more opportunities to make mistakes.

The FBIRN Neuroinformatics working group has developed FIRE (Federated Informatics

Research Environment), an integrated suite of tools and methods to address data collection,

storage, tracking, and access in a federated research environment (36). FIRE consists of

tools for data management and QA; namely, the Human Imaging Database (HID) (37), the

XML-based Clinical and Experimental Data Exchange schema (XCEDE) (38), data

publication and retrieval tools, data validation tools, and data integration and curation tools.

The suite was designed in the context of neuroimaging studies but is generally applicable to

multi-site data collection and federated data management. While the FIRE for FBIRN is set

up as a federation, the tools can also function in the context of a data warehouse in which

data are stored at a single location and access is controlled by a single site. All of FBIRN’s

tools are based on freeware and available to the research community (http://www.nitrc.org/).

1. Environment—A supporting infrastructure is important for multi-site federated projects

because it relieves scientists and informaticians from the burden of maintaining generic data

access and movement services and instead allows them to focus on domain specific tool

building. The BIRN coordinating center provides a number of capabilities in support of

multisite studies(39). The FBIRN FIRE environment builds domain specific informatics

tools on top of the core data access and movement functionality supplied by the coordinating

center. Please see Supplemental Material V for further details.

2. Data publication workflow—Each site in the collaboratory is responsible for data

publication to their local database, ideally within 24 hours of data acquisition. Data

publication, in this context, refers to making data collected at a particular site available to

other sites in the project consortium by publishing it to the local node in the federation. The

within-site workflow consists of inputting the clinical assessment data into the database

either via web-accessible data entry forms or via Tablet PCs that connect to the database via

the internet, transferring the imaging data from the scanner to a local staging area, preparing
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images for publication, and uploading the images into the distributed file system. The data

collected for fMRI experiments consist of not only the imaging data but also behavioral and/

or physiological data collected during the scans. Furthermore, some parameters required for

fMRI data analysis, such as slice acquisition order, are often not contained within the

standard DICOM image header. A tool is needed to augment the image headers with the

additional metadata and to organize the imaging data with the behavioral and physiological

data in a consistent manner across sites, without the tight control over data that is often in

place when using a centralized data warehouse. Additionally, to support automated

computation and quality control measures over the distributed data, a consistent and

structured “global” data storage hierarchy is essential; but, mapping the local data storage

hierarchy to the global one is non-trivial due to site heterogeneity.

To address each of these requirements, tools must be developed that each site uses to publish

their data to the global storage facility, ideally automatically and with sufficient provenance

to guarantee data integrity. For example, the FBIRN consortium has defined a global data

storage hierarchy, defined an XML format for augmenting the dataset with additional

metadata and mapping between local storage elements and global storage elements, and

implemented a data publication (upload) tool. The global data storage hierarchy organizes

the acquired data on the file system such that tools for computation and quality assurance

can find datasets and parse relevant subject, project, visit, and series identifiers from the

directory hierarchy itself while also making the hierarchy readable by humans. In practice

we have found that both data access through the web-accessible database (including

autodownloads) and direct access to the images on the file system are important to

researchers, and therefore having a human readable component to the directory names is

prudent. Once the data have been uploaded, they are immediately available to participating

sites and to automated QA and data validation tools.

3. Data validation—As described previously, distributing scanner protocols electronically

between sites can reduce implementation errors. However, it is as important to verify after

the fact that a particular scanning session was acquired correctly. The FBIRN consortium

has implemented several levels of protocol validation in the automated upload infrastructure.

These include the use of an automated upload template file, project-specific Schematron-

based (http://www.schematron.com/) validation of acquisition and other parameters and

other adaptive code that can de-identify images, handle behavioral data, etc. Please see

Supplemental Material V for further details.

4. Data monitoring—Because the data are physically distributed across all participating

sites, automated tools are vitally important for each aspect of monitoring and QA of all data

after upload to the local data storage system. FBIRN developed a QA tool that automatically

checks the image and other data and generates a report that is available for data curators. In

addition, a Dashboard (Fig. 2) has been implemented that provides an up-to-date study status

overview showing the percent of the target sample collected by site and the state of the data

in the federation. The dashboard also links to QA pages and has been an invaluable tool for

integration and coordination among sites. (See Supplemental Material V.)

III.F Final site verification: The role of the visiting fMRI expert in site standardization

The use of fMRI entails the ability to present stimuli and collect responses from the subject

in the MRI scanner while maintaining careful control over the timing of the scanner and

cognitive task machinery, as noted in III.D. While the acquisition or analysis software can

be modified to do automatic error-checking as in the structural imaging ADNI study (40),

some characteristics of a center’s scanning methods are only identified when a

knowledgeable researcher participates in the scan. Examples:
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1. Visual presentation. FMRI visual presentation can be via goggles or via projector

and mirror present from either the head or the foot of the subject. Are the

brightness, sharpness, contrast and solid angle of the visual stimuli sufficiently

similar across sites?

2. Is the response device and positioning equally comfortable across sites or are

subjects more likely to become uncomfortable at specific sites?

3. If the study uses auditory stimuli, are they equally easy to hear over the scanner

noise across sites?

4. Do all sites understand the task instructions and are they conveying the instructions

to the subjects in an identical manner?

5. Are sites training the subjects with a rigorous adherence to the task instructions?

6. Are sites using similar head restraints and physiological measurement techniques?

7. Are sites executing the protocol in the correct manner (e.g., slice prescription, scan

order, pausing in specific spots if necessary, etc.)?

To address these questions, FBIRN recommends sending a traveling fMRI expert to each

center once human test data have been collected that passes all acceptance criteria but prior

to collection of participant data. That is, the traveling expert visits the site only after these

steps have been completed and confirmed:

1. The phantom QA program is functional, and the scanner is shown to have

acceptably stable performance.

2. The final protocol parameters are set up correctly at the site.

3. Local test subject(s) have been successfully scanned at the site without any major

problems.

4. Imaging data are artifact-free and show the expected activation patterns.

5. The ancillary equipment (stimulation computer, button box, visual display system,

sound system, physiological monitoring equipment, etc) is functional and

producing good data.

6. The clinical and cognitive assessment batteries are defined and the local staff is

trained to administer them.

7. The data-handling infrastructure is in place and has been successfully tested.

The role of the visiting fMRI expert is to provide the final piece in the site standardization

and certification process. Many potential sources of intersite variability such as subject task

training, subject comfort in the scanner, head restraint, and stimulus presentation differences

are difficult or impossible to standardize remotely. In our experience the best way to reduce

these sources of inter-site variability is to send the same highly experienced MRI expert to

every site to provide training as needed, answer remaining protocol questions, observe the

set up of the imaging acquisition, and to undergo the imaging protocol at each site to

experience the tasks as the study participants will experience them. The resulting imaging

data should then be uploaded by the site to the central data repository, where the images are

processed and evaluated for site differences. Please see Supplemental Material VI for further

details.
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IV. Traveling Subjects Study

As a final test of site standardization effectiveness, an MC-fMRI consortium may decide to

perform a traveling subjects study, wherein a fixed cohort of subjects visits each site and

performs the complete MRI protocol on every scanner. The first of three aims of performing

such a study is to analyze imaging data from each site to identify sites inconsistently

implementing the standardization and to determine the level of residual site variance after

successful standardization. Assessing inconsistent implementation of study methods,

identifying sites producing inadequate imaging data, and determining the level of residual

variance after standardization involve differences in the types of information to be acquired,

in the sample sizes needed and in the cost. Some multi center fMRI studies will not choose

to perform a traveling subject study that determines precisely between-site reliability

because of travel costs and because of the tremendous logistical challenges associated with

subject transportation and lodging, the variability in scanner availability, etc. However, even

multi-center consortia not performing a formal reliability study should consider the traveling

subject design to assess whether sites are consistently implementing standardized study

procedures recommended by the visiting fMRI expert or to identify sites producing

inadequate imaging data prior to the initiation of the main study.

Participant self-report is a simple yet informative approach to assess inconsistent

implementation of standardized study procedures. For this purpose, research assistants or

other individuals experienced with fMRI methods can be utilized. Sample sizes required to

assess variation in the standardized study procedures may be small (2 to 5 individuals), and

not all subjects need to go to all sites though some overlap of site experiences would be

useful for the different traveling cohorts. The small sample sizes required and the use of

geographically determined cohorts can help contain costs.

A second aim of traveling subjects is to provide a warning sign that human imaging data at a

site is not adequate. Often the warning signal is apparent in basic descriptive statistics from

coarse regions of interest, such as cortical perfusion or dorsolateral prefrontal cortex percent

signal change. When identifying sites producing inadequate data, traveling subject studies

take advantage of within-subject designs, which control for possible cohort differences that

could confound designs using site-specific subjects to compare the adequacy of imaging

data across sites. Because a consistent warning sign of a problem is sought rather than a

precise estimate of a sample statistic, sample sizes can be kept small when probing for an

outlier. Under the simple assumption, for example, that sites produce equivalent effects and

that site deviations are due to chance, the probability that all of six subjects produced their

most deviant value at the same site in a four site study is about 0.001. Less stringent outlier

patterns, such as four deviant values at one site, two at another and none at the remaining

two sites are also uncommon under the assumptions.

The third aim of a traveling subjects study is to compute between-site reliability estimates at

a reasonable level of precision. This aim requires larger sample sizes than the other two aims

and is the most expensive, though an adequately powered between-site reliability study

obtains all of the information described in the two aims above, as well as quantitative

information about the impact of site differences on data variability when analyzing data

combined from the different study centers. In some cases, between-site reliability studies

provide information about the magnitude of site by subject variation – an unwanted source

of variability. Sample sizes for such studies will need to be sufficiently large to produce

useful estimates of reliability statistics, such as the intraclass correlation (ICC). Several

factors that determine the width of an ICC confidence interval include the number of

subjects studied, the number of magnet sites, the anticipated ICC value, the ratio of person

variance to error variance, the ratio of site variance to error variance, and the confidence
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level (usually denoted as 1-α) (41). If the impact of these factors on the width of the

confidence interval for the estimated ICC is not carefully considered, the confidence interval

surrounding the observed ICC might include zero. Using simulations, Doros and Lew (41)

show that the confidence interval for a commonly used form of the ICC appreciably narrows

as the number of raters (sites in our example) increases from three to five. They also found

that the number of subjects should range from 16 to 32 to obtain 0.95 confidence interval

widths in the 0.3 to 0.4 range for intraclass correlations between 0.60 and 0.70 over five

magnet sites. The results of the Doros and Lew analysis generally match the experience of

the FBIRN group. The FBIRN traveling-subjects study of 18 individuals revealed many

spatially coherent clusters of brain activation where between-site reliability equaled or

exceeded 0.60 (4). In addition to the cost and logistical challenges of traveling subjects

designs, these studies need to consider methods to mitigate variance related to the repeated

use of a behavioral task. Training subjects until they reach a plateau of performance on the

activation task and the use of alternate forms can reduce the practice effects associated with

repeated testing. Appropriate spacing study sessions to prevent burnout while sustaining

study interest should be considered. In the fBIRN traveling subjects study the session

intervals typically ranged from one to four weeks. Any remaining adverse repetition effects

can be minimized by randomly sequencing or permuting site order.

If the between-site variance is found to be small compared to the between subject variance,

subsequent large-scale study data can be confidently combined. If the traveling subject study

shows a substantial amount of site or site by subject variation, calibration methods to

account for the inter-site variability can be developed from traveling subject data and

applied to the main study data1,2,5. Although the quality of information obtained to derive

calibration values or between-site reliability estimates benefits from the within-subjects

design made possible by traveling subjects, the subject sampling strategy for the two types

of studies differ. Calibration studies aim to precisely measure between-magnet system

variation. The magnet systems, therefore, are the object of study and other potential sources

of variation, including between-subject variation, should be minimized. Between-site

reliability studies, on the other hand, examine consistency in the ordering and magnitude of

between subject differences across sites(3). Because subjects are the object of investigation

in between-site reliability studies, subject variation should not be constrained by the

sampling procedure. When magnets are the object of study, as in a calibration effort,

confidence intervals formed about magnet site statistics will be reduced if study subjects are

as similar as possible. When subjects are the object of study, reliability coefficients will be

artificially attenuated when subjects are similar. When reliability estimates are the aim of the

traveling subjects study, subject variation should reflect the anticipated subject variation in

the subsequent large-scale study, possibly necessitating that clinical subjects are included as

part of the reliability study, greatly increasing the complexity of the study.

In practice, to study reliability the same tasks that are to be employed in the actual multi-site

study must be used in the traveling subjects study, since repeatability of task performance

depends on the task. For calibration, one approach is to obtain fMRI data on a very simple

task that requires minimal cognitive processing, such as breath holding (42) or a

sensorimotor task (7), with the hypothesis that motivated participants will provide higher

levels of reproducibility with such a task than with the study’s cognitive tasks. With this

assumption, the acquired data may then be used to normalize between-site differences in

several ways (27,34).

V. Multi-Center Functional Imaging Analysis

In the FBIRN Image Processing Stream (FIPS), we have used FSL FEAT

(www.fmrib.ox.ac.uk/fsl) to perform all first-level and second-level (i.e., cross-run)
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analyses. These analyses in and of themselves do not require any special modifications for

multi-site studies. Briefly, the data are motion corrected, slice-time corrected, and spatially

smoothed. The time series is fit to a model that includes hemodynamic responses and

nuisance variables to estimate the amplitudes and variances of the responses to the

conditions under study. The functional images are registered to the MNI152 space. This

registration is applied to the contrasts to bring all data into alignment across all subjects. The

individual runs within a subject are combined using a fixed-effects model, using FEAT to

estimate the contrast amplitudes for each subject. These estimates and their variances are

passed up to the next higher level where they are correlated with demographic or other

variables to draw inferences at a group level.

When combining data across multiple sites, there are several steps that need special

attention. In our phase 1 study(34) we discovered that the GE scanners were spatially

smoothing the data through the use of a Fermi k-space filter. This made the GE data much

smoother than the data from Siemens machines. Friedman et al. (34) introduced a method

whereby the data were smoothed to a target level of smoothness rather than simply applying

a smoothing kernel of a given size. This allowed all the data from the different sites to have

the same level of smoothness. This is important because spatial smoothing can have such a

drastic effect on the outcome of fMRI analysis (43). In general, this step should not need to

be applied if the individual sites are careful to assure that no filters are turned on during

acquisition. If this technique is needed because data smoothness is found to vary between

sites, then it is recommended that different levels of smoothing be used between sites but

that the level be fixed within a site.

In general, subject movement issues and corrective approaches for multi-site studies are

similar to those in single-site studies (for a general discussion see Poldrack, et al., pp 43–49)

(44). However, it is also important to protect against between-site differences in subject

movement. Such differences may result from the use of different types of head restraints

(e.g., bite bar, vacuum pillows, or other), positioning in the scanner (use of pillows under the

knees, padding of arms, etc.) and differences in subject demographics. Standardizing head

restraints and positioning at each site and employing a balanced design with an equal

number of patients and controls can help protect against confounding effects of between-site

differences in movement. Nevertheless, it is wise to verify that there is no effect of site on

movement parameters. If an interaction is found, the consortium must decide on data

exclusion or other corrective measures.

When the data are analyzed at the higher level, two important effects must be taken into

account. First, the amplitudes of the hemodynamic responses can be systematically different

(45) between sites due to different B0 distortion and intensity inhomogeneity. This can be

compensated by performing B0 and intensity correction and by including site as a fixed

effect in the higher-level GLM. B0 distortion correction requires a B0 map, which is not

readily available on GE platforms (at the time of this manuscript). Second, the different sites

can have very different levels of noise(29), which can cause heteroscedasticity at higher-

level analyses and cause p-values to be underestimated. This can be compensated for by

performing a mixed effects analysis that includes estimates of the variance from the lower

level (46).

No matter how much care investigators take to minimize between-site variation, the data

collection center should be included as an explanatory variable in the higher statistical

model, even for data with excellent between-site reliability. The site effect not only accounts

for variation that otherwise would be incorporated into the error term, it allows for the study

of the interaction of site with other explanatory variables(47). When including site in the

higher-level design, investigators must decide whether to treat site as a fixed or random
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effect or something in between(47). Fixed effects models assume that information about

activation magnitude at one site conveys no information about activation magnitude at other

sites. Such models can be used easily with any number of sites. For a random effects model,

which assumes sites are being sampled from the same population, data from all sites are

used to estimate a common site population variance (47). The random effects approach is

most appropriate when the number of sites is moderate to large (i.e., six or more) for reasons

similar to those discussed above in the context of the traveling-subjects studies. A moderate

or large number of sites allows for the reliable estimation of between site variance.

Hierarchical Bayesian models permit models that use random effects parameters to estimate

the site population variance while also drawing inferences about individual site effects thus

providing a sort of intermediate approach(48). Because of their flexibility, the FBIRN group

recommends that hierarchical Bayesian models be given primary consideration when

analyzing multisite fMRI data (Zhou, unpublished results). One present limitation in

applying hierarchical Bayesian models is that such models are not integrated in standard

imaging software (i.e., SPM or FSL). Applications to date have applied Bayesian

approaches off-line (using Matlab or R) to data output from imaging software, either voxel-

level summary (49) or region of interest summary statistics (Zhou, unpublished results).

VI. Discussion

Multi-center fMRI studies are becoming the method of choice for investigating neural

function in both healthy and clinical populations of large size, allowing for unprecedented

sample sizes, data collection rates, and clinical, cultural and geographic diversity. Recent

MC-fMRI reproducibility studies (4,6–9,12,13,50) have proven that utilizing careful

experimental design considerations can accrue significant benefits in a multi-center study:

e.g., between-site variability can be reduced to as little as 10% of the between subject

variability. Results from several large MC-fMRI studies of clinical populations have also

been reported recently, yielding group comparisons of heretofore-unequalled size and

allowing for new insight into a variety of illnesses. One large MC-fMRI study used a finger

tapping task to investigate the abnormal connectivity of the sensorimotor network in patients

with Multiple Sclerosis (15–18). Another large MC-fMRI study examined the neural

correlates of working memory dysfunction in first-episode schizophrenia (19). Chronic

schizophrenia has been investigated by two large MC-fMRI collaborations, FBIRN

(http://www.birncommunity.org) and MIND (http://themindinstitute.org), allowing both

groups to accumulate fMRI data on substantial population sizes. Analysis of the large data

samples acquired by the MIND (21,51,52) and FBIRN (22,24–26,53) consortia have lead to

significant advancement in our understanding of the differences in the brains of persons with

schizophrenia compared to those of healthy controls. Kim et al. (23) have extended the MC-

fMRI paradigm by combining imaging data from the FBIRN and MIND studies into a single

mega-analysis that included 115 participants with schizophrenia and 130 controls.

As MC-fMRI becomes more common, resources developed through such studies are

increasing. Van Horn and Toga (54) recently published a comprehensive discussion on

multi-center neuroimaging trial design. Multiple authors have published recommendations

for scanner QA methods for MC-fMRI studies (28–30). Friedman et al. (7), Gountouna et al.

(8), Yendiki, et al. (13), Brown, et al. (4) and others have published descriptions of analysis

considerations specific to MC-fMRI studies. Finally, the FBIRN website

(http://www.birncommunity.org) contains draft “best practice” recommendations along with

freely available resources developed specifically to make multicenter fMRI studies easier to

execute. The resources include tools to track, store, share, and analyze multi-site fMRI data.

FBIRN also has made functional imaging, clinical and cognitive data from several MC-

fMRI studies performed by the network available for download on its website.
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In addition to addressing basic neuroscience questions and clinical cross-sectional

comparisons, well-designed multi-center longitudinal functional imaging studies are also

uniquely positioned to efficiently probe cognitive changes over time (e.g., development,

progression, pre/post disease onset or treatment, recovery) given the ability to collect data on

large samples in a short period of time. However, detection of longitudinal changes in

imaging measures requires sufficiently reliable within-as well as between-sites measures and

careful control of nuisance variables that may change with time. As with other MC-fMRI

studies, standardization at all levels of the longitudinal study is essential.

In the initial phases of the FBIRN project, it was hypothesized that calibration methods

could be used to mitigate site differences in magnetic field strength and other hardware

choices (such as coil type) and acquisition parameter choices (such as EPI vs. Spiral k-space

trajectories). While methods were developed that indeed diminish intersite differences in

BOLD sensitivity (27,34), the overall performance of the consortium was thereby

determined by the characteristics of the weakest site. Therefore, as an overall take-home

message we strongly recommend the strategy later adopted of unifying every hardware,

software and procedural variable across sites to the greatest extent possible, rather than

depending on post-acquisition procedures to correct for inherent site differences.

Nevertheless, the subtlety of the effects being investigated and demographic considerations

regarding inclusion of sites with non-standard configuration may make calibration an

important step.

In this paper we have provided practical recommendations and pointed to useful tools for the

design and execution of Multi-Center functional Magnetic Resonance Imaging (MC-fMRI)

studies, based on the collective experience of the function Biomedical Informatics Research

Network (FBIRN). Best practice recommendations are still evolving because the technical

methods are improving, scanner hardware and software are changing, and our basic

understanding of cognitive neuroscience is increasing. The trajectory is clear: cognitive

neuroscience is evolving toward more and larger multi-center fMRI studies, given their

relatively fast returns on the investment and ability to speed up scientific discovery. Future

fMRI studies will include dozens of imaging centers (as in the ADNI structural study (55))

and may enroll many thousands of subjects. Such studies will be successful only if critical

attention is given to the details of organization, planning and inter-site execution of all

aspects.

Multi-site functional imaging studies are a complex enterprise. Together with careful

planning, a good management team, thoughtful task selection, robust quality assurance

procedures, the necessary domain expertise, and cooperation from all contributing sites, the

recommendations put forward in this article should provide a good basis for MC-fMRI

collaborators to efficiently plan and execute their study using methods that minimize

undesirable inter-site variability in results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Example showing the FBIRN wiki page. This demonstrates an effective means for rapid

sharing of critical protocol information between sites, as implemented in the most recent

FBIRN study.
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Figure 2.
Screen capture of FBIRN Data Tracking Dashboard, which shows status of data collection

for each site.
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Figure 3.
Influence of RF excitation method on image quality, using (A,C) spectral-spatial (spsp) or

(B,D) fatsat options. The measured slice profile with spsp demonstrates increased width and

substantial sidelobes (A) that cause partial saturation of adjacent slices, and result in contrast

changes in EPI images (B). Fatsat methods can provide better slice profiles (C) and

diminished saturation effects (D). Since spsp is the default on GE scanners while fatsat is the

default on Siemens, care must be used to standardize. (Single-slice profile measurements by

T. Liu and K. Lu, UCSD; images acquired by B. Mueller, U. Minn. TR = 2000 ms, FA =

77°, 4 mm slice/1 mm gap prescribed).
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