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PREFACE
When we started this study of brain imaging in 2012, we thought that it was time to assess research
in this exciting field. We soon found out that others shared this opinion. On April 2, 2013, the
White House announced an initiative called Brain Research through Advancing Innovative
Neurotechnologies, not surprisingly called by the acronym BRAIN. The initiative's motives were
aligned with ours:
Understanding the brain means knowing the fundamental principles underlying brain
structure and function. The research required to do so will accelerate scientific
discovery and innovation, promote advances in technology and bolster U.S. economic
competitiveness.
New neuroscience discoveries will enable us to foster brain health; engineer solutions
that enhance, replace or compensate for lost function; improve the effectiveness of
formal and informal educational approaches; promote learning across the lifespan and
build brain-inspired smarter technologies for improved quality of life. 1

The BRAIN initiative aims to orchestrate U.S. research across Federal agencies to produce faster
results. Our study was intended to gather facts on the present status and trends in this field, in the
United States and abroad. These facts should be useful in keeping American scientists and
engineers at the forefront of this field.
The study was conducted by a panel of seven experts from United States universities and institutes,
including Lilly Mujica-Parodi (Chair), Peter Bandettini, Tom Cortese, Gary Glover, Bin He, Tor
Wager, and Larry Wald. We greatly appreciate all their hard work. It is their expertise that makes
this report credible. We continue to be impressed by the quality and insight of the panel members
and the high regard in which they are held by members of the worldwide imaging community.
The trips abroad were grueling, but rewarding. We went to labs in seven countries in Europe, three
in Asia, and in Australia. We are all deeply grateful to all of those institutions abroad and the many
individuals who so generously shared their work and their insights with the panel. Everyone was
most hospitable.
The other sponsors who helped make this study possible were Kesh Narayanan, Semahat Demir,
and Kaiming Ye at the National Science Foundation (NSF), plus Tom McKena at the Office of
Naval Research (ONR). Semahat has moved on to be president of the Istambul Kultur University in
Istanbul, Turkey, and Kaiming is now Professor and Department Chair of Bioengineering at
Binghamton University in Binghamton, New York. The National Institutes of Health (NIH)
intramural research program also provided in-kind support for one of the panelists, Dr. Peter
Bandettini.
Clay Stewart and Monique Beaudoin from ONR Global accompanied the panel in Europe and
provided valuable insights from their intimate knowledge of science abroad. We should also
acknowledge the WTEC staff. The project manager was Patricia Foland, who also accompanied the
panel abroad. Grant Lewison arranged the site visits in Europe, and Hassan Ali arranged them in
Asia. Haydon Rochester provided editing support.
On May 23, 2014, the panel presented its findings to a workshop at NSF, which was also webcast
around the world. Several members of the team charged with implementing the BRAIN initiative
were present, including its leader, Dr. Phil Rubin from the White House. He said,

National Science Foundation. 2013. Fact sheet: Understanding the brain: The National Science Foundation and the
BRAIN Initiative. http://www.nsf.gov/mobile/news/news_summ.jsp?cntn_id=128960&org=SBE&from=news.
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Preface

Neuroscience has been at the heart of the President’s priority since the beginning of his
Administration, including a broad effort that involves some 20 Federal agencies. To
show why this is so important, one disease of the brain, dementia, already has a greater
financial impact than heart disease and cancer combined. As our population ages, by
2050 it is forecast that this disease will cost the U.S. alone more than $1 trillion per
year. This is a looming economic and medical disaster, unless researchers can find
effective treatments.

Dr. Rubin went on to discuss the more recent, focused initiative to help find these solutions, the
BRAIN initiative. He applauded the international cooperation in this field. The United States is
cooperating with many nations in these efforts, because these problems and opportunities are
global.
At the workshop the WTEC experts presented their findings from the study that can contribute to
these objectives, and they are documented more fully in this report. In Chapter 1, Panel Chairman
Lilly Mujica-Parodi introduces the background and scope of the study, and provides an overview of
the chapters to follow. She also wrote the executive summary as overall conclusions of the study.
In Chapter 2, entitled "MRI Acquisition Strategies for Advancing Neuroscience," Larry Wald
primarily reviews the ultra-high-field approaches that are now being used in functional magnetic
resonance imaging to improve resolution.
Chapter 3 by Peter Bandettini and Tor Wager discusses interpretive and analysis of the fMRI
signal. The authors provide a brief overview of the leading research in the United States and
abroad.
In Chapter 4, Tom Cortese and Tor Wager review the computing infrastructure for analyzing
neuroimaging signals.
Chapter 5 by Tor Wager is on translation of this research to clinical practice and medical devices.
Each chapter of this report is supported by a comprehensive list of references, which in total cover
many aspects of imaging research in the United States and abroad. Other highlights of this study
are to be found in the appendices, which present biographical information on the WTEC panel
members and authors in Appendix A and site reports of the panel’s visits in Europe and Asia in
Appendix B—I can attest to the wealth of information that is contained in these site-visit reports. A
glossary of acronyms is provided in Appendix C. The final report will be posted online at
http://wtec.org/neuralimaging/.
Ted Conway
Professor and Head
Department of Biomedical Engineering
Florida Institute of Technology
(formerly the NSF Program Director for General & Age Related Disabilities Engineering
Athanassios Sambanis
NSF Program Director
Biomedical Engineering Program
Division of Chemical, Bioengineering, Environmental & Transport System Engineering
National Science Foundation

xi

EXECUTIVE SUMMARY
Study Objectives
The overarching aim of this study was to assess the state of the art of neuroimaging, comparing
U.S. research and development with that of the rest of the world, identifying scientific areas for
future investment by U.S. funding agencies, foci for international collaboration, and “lessons
learned” from our international colleagues. To this end, we delineated several specific topics of
interest. First was the identification of greatest methodological innovation—for both data acquisition
(hardware, pulse sequences, etc.) and analysis. Second, we evaluated the degree to which
neuroimaging has found clinical applications, as well as potential challenges to further translation.
As development of neuroimaging acquisition and analysis methods makes possible ever greater
spatial and temporal resolution, however, one critical by-product is the sheer amount of data
generated. Therefore, the computational implications, as well as potential directions for addressing
challenges associated with those methods, were additionally evaluated as one of the principal
logistic, yet neglected, barriers to their more extensive adoption within the neuroimaging field.
Panel Members
The traveling panel was made up of the following individuals:
•
•
•
•
•
•
•

Lilianne R. Mujica-Parodi, Ph.D. (Chair) – Stony Brook University School of Medicine
Peter Bandettini, Ph.D. – National Institutes of Mental Health (NIH)
Thomas Cortese, Ph.D. – National Center for Supercomputing Applications
Gary Glover, Ph.D. – Stanford University
Bin He, Ph.D. – University of Minnesota
Tor Wager, Ph.D. – University of Colorado at Boulder
Lawrence Wald, Ph.D. – Massachusetts General Hospital (Harvard Medical School)

Alexander Leonessa, Ph.D. (Virginia Tech) travelled as an external advisor to the panel (Asia).
Kent Kiehl (Mind Research Network & University of New Mexico) travelled as an external advisor
to the panel (Europe)
Additional (non-traveling) members of the panel who contributed to the discussions were:
•
•
•
•
•
•
•

Emery Brown, M.D. – Massachusetts Institute of Technology
Mark D’Esposito, M.D. – University of California at Berkeley
Nancy Kopell, Ph.D. – Boston University
Partha Mitra, Ph.D. – Cold Spring Harbor Laboratory
Bruce Rosen, M.D., Ph.D. – Massachusetts General Hospital (Harvard Medical School)
Haim Sompolinski, Ph.D. – Hebrew University, Harvard University
Carol Tamminga, M.D. – University of Texas Southwestern

Study Scope
Neuroimaging can broadly include all modalities of imaging the brain, including x-ray, computed
tomography, single-cell recordings, local field potentials, positron emission tomography,
electroencephalography, optogenetics, magnetoencephalography, near-infrared spectroscopy
(optical tomography), magnetic resonance spectroscopy, magnetic resonance imaging, and
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functional magnetic resonance imaging. For the purposes of this study, we confined ourselves
broadly to imaging modalities that were (1) functional, rather than primarily structural; (2) had
sufficient time resolution to inform some degree of meso-circuit dynamics; and (3) applicable to
human (and therefore, potentially, clinical) use. Therefore, we focused on functional magnetic
resonance imaging (fMRI), and included other modalities as they applied to the complementary
interpretation of fMRI data in addressing its limitations.
Study Process
Because neuroimaging is by its very nature an interdisciplinary field, to survey the state of the art
we recruited individuals representing several different complementary areas of expertise, including:
•
•

•
•
•
•

Acquisition
− ultra-high-field/ultra-fast imaging and head coil design (Lawrence Wald and Gary Glover)
Analysis
− model-free and classification (Peter A. Bandettini)
− nonlinear control systems (Lilianne R. Mujica-Parodi)
Multimodal integration (Bin He)
Brain-computer interface (Alexander Leonessa)
Clinical translation (Tor Wager)
Computational efficiency (Tom Cortese)

This panel of seven and one external advisor traveled to sites designated by consensus as “leading
centers of innovation” in both Europe (UK, France, Germany, Switzerland, Finland, Sweden, and
The Netherlands) and Asia (China, Japan, Singapore, Taiwan, and Australia). Both formal
presentations and informal interviews were conducted with the panel’s counterparts abroad.
Principal Findings
All the facilities visited made clear that the countries in Europe and Asia are investing heavily in
neuroimaging, particularly in R&D that has the potential to provide truly disruptive advance. Good
examples of this are (1) the powerful 11.7 T human scanner currently under construction at
NeuroSpin (France); (2) the multimodal/multiscale instrumentation development at the Max Planck
Institute for Biological Cybernetics (Germany); (3) the Monash University (Australia) MASSIVE
immersive data visualization platform; (4) Biobank—the largest epidemiological neuroimaging
study ever conducted, of 100,000 individuals through the National Health Service (UK); and (5)
the role of Hitachi (Japan) in bringing near-infrared spectroscopy into the hospital. The first two
efforts, by almost quadrupling signal-to-noise ratios and permitting precise analysis of animalhuman circuits, may provide necessary engineering know-how to take advantage of the recent trend
towards individual neurodiagnostics (which critically depend upon single-subject—rather than
group—analyses), as well as large-scale efforts in computational neuroscience (such as the Human
Brain Project in the EU and the BRAIN Initiative in the United States). The third effort is designed
to provide an interface between “big science” and the human mind’s role in interpreting it. The last
two efforts suggest that at least some of the European and Asian medical communities see
neuroimaging not as an esoteric experimental paradigm for research, but as a practical tool with the
potential for monitoring and predicting brain-based disease. Indeed, Japan is the first country in the
world to begin integration of functional neuroimaging (near-infrared spectroscopy) into clinical
diagnosis of psychiatric disease.
While the technological trend in neuroimaging is clearly towards ultra-high-field and ultra-fast
(accelerated) imaging, one unintended consequence of both techniques is the need for a profound
increase in computational resources. For example, taking advantage of multiband pulse sequences
for whole-brain acquisition can increase temporal resolution from 2 s to 800 ms but will require
two to three times the acquisition time just to reconstruct the image. This not only doubles or
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triples the cost of an experimental modality that regularly runs $700–800/hour but also limits the
possibility of providing real-time feedback on data quality.
Finally, one of the most striking advantages seen in Europe and Asia was not in the inherent quality
of its researchers or equipment, but rather the funding mechanisms (e.g., Max Planck Institutes in
Germany, Wellcome Trust Foundation in the United Kingdom, French Atomic Energy
Commission, and Chinese Academy of Sciences), which make high-efficiency infrastructure and
long-view innovation feasible. For example, in contrast to imaging centers in the United States,
which (as stated above) charge user fees of $700–$800 per hour, most imaging centers that we
visited in Europe make the facilities available free of charge. Likewise, the extensive recruiting and
supervisory functions, which often require multiple large grants to support research assistants,
imaging technicians, and nurses/physicians in the United States, are provided free of charge as part
of affiliation with the facility. The implications of this in terms of reliability (permitting larger
sample sizes), quality (permitting more pilot testing to optimize design parameters in a logical and
thorough manner), and innovation (permitting a greater number of exploratory high-risk/highimpact studies) cannot be underestimated. Small sample sizes have been continually cited as a
major source of unreliability in neuroimaging studies. The fact that many more centers in countries
with nationalized health care (e.g., UK, Sweden, Iceland, Israel) have historically participated in
national research registers and data banks (data are available for 97% of Swedish twins), and that
Japan’s Advanced Medical Technology Programme has taken the first plunge in approving the
equivalent of Phase II/III trials of near-infrared spectroscopy for mainstream psychiatric diagnoses,
combined with the much lower cost of neuroimaging compared to the United States, suggests that
Europe and Asia may have the advantage for medical breakthroughs in brain-based disease that
will depend upon epidemiological resources.
Conclusions
The United States has and, as of now, continues to maintain dominance in the area of functional
neuroimaging, as assessed by standard impact metrics of publications and citations. However, the
most obvious difference between brain science conducted here and abroad is one of investment in
infrastructure. The standard model in the United States is one of decentralized short-term efforts: a
faculty PI with a few transient post-docs and graduate students, with individual lab equipment
supporting his own efforts, which compete for funding on a regular 3–5 year basis. In contrast,
Europe and Asia (via mechanisms such as Wellcome Trust, Max Planck Institutes, the Blue Brain
Project, the Chinese Academy of Science, and Japan’s Ministry of Health) have focused on
building large-scale shared resources (personnel, technology, and informatics) that are meant to
pay off with long-term dividends. With the BRAIN Initiative, the United States joins the global
scientific community in taking a much needed step towards long-term investment in neuroscience.
Lilianne R. Mujica-Parodi
July 2014
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CHAPTER 1

INTRODUCTION
Lilianne R. Mujica-Parodi

BACKGROUND
While the sciences have made tremendous progress in uncovering the physical etiologies of many
diseases and disorders, a thorough understanding of the brain and nervous system remains elusive
due to their highly complex nature. This study explored recent research into how state-of-the-art
methods are being applied to raw data obtained from medical imaging to identify etiology and
biomarkers of pathology. Our methods here were to survey U.S. research via a baseline workshop,
then to conduct study tours of leading research facilities internationally.
The study was sponsored by the National Science Foundation (NSF), the Office of Naval Research
(ONR), and the National Institutes of Health (National Institute of Biomedical Imaging and
Bioengineering, NIBIB, and the National Institute of Neurological Disorders and Stroke, NINDS)
to bring back good ideas from abroad in neuroimaging research. This report covers progress from
initiation of the study though tours of research sites in Europe (May and June, 2013) as well as
Asia (March and April, 2014).
This introductory chapter primarily provides a summary of the process of the study. Its substantive
findings are presented in the chapters following. The study was initiated by Dr. Ted Conway and
other NSF program officers in early 2012. Dr. Conway asked Dr. Lilianne R. Mujica-Parodi to
chair the study and WTEC to organize it under its cooperative agreement with NSF. A chair’s
meeting was held on February 8, 2012, at which time Dr. Mujica-Parodi proposed a technical scope
of study. Dr. Tom McKenna of ONR then helped arrange for some additional funding.
The chair recruited a panel of experts, and a baseline workshop reviewing the state-of-the-art was
held at NIBIB on June 12, 2012. A short report from this workshop is posted online (WTEC 2012).
It includes presentations by:
•
•
•
•
•
•
•
•

Lilianne R. Mujica-Parodi, Stony Brook University School of Medicine
Emery Brown, Massachusetts Institute of Technology
Carol Tamminga, University of Texas Southwestern Medical Center
Mark D’Esposito, University of California Berkeley
Bruce Rosen, Massachusetts General Hospital, Harvard Medical School
Nancy Kopell, Boston University
Haim Sompolinski, Hebrew University and Harvard University
Partha Mitra, Cold Spring Harbor Laboratory
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Under sponsorship by NINDS, this group has gone on to analyze obstacles to translation of
neuroimaging into clinical practice and has proposed devising a roadmap to speed progress.
WTEC BACKGROUND
The study was organized on behalf of the sponsors by WTEC, which is a nonprofit research
institute. With core funding and management from the NSF Directorate for Engineering, WTEC
has conducted over 70 international technology assessments. Additional support from the NIH,
DOE, NIST, NASA, and several research agencies of DOD has been made available via NSF and
ONR. Panels of experts using the WTEC peer review methodology have assessed international
R&D in many technologies including nanotechnology, tissue engineering, rapid vaccine
manufacturing, simulation-based engineering and science, and many others. Final reports are
posted at http://www.wtec.org/.
This study builds on recent WTEC international studies of R&D on brain-computer interfaces
(BCI) and robotics. The BCI study included some facets of this field, such as the use of internal
and external sensors of brain waves to control prosthetic limbs and computers. Another recent
WTEC report addressed human-robot interaction, including a chapter on human cognitive
modeling.
SCOPE OF THE STUDY
The target field involves the use of state-of-the-art acquisition and analytical methods as applied to
data from the neural imaging technologies used by psychiatrists, neurologists, psychologists,
neuroscientists, and others to diagnose and study brain-based disabilities. Areas of interest include:
•

Use of magnetic resonance imaging (MRI), functional magnetic resonance imaging (fMRI),
positron
emission
tomography
(PET),
magnetoencephalography
(MEG),
and
electroencephalography (EEG) to identify brain-based biomarkers for psychiatric and
behavioral disorders

•

Existing and emerging acquisition methods (e.g., ultra-high-field and ultra-fast MR; innovative
translation and integration of animal electrophysiology with human neuroimaging, as well as
multimodal human neuroimaging)

•

Existing and emerging analytical methods (e.g., general linear model; structural, functional,
and effective connectivity; multi-scanner/institution databases; innovative translation and
integration of computational neuroscience with human neuroimaging)

Finally, beyond the above technical issues, the study also addresses the following nontechnical
issues:
•

Mechanisms for enhancing interdisciplinary cooperation in the field

•

Opportunities for shortening the lead time for deployment of new technologies emerging from
the laboratory

•

Long range research, educational, and computational infrastructure issues that need to be
addressed to promote better progress in the field

STUDY METHODS
A panel of U.S. experts conducted the study, as shown in Table 1.1.

Lilianne R. Mujica-Parodi
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Table 1.1. Panelists and Their Affiliations
Panelist

Affiliation

Lilianne R. Mujica-Parodi, Ph.D.

Stony Brook University School of Medicine (Chair)

Peter A. Bandettini, Ph.D.

National Institutes of Health

Thomas Cortese, Ph.D.

National Center for Supercomputing Applications

Gary Glover, Ph.D.

Stanford University

Bin He, Ph.D.

University of Minnesota

Tor Wager, Ph.D.

University of Colorado at Boulder

Lawrence Wald, Ph.D.

Massachusetts General Hospital, Harvard Medical School

The expert panelists were accompanied by Dr. Ted Conway from NSF, Dr. Clay Stewart and Dr.
Monique Beaudoin from ONR, Dr. Alexander Leonessa from Virginia Tech (as external advisor),
plus Dr. Duane Shelton and Mrs. Patricia Foland from WTEC. To cover more sites, the panel was
divided into a Northern Group that visited sites in Scandinavia, northern Germany, China, and
South Korea, and a Southern Group that visited the rest of the sites (see Tables 1.2 and 1.3). The
Southern Group consisted of Mujica-Parodi (head), Bandettini, Wald, Stewart, and Shelton. The
Northern Group consisted of Wager (head for Europe), He (head for Asia), Glover, Cortese,
Conway, Beaudoin, and Foland.
The itinerary was arranged by Dr. Grant Lewison of Evaluametrics in London. The European site
visits took place from May 25 to June 1, 2013. The Asian site visits took place from March 31 to
April 4, 2014. Table 1.2 and Table 1.3 list the sites visited, and Figure 1.1 and Figure 1.2 provide
map versions of the Europe and Asia sites visited. Site visit reports from both Europe and Asia are
in Appendix B.
Table 1.2. List of Sites Visited in Europe
Location

Site

Copenhagen, Denmark

Panum Institute

Helsinki, Finland

Aalto University

Paris, France

Commissariat à l’Energie Atomique (CEA) NeuroSpin

Paris, France

Centre Nationale de la Recherche Scientifique (CNRS)

Gottingen, Germany

Bernstein Center for Computational Neuroscience

Leipzig, Germany

Max Planck Institute for Human Cognitive and Brain Sciences

Tübingen, Germany

Max Planck Institute for Biological Cybernetics

Magdeburg, Germany

Otto von Guericke University

Stockholm, Sweden

Karolinska Institutet

Zurich, Switzerland

Translational Neuromodeling Unit, University of Zurich, ETH Institute for
Biomedical Engineering

London, UK

University College London

Oxford, UK

John Radcliffe Hospital at Oxford University
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Sites visited in Europe.
Table 1.3. List of Sites Visited in Asia

Location

Site

Melbourne, Australia

Monash University

Melbourne, Australia

Florey Institute

Brisbane, Australia

University of Queensland

Brisbane, Australia

Queensland Institute of Medical Research Berghofer

Saitama, Japan

RIKEN

Saitama, Japan

Hitachi

Kyoto, Japan

Kyoto University

Kyoto, Japan

ATR

Beijing, China

Institute of Biophysics, Chinese Academy of Sciences

Beijing, China

Beijing Normal University

Beijing, China

Tsinghua University

Beijing, China

Peking University

Shanghai, China

Institute of Neurosciences, Chinese Academy of Sciences

Shanghai, China

Shanghai Jiaotong University

Hangzhou, China

Zheijiang University

Incheon, South Korea

Gachon University

Daejeon, South Korea

KAIST fMRI Center

Lilianne R. Mujica-Parodi
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Sites visited in Asia.

Following both tours, the results were presented in a full-day public workshop in Arlington,
Virginia, on May 23, 2014. The workshop was webcast and placed in an archive, available at
http://wtec.org/neuralimaging/. The webcast can also be accessed at: http://www.tvworldwide.com.
An academic-quality final report has been be printed and posted at http://wtec.org/reports.htm.
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OVERVIEW OF THE REPORT
In Chapter 2, Wald and Glover cover data acquisition. In Chapter 3, He and Glover cover
multimodal functional neuroimaging and neuromodulation. Data interpretation and analysis are
discussed in Chapter 4 by Bandettini. In Chapter 5, Wager and Mujica-Parodi address issues
related to clinical translation. Finally, computational infrastructure issues arising from these
emerging methods are covered in Chapter 6 by Cortese and Wager. Appendix A contains short bios
of the panelists and other team members, and Appendix B has detailed trip reports from the sites
visited abroad. A glossary of acronyms is given in Appendix C.
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CHAPTER 2

MRI ACQUISITION STRATEGIES FOR ADVANCING NEUROSCIENCE
Lawrence Wald and Gary Glover

Abstract
Experiments on human brain function using the BOLD contrast mechanism have become a principal tool in
neuroscience and have constituted one of the major applications pushing the development of high-field MRI
technology and the formation of large centers focusing on the development and application of these
technologies. In this chapter we briefly review some of the basic challenges faced in functional neuroimaging
and examine the approaches of some large, successful European and Asian centers to address these issues.
Because of the approach of most of the centers visited concentrated on ultra-high-field acquisition and its
improvements in spatial-temporal resolution, this chapter focuses primarily on this direction. The use of
ultra-high-field MRI to improve spatial and temporal resolution was central to all but one site visited. The
exception, University College London, chose to focus on the models used to extract meaning from the data
and daily quality assurance measurements. While the centers were unified in many approaches, there were
differences in experimental approaches, especially in the neuroscientific approach to experiment design that
were proposed to probe additional aspects of the organization and operation of the human brain. To set the
stage for the examination of these ultra-high-field sites’ acquisition strategies, we briefly review the overall
issues and behavior of the MR signals and signal changes during activation, and examine the barriers to
improved spatial-temporal resolution and sensitivity.

INTRODUCTION TO ULTRA-HIGH-FIELD fMRI ACQUISITION
The benefit of acquiring BOLD (blood-oxygen-level-dependent) functional imaging maps at higher
field strength is often summarized as improved sensitivity (to subtle activation) and improved spatial
specificity (to the site of neuronal activation.) These benefits derive from a complex combination
of physical and biological mechanisms, some of which are well understood and some of which are
still being investigated and modeled. While the BOLD contrast mechanism and its dependence on
field strength is complex enough to spark debate over the best way to exploit potential benefits, the
empirical data amply supports these broad claims and has driven the steady increase in the field
strength of scanners used for fMRI experiments as well as a continuous investigation of techniques to
maximize sensitivity and spatial specificity. This section reviews basic properties of the magnetic
resonance (MR) signal and noise (and their field strength dependence) and examines the work
being done to improve the sensitivity and spatial-temporal resolution of functional MR imaging data.
FIELD STRENGTH DEPENDENCE OF THE BASIC MR SIGNAL
The MR signal strength is determined by the amount of nuclear magnetization precessing in the
transverse plane (Mxy) and the basic properties of the Faraday induction by which the spins induce
a voltage in the receive coil (Bloch 1953). For a given number of protons, the transverse
magnetization detected is specific to the excitation used and the relaxation effects that take place
between excitation and measurement. But the maximum magnetization possible, M0, is simply
determined from the linear relationship between the induced nuclear paramagnetism and the
applied magnetic field; M0 = χB0. The frequency of procession about the applied field is also linear
with B0 and thus; ω0 = γB0. The frequency ω0 is called the “Larmor frequency.”
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By Faraday’s law of induction (the generator principle), the precessing magnetization, M0, will
induce a voltage across the terminals of a wire loop (the receive coil). This voltage constitutes the
detected MR signal and is further analyzed to determine the spatial origin of the dipoles that
generated it. The voltage is determined by the rate of change of the magnetic flux that threads
through the receive coil; V= dΦ/dt and depends on the relative geometry of the coil and sample;
Φ(t) = c dM0(t)/dt as well as the total magnetization (M0). For sinusoidally oscillating flux, M0(t)=
M0 cos(ω0t) the temporal derivative gives; V= -M0 ω0 sin(ω0t), a signal is proportional to M0 ω0 and
thus B02, giving the promising result that signal strength will increase quadratically with field
strength.
THERMAL AND PHYSIOLOGICAL NOISE
Thermal Image Noise as a Function of B0
The thermal noise in the image consists of the white noise passed by the analog and digital filters
of the MR receiver. This noise contains contributions from several sources but in a well-designed
detection system is dominated by thermal ionic current fluctuations in the electrically lossy body.
Since the signal detection is performed in a narrow bandwidth (typically a few kHz for functional
imaging) around the Larmor frequency, only the fluctuations within this bandwidth contribute to
the image noise. Secondary sources of thermal noise include losses in the coil components and
cables before the preamplifier and noise originating from the preamplifier in a well-designed
receive chain.
Here we view the thermal body noise as random ionic fluctuations at the Larmor frequency that
give rise to random magnetic fields at this frequency that are detected through Faraday detection in
the same way the MR signal is. The body noise component can be viewed equivalently as resistive
losses in the conductive tissue (salt-water) of the body that would occur if a radio frequency (RF)
field of frequency ω0 were applied to the body. These two pictures are linked by the FluctuationDissipation theorem of statistical physics (Nyquist 1928).
Viewing the noise as losses in the body and RF receive chain, the dominant losses originate early
in the chain and not in the later stages of amplification. In a detector with typically sized receive
coils, the body losses contribute over 80% of the detected thermal noise. Since Qloaded α 1/(Rbody +
Rcomponents) while Qunloaded α 1/Rcomponents , a measurement of the loaded to unloaded Q value of the coil
provides an estimate of the fraction of the noise originating in the body. For example, a 32-channel
7 T brain array using 8 cm diameter will have a typical unloaded to loaded Q ratio of 6. In this
case, the power losses in the body are 5 fold greater than the losses in the coil components.
In either picture (fluctuation or dissipation), the body noise voltage scales with ω0 (which in turn
scales with B0) (Macovski 1996), and noise sources that derive from basic Johnson-Nyquist noise
in components or from the body losses are white and independent from sample to sample. Thus we
have the MR signal scaling as B02 and the noise as B0, giving a signal to noise ratio (SNR) that
scales as B0.
Figure 2.1 shows the image SNR calculated from fully relaxed proton density weighted images
acquired at 1.5 T, 3 T, and 7 T with either a 32 ch array (1.5 T, 3 T, and 7 T), a 12 ch array (1.5 T,
3 T) or a volume coil (7 T) in both cortical and basal-ganglia (b.g.) regions. There is an overall
roughly linear trend in image SNR with field, but the type of coil used also makes a substantial
impact, with a 32 ch coil at 3 T substantially outperforming the volume coil acquisition at 7 T. This
basic relationship has been well documented experimentally (Gati et al. 1997, Vaughan et al. 2001).
Image Noise in Accelerated Acquisitions
High resolution fMRI at ultra-high-field fMRI would be virtually unthinkable without the use of
accelerated imaging achieved through parallel imaging to speed up k-space traversal in echo planar
imaging (EPI) images. This has proved critical in order to encode high resolution functional images
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in a single shot without significant blurring from T2* decay across k-space or untenable geometric
distortions (in EPI) or blurring (from spirals) from susceptibility-induced B0 gradients. To this end,
highly parallel array coils are likely the most important technological development facilitating
ultra-high-field functional imaging.

Figure 2.1.

Image SNR in a fully relaxed proton density weighted FLASH (fast low-angle-shot MRI) image
calculated using the method of Kellman et al. in the cortex and basal-ganglia (b.g.) for 1.5 T,
3 T, and 7 T using either a 32 ch, 12 ch, or a volume coil (from Elschot et al. 2009, p. 945).

Figure 2.2 shows the mitigation of frontal lobe distortion that can be achieved from accelerations
above R=2 (which already reduces distortion 2 fold over R=1) for a 1 mm resolution diffusion
weighted 3 T acquisition with a 32 channel (32 ch) brain array.

Figure 2.2.

1 mm resolution diffusion weighted images showing improvement in frontal lobe susceptibility
distortion as acceleration is increased beyond R=2. 3 T 32 ch acquisition (courtesy of L. Wald).

Figure 2.3 shows a 0.75 mm isotropic resolution gradient recalled echo (GRE), single shot EPI
image acquired at 7 T with a 32 ch array coil illustrating the quality of high resolution EPI with
appropriate array coils. With appropriate acceleration, the single shot EPI can show anatomical
resolution approaching its nominal resolution (field of view/matrix, which is 0.75 mm in this case).
The ultimate limitation of the ability of the array to spatially encode (e.g., through SENSE
[sensitivity encoding] or GRAPPA [generalized autocalibrating partially parallel acquisition]) is
likely imposed by a fundamental smoothness to the coil sensitivity patterns in the brain. The result
of over-reaching in acceleration is noise enhancement through the g-factor penalty. Two studies
examining the ultimate acceleration limits point out a steep drop in the SNR for accelerations
above about R=4 or 5 in a single phase encode direction (Ohliger et al. 2003, Wiesinger et al.
2004a). The added noise is not uniform through the brain but follows the aliasing pattern and is
thus highest in the center of the head where the most aliasing occurs in a highly under-sampled
acquisition (e.g., R=3 and above). Importantly for high-field imaging, the g-factors improve at
higher field as the wavelength of the RF fields in the body shorten providing added phase and
amplitude variations as a function of position (Wiesinger et al. 2004b, 2006).
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7 T single shot GRE-EPI acquired at 0.75 mm isotropic resolution with R=3 GRAPPA,
5 averages, and a 32 ch array (courtesy of L. Wald).

An accurate assessment of the image noise for ultra-high field functional imaging therefore likely
requires the assessment of the g-factor noise enhancement as well as the √R reduction in SNR due
to the missing k-space samples. The g-factor can be calculated straightforwardly in SENSE using
knowledge of the coil sensitivity map and the noise correlation matrix (Pruessmann et al. 1999).
For GRAPPA reconstructions, either an image-domain approach (Breuer et al. 2008) or a Monte
Carlo based approach (Robson et al. 2008) can be used. An advantage of the Monte Carlo approach
is that this machinery can be applied to almost any image reconstruction method. In this method,
the reconstruction is applied over and over again to data generated synthetically to match the
measured signal and noise characteristics of an actual acquisition.
For example, to determine the SNR in a GRAPPA based EPI acquisition, a short time series (~20
brain images) are acquired along with the noise covariance matrix. Analyzing the variance in this
time series is not directly helpful for determining image SNR since it also contains physiological
noise (see below). However, the k-space data for each time-point can be averaged to provide a
relatively noise-free estimate of the image signal levels in each pixel. A synthetic time-series of
noise data is generated randomly from the noise distributions captured by the noise covariance
matrix. This synthetically generated time series of noise + k-space signal data can be reconstructed
using the same procedure as for an actual image (i.e., same GRAPPA weights and coil combination
weights.) Dividing the signal at each pixel by the standard deviation (SD) of the synthetic noise
time-series for that pixel yields the image SNR map.
Time-Series SNR and Physiological Noise
Although the noise level in an image is important for measuring structures within that image
(comparing spatially adjacent pixels), fMRI activation is determined by comparing the changes in a
pixel’s value as a function of time as the activation paradigm is changed. Thus it is the “temporal
SNR” (tSNR) defined for the resting brain as each pixel’s mean value divided by its SD over the
time series. Note that tSNR is only expected to reflect the image SNR (SNR0) if there are no
scanner instabilities or physiological fluctuations that contribute to the time-series variance. Good
engineering can reduce the scanner’s temporal instability to a negligible level. But physiologically
induced signal changes in the resting brain can often dominate all other sources of noise. Often
called “physiological noise”, these modulations of the image intensity are more correctly called
“physiological signal clutter” since they are simply modulations of the signal intensity by brain
physiology that we cannot adequately predict.
The hemodynamic and respiratory fluctuations at the source of physiological noise modulate the
existing MR signal rather than create their own signal (voltages as the ionic fluctuations in the
body or the MR signal does). Thus the physiological noise needs the MR signal in order to exist.
Dark areas of the image have little physiological noise, and bright areas typically have more. The
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physiological noise can be modeled as a fixed percentage of the signal and thus scales with signal
strength. Moving from 3 T to 7 T (7/3 ≈ 2) roughly quadruples the signal strength and doubles the
thermal noise. Thus, the image SNR doubles. However, since the signal is quadrupled, the
physiological noise amplitude will also quadruple, resulting in zero gain in tSNR (if physiological
noise is the dominant time-series noise source).
This effect was held up as a reason against investing in ultra-high-field facilities until it was
pointed out that it could be circumvented by imaging at high spatial resolution (Triantafyllou et al.
2005; Figure 2.4). In this case, the signal level is dropped to the point where thermal noise sources
dominate and the tSNR scales linearly with B0 field. This is not hard to achieve since the signal
level is set by the total number of protons in a voxel (voxel volume.) Thus dropping from the
standard 3 mm voxel at 3 T to a 1.25 mm voxel at 7 T reduces the signal by 8 fold. Fortunately,
higher spatial resolution is widely seen as intrinsically beneficial, and now nearly all ultra-highfield fMRI efforts concentrate on 1 mm or 1.5 mm voxel sizes. Thus, a principal effect of
physiological noise is to push fMRI acquisitions at ultra-high field to smaller and smaller voxel
sizes (higher spatial resolution).

Figure 2.4.

Time-course SNR (tSNR) as a function of image SNR (SNR0) for gradient echo EPI acquired at
1.5 T, 3 T, and 7 T with volume coils (modified from Triantafyllou et al. 2005, Fig. 3).
Acquisition parameters such as TE were optimized for each field strength. Slice thickness =
3 mm and in-plane resolutions are as marked. The straight line is a line of unit slope (the tSNR
vs. SNR0 relationship expected for a phantom.) The data was fit to the Kruger-Glover model
and indicates an asymptotic tSNR of about 90.

Even if one adheres to the regime where the image time series is thermal noise-dominated, the
tSNR gain going from 3 T to 7 T is only 7/3. It is reasonable to ask how ultra-high field can detect
activation with 8-fold smaller voxel volumes (say going from 3 mm to 1.5 mm voxels) resulting in
an 8-fold reduction in signal strength. Fortunately, there is also a ≈2x gain in BOLD contrast if
echo time (TE) is kept fixed (see below). Additionally, there is often a gain from reduced partial
volume effects in the voxel. Given that the cortical ribbon is between 2 and 3.5 mm thick, larger
voxels mean that some fraction of most voxels is contaminated with unactivated tissue such as
working memory (WM) or worse, by cerebrospinal fluid (CSF), which is both inactive and very
noisy due to its pulsations.
BOLD CONTRAST OPTIMIZATION AND CHANGES WITH B0
In addition to signal and noise changes with field strength, as mentioned above, several BOLD
contrast parameters also change with field, as well as the more difficult changes in the
compartmental origin of the BOLD signal as B0 is increased.
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BOLD Contrast Optimization
In a BOLD functional experiment, local T2* or T2 changes subsequent to hemodynamic changes
cause a signal change ΔS in the T2* or T2 weighted images. Defining ΔS as the signal difference
between activation and rest images, then the contrast-to-noise ratio (CNR) in BOLD imaging is
CNR = ΔS/σtotal where σtotal is the total time-series noise SD. This can be rewritten in a useful way
by multiplying by S/S and using tSNR=S/σtotal:
CNR = (ΔS/S) tSNR

Eq. 2.1

Thus, CNR in fMRI is the product of the fractional signal change on activation and the time-series
SNR. Writing ΔS/S in terms of the change in the transverse relaxation rate ΔR2* from activation
shows ΔS/S = 1 – exp(-TEΔR2*). For small activation induced changes in ΔR2* the approximation
e-x ≈ 1 x provides: ΔS/S = -TE ΔR2* and thus:
CNR= -TE ΔR2* tSNR

Eq. 2.2

Note that for experiments with TE chosen equal to the baseline T2* (T2,0*), thus, CNR can also be
written as:
CNR=- (ΔR2*/R2,0*) tSNR

Eq. 2.3

And the BOLD CNR is simply the product of an experimentally term (tSNR) set by the details of
the acquisition and a biological one ((ΔR2*/R2,0*) which reflects the biology of the activation
induced relaxation changes. If a spin echo experiment is performed then ΔR2* is replaced by ΔR2.
This equation underscores the simplicity of optimizing the BOLD acquisition. Only 3 factors are
involved, tSNR, TE and ΔR2*; a simple approach is to optimize each of these factors separately.
The first, tSNR, has many hardware and physiological considerations (as discussed above) but can
be simply measured from a short resting state run by dividing the mean of each pixel by its timeseries SD, as discussed above. Ideally this should be done both before and after motion correction,
low-frequency drift correction, and regression of the motion parameters, since these are the largest
variance sources and are routine steps applied in the analysis of the activation study.
The second factor is the TE of the acquisition. Fortunately this parameter is accurately under user
control. The choice of which TE should be used is addressed by optimizing equation 2.2. Using S =
S0 exp(-TE/T2*) allows us to re-write Eq.2.2 as:
Eq. 2.4
This optimum is easily found to be TEopt = T2*. Since T2* changes a bit from brain region to brain
region, this is ideally optimized locally for the region in question. Figure 2.5 gives an idea of how
T2* varies across the cortex (Cohen-Adad et al. 2011).

Figure 2.5.

(Left) Automatically generated intermediate cortical surfaces. (Right) T2* of the voxels of the
middle surface at 7 T. T2* is about 30–35 ms for frontal and parietal cortex, but lower in
somato-sensory cortex and in problem susceptibility regions (from Cohen-Adad et al. 2011).

Lawrence Wald and Gary Glover

13

The third factor, ΔR2*, is the most biologically interesting, but optimization is complicated by the
fact that this parameter is largely subject and task dependent as well dependent on the B0 strength
used (we will assess this below).
T2* and T2 Changes with B0
As seen above, the detection of BOLD fMRI is dependent on both the baseline transverse
relaxation rate (R2* or R2) and the change in this rate during activation. As B0 increases, T2* and T2
of tissue and blood components shortens due to increases micro and macroscopic susceptibility
fields as well as chemical exchange effects between water and macromolecules (Cremillieux et al.
1998). Literature values for transverse relaxation rates have been fit by Uldag et al. (2009),
yielding equation 2.5, which shows the fit B0 dependence for GM (gray matter) transverse
relaxation rates (R2,GM* and R2GM) blood rates (R2,blood* and R2,blood) where B0 is in Tesla and the
resulting R values are in 1/s.
R2,GM = 1.74 B0 + 7.77 R2*,GM = 3.74 B0 + 9.77

Eq. 2.5

R2,blood = 12.67 B02 (1-Y)2
The modeling in this paper utilized an R2* of ∞ for venous blood for B0 > 4.7 T. Other work (Gati
et al. 1997) has found the following relationship based on data up to 4 T:
R2*,blood =1.27 B02 + 5.46B0 + 7.25

Eq. 2.6

This extrapolates to R2*,blood = 107 1/s at 7 T (which suggests the venous blood dephases in ≈1 ms
at 7 T.) Note that while this suggests that the signal from within venous blood is unimportant, this
is not the same as suggesting that veins do not contribute to BOLD at 7 T through their
extravascular effect. The net result for BOLD contrast of the reduction in R2 and R2* at higher field
is a concomitant reduction in TE that offsets some of the tSNR advantages at 7 T or higher.
ΔR2 and ΔR2* Changes with B0
This key relationship describes the efficiency with which a given hemodynamic response is
converted into the transverse relaxation rate change that produces the observed signal change. This
interesting mixture of biology and physics describes the conversion from biological events
(increased blood flow, blood oxygenation, and blood volume) to the physical effects sensed by the
MR experiment, namely the dephasing the spins. This is determined by magnetic fields present in
the voxel. In the BOLD effect, these microscopic fields are created from magnetization of the
structures containing deoxyhemoglobin (red blood cells and veins), which are paramagnetic and
thus their magnetism is linearly proportional to B0. Thus, we expect ΔR2* to change with field
since the microscopic magnetic fields are dependent on B0. But the effect is complicated by the
heterogeneity of the water compartments involved and the motion of water within this
heterogeneous environment.
Several studies have confirmed what is expected from dephasing around magnetized cylinders, that
ΔR2* and ΔR2*/R2* increase with field strength (Turner et al. 1993, Bandettini et al. 1994b, Gati et
al. 1997). Yacoub et al. (2001), Cohen et al. (2009), and Gati et al. (1997) report ΔR2*/R2* = 0.014,
0.022, and 0.35 for the tissue component at 0.5 T, 1.5 T, and 4 T, respectively, and Yacoub and
colleagues’ measurement of gray matter ΔR2* and T2* gives ΔR2*/R2* = 0.034 and 0.048 at 4 T
and 7 T, respectively, when TE=T2*.
Where studies have also been done with spin echo experiments, a smaller transverse relaxation rate
change was found. This is expected since R2* is the sum of R2 and the static dephasing rate. The
ratio of ΔR*2 to ΔR2 has been reported as 3.52 (Bandettini et al. 1994a) or 3.7 (Stroman et al. 2001)
at 1.5 T, as 3.8 at 3 T (Stroman et al. 2001) and 2.6 in parenchyma at 7 T (Yacoub et al. 2005), and
as 2.8 for 4 T motor activation (Cohen et al. 2004). However, like the ΔR*2 values, this ratio is
very dependent on voxel selection since the ratio can be considerably larger for voxels with a high
venous partial volume.
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Changes in Compartmental Origin of BOLD as a Function of B0
Alterations in tSNR, ΔR2*, and TE (typically set to 1/R2*) determine the CNR of the BOLD
experiment as a function of B0, but the analysis must focus on biological factors to understand the
changes in the compartments that contribute to BOLD at a given B0. The driving motivation for
pursuing this question is that different compartments are likely to have differing abilities to localize
the origin of the activation. For example, the large vessel compartments are long suspected of
producing a BOLD effect relatively distant from the neuronal source of the activation (Menon et al.
1993, Ogawa et al. 1993, Turner 2002, Polimeni et al. 2010).
In order to understand the relative contributions of the compartments and how they change with
field, one must model the induced field distortions around the complex vessel architecture, as well
as how the water (the probe for MR) moves randomly among the different magnetic environments
inside and outside the vessels and cells. This has been extensively pursued with Monte Carlo
modeling (Ogawa et al. 1993, Boxerman et al. 1995a, Boxerman et al. 1995b, Martindale et al.
2008, Uludag et al. 2009) In this picture, the red blood cells, making up 40% of the blood volume,
are the source of the paramagnetism that changes during activation and are delivered fully
oxygenated into the brain’s arteries. While water is seen to effortlessly move in and out of the red
blood cells, it is trapped either inside or outside the vasculature for timescales longer than the
experiment (T2 or T2*). Thus, water is described as belonging to either an intravascular (IV) or
extravascular (EV) compartment. The extravascular compartment contains about 20x more water
than the intravascular compartment. Given our interest in spatial localization, it is also useful to
keep track of the relative contributions from various vessel sizes. Typically, a distribution of vessel
sizes and orientations are studied. Finally, the motion of the water within these compartments is
studied assuming a diffusion constant, D, of about 1 μm2/ms.
At low field strengths (B0 = 1.5 T) these models show the GRE experiment is weighted toward
blood vessels with diameters above ≈20 μm while the spin echo (SE) effect peaks for vessels with
≈15 μm diameter and is relatively small for vessels with diameters above 25 μm (Boxerman et al.
1995b, Martindale et al. 2008). At 1.5 T, the IV contribution accounts for about two-thirds of the
R2* based BOLD signal (Boxerman et al. 1995b, Martindale et al. 2008). In contrast, Martindale
and colleagues suggests that at 3 T, the EV compartment accounts for approximately 2/3 of the
signal from small vessels (6 um diameter), and ≈3/4 of the signal from larger vessels (50 μm
diameter) (Martindale et al. 2008). For 7 T, the modeling shows that nearly all of the GRE-BOLD
signal is extravascular (Martindale et al. 2008, Uludag et al. 2009). For SE, the intravascular
component can be significant for small vessels and like the GRE experiment is higher at low B0
(Oja et al. 1999, Uludag et al. 2009).
CURRENT STATE OF THE ART
The current state-of-the-art imaging facility for MRI-based neuroimaging studies consists of a well
maintained core facility that is typically shared between 5 and 20 principal investigators. The
central instrument for human studies is a “high-end” clinical 3 T scanner, where “high-end” means
that it is equipped with the highest-performance gradient system, pulse sequences, and RF coil and
system available. At time of press, this consisted of gradients capable of 40 mT/m to 45 mT/m
gradient strength with slew rates of 180 T/m/s to 200 T/m/s. The RF receive coil consists of a 16to 32-channel dedicated head array. The current generation of research system allows B0 shimming
with first- and second-order spherical harmonic correction terms. This combination of gradient, RF,
and shimming performance allows low-distortion echo planar imaging and/or low blurring in fast
spiral acquisitions. Increasingly, the top neuroscience imaging sites now also have 7 Tesla scanners
for high resolution fMRI and structural imaging studies. This investment is largely driven by the
increased sensitivity afforded to imaging and the increased contrast of susceptibility-based methods
(such as BOLD fMRI).
An important part of the state-of-the-art functional neuroimaging center is sufficient staff to
maintain the facility and run daily quality assurance runs to test the scanner’s stability. Although of
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minor interest to clinical sites, shot-to-shot stability in the image time series is critical to fMRI.
Although high-end commercial scanners are all capable of acquiring image time series with little
image-to-image variance associated with the hardware, constant vigilance is needed since many
minor malfunctions negatively impact image stability before affecting image quality, which is the
clinical metric of importance.
Although not all of the world’s first-rate neuroimaging facilities choose to also do animal imaging
studies, most do, since the animal models provide a bridge to traditional neuroscience studies. In
this case a 7 T or 9.4 T small bore system (capable of imaging rodents and perhaps slightly larger
animals) are the workhorse systems (analogous to the 3 T human system), and some centers have
invested in 11.7 T, 14 T, or even 16 T rodent systems.
The state-of-the-art acquisition protocol usually involves anatomical imaging to reference the
functional data to the anatomy, a B0 field map as a quality assurance (to determine which regions
are unlikely to provide useful fMRI data) and to distortion-correct the fMRI maps, and finally,
multiple runs of 3 mm isotropic voxel fMRI (the standard at 3 T). The functional images are
acquired as rapidly as possible (currently about 15 slices per second, but with the increasing
availability of simultaneous multislice (SMS), this is likely to increase significantly (to as much as
150 slices per second). After acquisition, the data is typically pushed to a DICOM server to allow
users to post-process the images.
In addition to MRI, leading neuroscience imaging sites are finding that a single imaging modality
is not sufficient to address all of their scientists’ questions. The majority of the sites visited also
utilized a PET or MEG/EEG device.
TECHNOLOGICAL FOCUSES OF THE SITES VISITED
Field strengths beyond 7 T. While most of the MR sites visited were pursuing 7 T acquisition
technology (exceptions were University College London and Aalto University, Finland), a few
have invested in even higher strength magnets. The Max Planck Institute (MPI) Tübingen has
installed a 9.4 T human magnet. This system is currently installed, and the group has shown that,
while it shares many of the technical challenges of 7 T, the image resolution can be superb, as
shown in the venogram in Figure 2.6.

Figure 2.6.

Susceptibility weighted venogram from the 9.4 T scanner at the Max Planck Institute for
Biological Cybernetics in Tübingen. 0.175 x 0.175 x 1.3 mm3 voxels (courtesy of MPI).

In addition to the Tübingen MPI group, advancing beyond 7 T is central to the NeuroSpin group,
which is in the final stages of planning and construction for an 11.7 T whole-body system (Figure
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2.7). This magnet takes a radical approach to the windings, using multiple “pancake” coils instead
of the solenoid design. Additionally, the NeuroSpin magnet will be cooled to a lower level than
conventional magnets and will not be run in the persistent mode. Both these requirements
complicate its design and implementation. For example, the 1400 A of current must be stabilized to
0.05 ppm/hr using novel current regulation technology. About half of the “pancakes” are finished
and awaiting assembly by Alstom in Belfort, France. The only comparable system in the world is
under development at the National Institute of Neurological Diseases and Stroke at the National
Institutes of Health in Bethesda, MD (United States). The system took some initial non-human
images in late 2012 and then was damaged in a quench. (It is expected to be up again in 2014.)
Finally, the Chinese Academy of Sciences Department of Biophysics in Beijing is pursuing a 9.4 T
system constructed entirely in China.

Figure 2.7.

Schematic of the 11.7 T human MRI under construction for NeuroSpin (courtesy of
Commissariat à l’énergie atomique [CEA], NeuroSpin).

Improved gradients. Most of the work toward improving this important aspect of the MRI
acquisition takes place in the industrial research and development laboratories of GE (Milwaukee,
WI, United States), Siemens (Erlangen, Germany), and Philips (Eindhoven, The Netherlands, and
Hamburg, Germany). The likely reason for this is the industrial nature of the construction, which
consists of vacuum molded epoxy recipes with extended, temperature controlled cure periods and
high power electronics. The Human Connectome Project in the United States recently worked to
improve gradient strength for diffusion imaging through a collaboration with Siemens to produce a
Gmax = 300 mT/m gradient (Setsompop et al. 2013). In addition, some sites are looking at future
designs using nonlinear encoding such as the “PatLoc” approach of Freiburg (Hennig et al. 2008).
None of the sites visited does substantial work with gradient coil design.
Parallel transmit. Parallel transmission (pTx) uses multiple excitation coils driven by independent
RF pulse waveforms to allow individual control over the spatially separate transmit fields with
temporally distinct RF pulse waveforms. This creates spatial degrees of freedom that allow the
spatial information in the array to be exploited in the excitation process. For fMRI, the most
pressing applications are to achieve a uniform excitation flip-angle pattern in the head at 7 T and to
allow the excitation of user-defined shaped excitation for zoomed imaging (imaging a specific
region with a reduced field of view, or FOV.) The flip-angle variations across the head are not
severe for 90° excitations in 7 T gradient echo fMRI. For example, deviations of ±20° from the
target flip-angle result in only a 6% change in intensity. Nonetheless, where the B1+ field
cancellation is severe, such as the inferior temporal lobes, the loss in SNR can be as much as a
factor of 2. Parallel transmission at 7 T using 8 transmit coils and a 3D volume k-space pattern for
excitation can successfully mitigate this problem (Setsompop et al. 2008). More intensive k-space
trajectories have been used to carve out anatomy-specific regions (Katscher and Bornert 2006), a
scheme that allows the FOV of the EPI to be reduced (“zoomed” EPI; Pfeuffer et al. 2002) and
therefore achieve reduced susceptibility distortions. Finally, Stenger’s group has introduced a novel
pTx method to reduce susceptibility dropouts from through-plane dephasing in specific areas, such
as the orbital-frontal cortex (Deng et al. 2009). This scheme time-shifts the slice-selective
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excitations for the coils exciting the problem area. This is equivalent to applying a z-shim
rephrasing lobe to this region.
Nearly all of the 7 T sites visited have or were beginning an effort to bring parallel transmission to
bear on fMRI. The NeuroSpin group has developed a useful excitation trajectory that allows
homogeneous whole-head excitation with non-selective pulses (Cloos et al. 2012a, 2012b). The
Leipzig group has been pioneering the use of zoomed excitation (Heidemann et al. 2012). The
Oxford group has just set up a parallel transmission system and will begin experiments shortly.
Faster acquisition sequences for dramatically increased temporal resolution. In order to
extract the maximum temporal information from an fMRI time series, the sampling rate or “TR”
should be sufficiently short to Nyquist sample the highest frequencies present in the hemodynamic
response function (HRF). For typically hemodynamic impulse responses, characterized by a
FWHM of 4 s (de Zwart et al. 2005), this would require a TR of about 2 s. To characterize
onset times, which range from 0.59s to 1.27s in the rat (Silva and Koretsky 2002), an even faster
acquisition is needed. Additional temporal resolution is particularly desirable in order to Nyquist
sample (and remove) nuisance fluctuations that follow the respiratory and cardiac cycle (requiring
a TR of about 0.5 s or higher.)
A recent improvement in the functional imaging acquisition allows an up to 8-fold increase in the
temporal resolution of the fMRI time-series allowing researchers to Nyquist sample even the fastest
features of the HRF for the first time (while maintaining whole-brain coverage). The method uses a
pseudo-volume encoding strategy where multiple slices are excited and read-out simultaneously
and unaliased with parallel imaging. The latter was originally described by Larkman et al. (2001)
as the separation of signals from “slices simultaneously excited.” Recent implementations
(Feinberg et al. 2010, Moeller et al. 2010) and an EPI-specific improvement (Setsompop et al.
2012) have been referred to as multiband (MB) imaging and simultaneous multislice (SMS)
imaging, respectively.
Figure 2.8 shows an acquisition acquired with state-of-the-art SMS at 7 T with a Rslice factor of 12x.
Although the temporal resolution is improved over an order of magnitude from conventional
acquisitions, the images retain very high image quality and allow whole-brain coverage with
TR<400 ms.

Figure 2.8.

Subset of slices from a 12-fold-accelerated SMS run acquired at 3 T with a 64 ch head-neck
array. Fifty-six 2.5 mm-thick slices were acquired with TR=391 ms and TE=30 ms (143 slices
per second) (courtesy of L. Wald).
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The SMS/MB method was discussed as a direction by several of the sites visited. The Oxford
group has been taking a lead role in validating its use for rs-fMRI (Ugurbil et al. 2013, Xu et al.
2013) and for exploiting the additional temporal resolution for measures of non-stationarity and
partial correlation (Smith et al. 2012, 2013).
Highly parallel imaging. Improved RF technology has been critical to the current success in ultrahigh-field imaging, especially the development of tight-fitting 24 and 32 channel brain arrays for
7 T. Most of the sites visited have chosen not to develop in-house competing technology but to use
the commercial product 24 ch and 32 ch coil. The exception was the Max Planck Institute for
Biological Cybernetics in Tübingen, which has developed its own coil for 9.4 T for which a
commercial coil was not available. These efforts are also aligned with the Institute’s philosophy of
constructing key components of the apparatus in-house.
Motion tracking. Motion of the head during the fMRI acquisition is one of the remaining
unaddressed confounds of functional imaging. It is especially a problem for uncooperative subject
populations such as young children and patient populations such as those with Alzheimer’s disease
or autism. Ideally, the scanner should independently track the rigid body motion of the head in realtime and continuously update the acquisition coordinate system appropriately. Such a scheme goes
beyond eliminating the need for retrospective motion correction by removing significant variance
in the fMRI time-series (from movement induced spin-history effects.) This prospective motion
correction can be achieved using the images in the time series themselves to detect motion (Thesen
et al. 2001) and feed back to the scanner. The resulting feedback time of several seconds is,
however, too slow to fully prevent corruption. What is needed is an independent system to measure
the six motion parameters with high sensitivity and temporal resolution. There are many candidate
sensors available using optical video tracking devices or magnetic field probes that can measure
position using the scanners’ gradient fields. A common issue to all external tracking devices is
finding a subject-friendly way to attach the fiducial marker to the skull. The most workable method
is attachment to the upper teeth. Attachment to the skin may be problematic if movements of the
facial muscles might be incorrectly assigned to brain motion.
The group at Magdeburg has been working with a small company in Canada that has developed a
single-sensor approach that can sensitively measure small motions of the head. The system is based
on a Moiré-type fringe pattern on a ≈1 cm square marker placed on the head (or attached to the
teeth) and imaged with in-bore cameras (Maclaren et al. 2012, 2013). Their initial demonstrations,
displayed below in Figure 2.9, are impressive.

Figure 2.9.

(Left) Retrograde reflector capable of reporting 6 degrees of freedom in rigid body motion in
real time using video cameras placed in the magnet bore. (Right) Example from the Magdeburg
7 T of the impact of advanced techniques in motion correction on 7 T ultra-high-resolution scan
in a compliant subject (courtesy of O. Speck, Otto-von-Guericke University Magdeburg).
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Non-BOLD contrast approaches. The Kyoto University group, in collaboration with Prof. Le
Bihan of the NeuroSpin Paris group, has an active program attempting to develop an alternative
functional imaging contrast to BOLD through diffusion effects. It is too early to judge the potential
of this novel method, but any contribution to the toolbox of functional contrast for MRI (BOLD,
CBF, CBV) would be welcome, especially if it provided orthogonal information to the
hemodynamic approaches.
Diffusion weighted imaging development or use was prominent in all neuroimaging centers as
well. Figure 2.10 shows some work at the fMRI Lab in KAIST on radial diffusion weighted
imaging (DWI), but other results highlighted included susceptibility-weighted imaging and novel
perfusion acquisitions. Dr. Park’s emphasis is on methodology development rather than clinical
translation.

Figure 2.10. Radial DWI method (bottom) reduces artifacts relative to conventional EPI-based methods (top)
(courtesy of KAIST fMRI center).

Multimodal approaches. Many of the sites visited pursue multimodal investigations as a way to
augment the data of a single neuroimaging method such as fMRI or MEG. The most common
example was MR-PET combinations, which have generated both research (neuroscience) and
clinical interests. Additionally, the Max-Planck Institute at Tübingen concentrates on combined
fMRI and electrophysiology recordings in non-human primates. This technology has allowed MPI
researchers to visualize the BOLD activity correlated with a particular electrophysiology signature.
For example, the cortical activation pattern correlated with hippocampal ripples (Logothetis et al.
2012). The Brain Dynamics group at KAIST is utilizing computational brain models in EEG/MEG
to examine nonlinear brain processes. Beijing Normal University’s State Key Laboratory of
Cognitive Neuroscience and Learning employs a multidisciplinary, multimodal approach that
includes extensive laboratory facilities: Child Behavior lab, Molecular Genetics lab, Eyetracking
lab, Cognitive Behavior lab, separate labs for child and adult EEG/ERP (event related potential)
recording, near-infrared spectroscopy (NIRS) lab, electrophysiology lab, and a 3 T MRI scanner to
study learning and other cognitive disorders. In addition, the fMRI Lab at KAIST has developed
new EEG/fMRI processing methods to diminish the serious issue of noise from ballistocardiogram
artifacts.
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EMERGING AREAS/DIRECTIONS FOR THE FUTURE
The site visits uncovered several emerging technologies that multiple sites were working on in one
form or another. Most of the technologies were aimed at getting more out of ultra-high-field human
fMRI, such as parallel transmit technology and ultra-high-field coil arrays. Other areas impact all
MRI field-strengths such as the SMS/MB method and motion detectors and navigators. The push
for higher gradient strengths was seen in sites with groups concentrating on diffusion MRI. A
national interest in developing imaging technology was found in several labs. Finally, Europe
especially appears to have both the appetite and the funding to pursue human imaging beyond 7 T.
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CHAPTER 3

MULTIMODAL FUNCTIONAL NEUROIMAGING
AND NEUROMODULATION
Bin He and Gary Glover

INTRODUCTION
Brain activity is distributed over the three-dimensional volume and evolves in time. It is of vital
importance to image brain activity not only with spatial precision but also with temporal precision
in order to track dynamics of brain activation. Noninvasive neuroimaging modalities are based on
biophysical signals related to either brain electrophysiology or hemodynamics/metabolism.
Neuroimaging modalities such as functional magnetic resonance imaging (fMRI; Ogawa et al.
1992, Kwong et al. 1992, Bandettini et al. 1992), positron emission tomography (PET; Fox et al.
1988), single-photon emission computed tomography (SPECT), and near-infrared spectroscopy
(NIRS) are based on hemodynamic and/or metabolic principles. On the other hand,
electroencephalography (EEG; Berger 1929) and magnetoencephalography (MEG; Cohen 1968)
are based on electrophysiological principles. These imaging modalities all have strengths and
limitations depending largely upon the spatiotemporal characteristics of the measured “source”
signals in relation to neuronal activity, as well as many methods applied to individual modalities.
The existing noninvasive neuroimaging methodologies, in comparison with relevant invasive
recording/imaging techniques, with respect to their spatial and temporal resolution, are shown in
Figure 3.1. The figure makes it clear that invasive electrophysiological recordings, such as singleunit activity (SUA), multi-unit activity (MUA), and local field potential (LFP), provide high
resolution in both space and time domains. On the other hand, none of existing noninvasive
modalities can alone achieve high resolution in both spatial and temporal domains. This represents
one of the grand challenges of neuroimaging and has been recognized in a recent study (He et al.
2013). Multimodal neuroimaging has the advantage of being able to leverage an individual
modality’s strength in the temporal domain (EEG/MEG), while compensating for limitations in the
spatial domain (fMRI)—and vice versa. Such complementary features of the EEG/MEG modality
and fMRI modality have motivated developments in integrating multiple neuroimaging modalities,
particularly EEG/MEG and fMRI (Liu et al. 1998, Dale et al. 2000, Babiloni et al. 2005, Liu et al.
2006, Liu and He 2008, He et al. 2011). Such multimodal imaging approach is based upon the
anticipation that fMRI will provide spatial details and EEG/MEG will provide dynamic
information about the underlying neural activation.
Neuromodulation includes implanted deep brain stimulation (DBS) or noninvasive
neuromodulation approaches to temporarily alter certain aspects of brain circuitry while monitoring
behavioral, hemodynamic, or electrophysiological changes in order to study neural correlates of
cognition or produce a therapeutic outcome in patients with neurological or psychiatric disorders.
Examples of noninvasive neuromodulation methods include transcranial magnetic stimulation
(TMS), transcranial electric stimulation (TES), and high intensity focused ultrasound (HIFU).
While the exact mechanisms of these approaches on how to alter cortical excitability are still under
investigation, it is clear that they are playing a valuable role in conjunction with neuroimaging to
monitor results. Here we focus on TMS and TES methods.
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Figure 3.1.
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Schematic illustration of the ranges of spatial and temporal resolution of various noninvasive
(in blue; all but MUA/LFP and SUA) imaging techniques and invasive (in red; MUA/LFP and
SUA) experimental techniques (from He et al. 2011).

ELECTROPHYSIOLOGICAL MAPPING
EEG and MEG measure external electrical potentials and magnetic fluxes, which are generated
from mass neuronal responses within the brain and promulgated through the medium via volume
conduction. Such electrophysiological signals (either electric or magnetic) originate from
membrane excitation of neural groups and can be recorded over the scalp surface if the neural
activities are synchronized (Hämäläinen et al. 1993, He and Lian 2002, He 2004, 2013, Nunez and
Srinivasan 2005). The instantaneous nature of EEG or MEG reflects an intrinsically high temporal
resolution, which makes them well suited and the only currently available means for noninvasive
mapping of brain functions on the neuronal time scale.
As the mass responses from all activated neural tissues, electrophysiological signals can be
regarded as a weighted sum of instantaneous neuronal currents throughout the entire brain volume.
However, only symphonized network activities are enhanced and generate strong enough signals to
be recorded over the scalp. Asynchronized electrical activities (for most neurons at a given time
instant) have little contribution to EEG or MEG, because their random consequences are virtually
cancelled out when summed over locations. This unique feature of EEG or MEG in terms of largescale synchrony serves as the major factor to identify which specific aspects of brain
electrophysiology contribute to the electrophysiological signals recorded. Figure 3.2 illustrates an
example of 122-channel MEG recordings in response to auditory stimuli.
The state of the art of electrophysiological recording includes up to 256-channel dense array EEG
mapping and over 300-channel MEG mapping. Figure 3.3 shows a series of scalp EEG maps
corresponding to the brain’s response to binocular rivalry for rivalry condition and relay condition
(Zhang et al. 2011). The temporal evolution of spatial maps over the scalp reveal a clear counterphase modulation of electrophysiological responses to two stimuli, whereas such phenomena
disappear when subjects are not paying attention to the stimuli.
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Figure 3.2

Example of auditory evoked fields, measured with a 122-channel MEG device (from Vigário
and Oja 2000). (Note: The figure only shows the data itself. Refer to Figures 11 and 12 in the
original article for an explanation of how independent component analysis (ICA) differs from
principal component analysis (PCA), resulting in a significantly better outcome.)

Figure 3.3.

EEG mapping of brain responses in binocular rivalry (from Zhang et al. 2011).
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(Top panel) Stimuli tagged by two frequencies and perception of human subject. (Middle panel)
Counter-modulation of attended rivalry as revealed by EEG mapping. (Bottom panel)
Disappearance of counter-modulation due to unattended rivalry.

ELECTROPHYSIOLOGICAL SOURCE IMAGING
To address the low spatial resolution of EEG or MEG, an electrophysiological source imaging
(ESI) approach has been developed to image neural sources that are responsible for the scalprecorded EEG or MEG (Hämäläinen et al. 1993, Baillet et al. 2001, He and Lian 2002, He and
Ding 2013). ESI includes two main components: (1) source modeling of the brain electrical activity
and head volume conductor modeling and (2) imaging the brain electrical activity from
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electrophysiological recordings. Figure 3.4 illustrates the principle of the ESI approach when EEG
recording is considered. The concept is applicable to MEG source imaging when MEG
measurements are used.

Figure 3.4.

Excitation of pyramidal neurons (from He et al. 2011).
When cortical pyramidal neurons (A) are excited, the synaptic currents flowing across the cell
membranes induces local excitatory postsynaptic potentials as well as magnetic fluxes. The
synchronized activity of cortical neurons in a columnar vicinity can be approximated by a
current dipole located on cortical surface and oriented perpendicular to the local cortical surface
(B). Through the forward modeling of brain source and head volume conductor (C, e.g., finite
element model and boundary element model), the relationship between the EEG/MEG (D)
measurements and underlying dipolar sources can be approximated through a linear system.

Among source methods, the equivalent current dipole (ECD) model (Kavanagh et al. 1978, Scherg
and Von Cramon 1985, He et al. 1987, Cuffin 1995) has been used by a number of investigators
due to its simplicity and representation of electric currents associated with neuronal excitation. In
such cases, the ECD generated scalp electrophysiological signals are compared with recorded
signals, and the parameters of the ECD model are estimated. A direct application of such simple
ECD models is to localize where the ECD is located, with the assumption that such location
information may provide insights about the underlying brain activity, such as epileptic spikes. A
challenge remains that the ECD model assumes small extents of the neural responses, which may
or may not be valid depending on the particular circumstances. Moreover, even if the assumptions
are valid, the appropriate number of dipoles is often difficult to determine a priori or solely from
the EEG/MEG data (Bai and He 2006). Another challenge is due to the nonlinear relationship of
the dipole location with the EEG/MEG and such nonlinear imaging problem limits severely the
number of ECDs that can be estimated from scalp recorded EEG or MEG.
Another source imaging model that has gained wide acceptance is the distributed source model in
which brain electrical activity is modeled by a large number of current dipoles. Here the dipole
distributions occupy the brain volume and only the dipole moments are to be estimated from
measured EEG or MEG. Since the dipoles are fixed in locations, this becomes a linear inverse
problem, which can be solved by various algorithms, including the minimum norm estimate (MNE)
(Hämäläinen and Ilmoniemi 1984), weighted minimum norm (WMN) (Wang et al. 1992), lowresolution brain electromagnetic tomography (LORETA) (Pascual-Marqui et al. 1994), and their
extensions to statistical mapping (e.g., Dale et al. 2000, Pascual-Marqui 2002). The common
feature shared by these algorithms is that the inverse imaging solution can be obtained through
transforming the electrophysiological measurements through a linear system (or inverse matrix).
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For electrophysiological source imaging, head volume conductor modeling plays an important role,
which determines what and how the transfer matrix will be constructed. The head volume
conductor can be approximately modeled by concentric three-shell (Rush and Driscoll 1969) or
four-shell (Cuffin and Cohen 1979) spherical models for EEG or a single sphere for MEG.
Realistic geometry head models have been proposed since 1987 (He et al. 1987, Hämäläinen and
Sarvas 1989) and widely used in which the head is modeled as compartments segmented from
anatomical images such as MRI. The conductivities of different head tissues, especially for the
skull in EEG, may be specified according to empirical values (Rush and Driscoll 1969), in vitro
measurements (Oostendorp et al. 2000), in vivo estimates (Lai et al. 2005), or potentially the results
of electrical impedance or properties imaging.
MULTIMODAL NEUROIMAGING INTEGRATING FMRI AND EEG/MEG
As described in previous chapters, fMRI based on the blood-oxygen-level-dependent (BOLD)
contrast (Ogawa et al. 1992, Kwong et al. 1992, Bandettini et al. 1992) measures the threedimensional signal from the brain on a voxel-by-voxel basis, with a high spatial resolution up to the
order of millimeters for a clinically available MRI scanner. The merits of fMRI include its whole
brain coverage, relatively uniform sensitivity, high spatial resolution, and specificity. These
advantages are primarily attributable to well-established MR imaging techniques that allow for the
frequency and phase encoding of spatially distributed MR signals. However, fMRI is also limited
by its poor temporal resolution as well as its indirect nature with respect to neuronal activity. These
limitations often pose concerns to any simple interpretation of the BOLD signal as a surrogate
index of neural activity.
In a series of efforts, multimodal neuroimaging integrating fMRI and EEG/MEG have been used in
an attempt to improve the spatiotemporal resolution of neuroimaging by combining the strengths of
fMRI for spatial resolution and specificity and the strength of EEG/MEG for temporal resolution
and precision. The philosophy behind such multimodal imaging approach is that high resolution
neuroimaging in both space and time domains cannot be achieved by one modality alone.
Integration of fMRI with EEG/MEG has been mainly pursued in two directions, which relies either
on (1) the spatial correspondence or (2) the temporal coupling of fMRI and EEG/MEG signals. The
first approach of spatial integration leverages the high spatial resolution and specificity as a priori
information to aid solving electrophysiological source imaging (Liu et al. 1998, Korvenoja et al.
1999, Dale et al. 2000, Fujimaki et al. 2002, Babiloni et al. 2005, Liu and He 2006, Liu et al.
2009). In these methods, fMRI analysis yields statistical parametric maps with several fMRI
hotspots, each of which constrains the location of an equivalent current dipole or collectively
produces weighting factors to evenly distributed current sources. With the spatial constraints, the
ill-posedness of the EEG/MEG inverse problem is moderated and the continuous time course of
electrophysiological source waveforms can be resolved from the fMRI hotspots, thus allowing
inferences about the underlying neural processes (Babiloni et al. 2005).
When neural activity is confined to a few regions of small extent, it is reasonable to model the
electrical activity at each fMRI hotspot as an ECD. The dipole locations can be seeded or fixed to
the fMRI foci; the dipole moments can be uniquely estimated by fitting the ECD model to the
EEG/MEG data. The estimated dipole moment time course reveals the temporal dynamics of the
regional neural activity. In such cases, the fMRI guided ECD analysis is not intended to image
brain activity; rather, it aims at retrieving the time course of the brain activity at identified fMRI
activation foci. This technique is clearly questionable when applied to imaging extended neural
responses. In the fMRI-constrained distributed source imaging, which is generally applicable
regardless of whether the source activity is focal or extended, the electrophysiological distributed
source imaging is performed with weighting factors derived from fMRI activation maps. This
approach can be implemented in a Wiener filter (Dale and Sereno 1993, Liu et al. 1998, Dale et al.
2000), weighted minimum norm frameworks (Babiloni et al. 2003, 2005, Ahlfors and Simpson
2004), time-varying Wiener filter (Liu and He 2008), or an approach based on independent
component analysis (ICA) (Yang et al. 2010).
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A challenge in the spatial integration approach is due to the fact that fMRI yields relatively static
maps compared to dynamic evolution of electrophysiological signals, which leads to highly
different temporal scales in which data of these two modalities are generated and collected.
Methods have been proposed towards overcoming this limitation, such as by means of a timevariant spatial constraint estimated from a combination of quantified fMRI and EEG responses (Liu
and He 2008) or estimating regionally fMRI-informed models by allowing model parameters
jointly computed from electrophysiological source estimates and fMRI data rather than exclusively
dependent on fMRI (Ou et al. 2010).
In parallel with the multimodal integration leveraging on the fMRI spatial resolution and
specificity, another approach utilizes the EEG/MEG dynamic signatures in the time or frequency
domain to inform the statistical mapping of fMRI. Here neural signatures are detected by
electrophysiological events from where fMRI mapping is formed. Such efforts include the singletrial task-induced modulations (Eichele et al. 2005), responses at a specific timing (Philiastides and
Sajda 2007), and spontaneous modulation in a specific frequency band (Horovitz et al. 2009).
These quantities obtained from electrophysiological recordings are usually convolved with a
canonical hemodynamic response function and then correlated to BOLD signals on a voxel-byvoxel basis to identify the statistical fMRI maps corresponding to the electrophysiological temporal
signatures of interest. Such a multimodal strategy differs from the conventional fMRI analysis in its
unique ability to selectively localize the fMRI correlates to specific neuronal events or rhythmic
activity. This ability directly benefits from the electrophysiological measurements, which reflect
the mass neural responses, whereas conventional fMRI mapping relies on the timing of the stimuli
or tasks. Techniques employing this strategy are particularly useful in stimulus- or task-free
experimental conditions. A direct application of this approach to clinical neuroimaging is to form
fMRI mapping from detection of interictal discharges in epilepsy patients, leading to insights into
the problem of localizing the epileptic foci from fMRI (Gotman et al. 2005).
Note that both of these approaches share an important commonality in their fundamental
assumption, that is, the neuronal electrophysiological response is correlated with the BOLD fMRI
signal. Experimental evidence obtained in monkeys (Logothetis et al. 2001) has supported this
fundamental assumption. In the context of multimodal neuroimaging, EEG has been preferred due
to the feasibility of recording fMRI and EEG simultaneously. When studying neural activity that is
not repeatable, this feature is highly desirable. For instance, simultaneous fMRI-EEG recordings
are indispensable for using fMRI to localize the neural substrates underlying interictal EEG spikes.
Similarly, simultaneous fMRI-EEG recordings are desirable for mapping the neural correlates to
continuous rhythmic EEG modulations during the resting state (Laufs et al. 2003).
High fidelity simultaneous fMRI-EEG recording is challenging. Both time-varying and static
magnetic fields in the MRI/fMRI environment can introduce large artifacts to EEG recordings.
During the fMRI scans, the radio frequency (RF) excitation pulses and rapidly switching magnetic
gradients result in large dB/dt, which in turn induces gradient artifacts (GA) about 1000 times
larger than the normal EEG magnitude (Goldman et al. 2000). The pulsatile motion of EEG leads
associated with heartbeats causes cardiac ballistic artifacts (CBA) (Allen et al. 1998). In addition,
subjects’ safety is worth special attention, since the tissues surrounding the electrodes may be
heated or damaged by large artificial currents (Lemieux et al. 1997). The quality of MRI/fMRI
images may also be affected by the EEG electrodes as well as other devices placed inside the
scanner (Krakow et al. 2000), although recent studies have suggested that such effects may not be
serious (Bai et al. 2009). Advances, mainly in signal processing techniques, have allowed the
removal of various MR-related artifacts from the EEG data recorded during concurrent fMRI
scans. Figure 3.5 shows an example of simultaneous fMRI-EEG recording in an epilepsy patient
and the use of EEG to inform fMRI activation mapping (Oh et al. 2014). Future development of
hardware and software will no doubt further improve the quality of EEG and fMRI from
simultaneous recordings.
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Figure 3.5.
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An example of multimodal integration of fMRI and EEG (from Oh et al. 2014).
(Left panels) Simultaneously recorded EEG and fMRI data. (Right panel) EEG-informed fMRI
activation mapping of epileptic activity in a patient.

NEUROMODULATION
Most neuroimaging studies of brain circuitry rely on indirect means of probing cognitive function.
For example, the difference between images acquired in two or more brain states evoked by a task
or behavioral condition can be used to infer those brain areas responsive to the manipulation by
looking for elevated signal differences. While a large amount of important information regarding
brain wiring has been obtained through hundreds of such studies, it is sometimes difficult to
interpret experimental results of this kind. For example, both excitatory and inhibitory circuits can
generate positive BOLD responses, because both result in increased metabolism, and so an increase
in signal could be related to either increased or decreased cognitive load. Moreover, if two regions
co-activate, it is not clear that they are directly linked; there could be an indirect pathway that
mediates their joint responses.
In consideration of such ambiguities in BOLD contrast, it has recently been suggested that methods
that can non-invasively alter the focal function of brain systems be developed and employed during
or in conjunction with imaging to enable deeper understanding of circuitry (He et al. 2013). Two
such methods are transcranial magnetic stimulation (TMS) and transcranial electrical stimulation
(TES), the latter including both tDCS (transcranial direct current stimulation) and tACS
(transcranial alternating current stimulation). Another mechanism utilizes focused ultrasound to
induce focal activation (Yoo et al. 2011), but this modality is in its infancy and little is known
about the biophysics of the interactions. In any case, methods that induce cortical plasticity under
parametric control can provide more direct evidence of circuit characteristics than that obtained by
correlative inferences typically made by imaging alone.
TMS is a powerful tool when combined with fMRI for illuminating causal brain network
relationships. By applying a rapidly time-varying magnetic field B(t) as one cycle of a sine wave,
an electric field E(t) is generated within the brain perpendicular to the B(t) field. The change in E(t)
can alter local membrane potentials to increase or diminish cortical excitability, depending on the
timing. Slow pulsing rates, say ≤ 1 Hz, can reduce local excitability in the region where the induced
E field is maximum, while faster rates cause increased excitability. Thus, a direct causal
relationship can be established between circuit nodes by suitable temporary disruption of various
components. Such methods have been employed, for example, in studying relationships between
default mode and executive control intrinsic brain networks (Chen et al. 2013).
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TES with either DC or AC (tDCS/tACS) currents are an alternative to TMS for inducing
neuroplasticity. Such methods typically employ currents of 1–2 mA for minutes at a time in order
to change the electric field potential of neuronal membranes in regions of interest, and thereby alter
cortical excitability. Because TES is a steady-state method that does not employ pulsed high
amplitude B fields to alter membrane potentials, there appear to be fewer side effects than with
TMS, which may make its use more practical in conjunction with many functional neuroimaging
studies (Saiote et al. 2013). On the other hand, mechanisms of TES remain unclear, although
studies have suggested that tDCS has been shown to provide modulatory effects to enhance
neuroplasticity when being used in conjunction with another task or paradigm.
Interestingly, only a few centers visited in Asia report substantial interest in use of
neuromodulation methods. During the site visit at Beijing Normal University, Dr. Xue mentioned
the use of tDCS in conjunction with enhanced memory function. The neuroimaging center at
Shanghai Mental Health Center, Shanghai Jiao Tong University, uses TMS to treat psychiatric
patients in conjunction with fMRI and EEG for neuroimaging studies. The Beijing MRI Center of
CAS Institute of Biophysics has ongoing research activity on TMS. However, aside from the
therapeutic uses of TMS, no site described TMS or TES studies concurrent with simultaneous
fMRI or PET scanning.
DISCUSSION
The spatial and temporal distributed nature of brain activity necessitates the use of a multimodal
neuroimaging approach. While MRI remains a major imaging modality, some other imaging
modalities are needed in order to map brain functions. This is particularly true for tracking
dynamics of the human brain where the fMRI cannot track temporal dynamics and other invasive
imaging modalities such as optical imaging cannot be used. EEG and MEG represent a unique
imaging modality to offer noninvasive high temporal resolution and precision. Continuing efforts
are being made to further improve the spatial resolution of EEG/MEG (and similarly the temporal
resolution of fMRI). Considerable efforts are being made to integrate fMRI with
electrophysiological neuroimaging including EEG and MEG.
The trend toward using a multimodal approach to tackle dynamic functional brain mapping was
observed at most of the imaging centers the WTEC panel visited in Europe and Asia. It can be
argued that such a trend will continue in the next decade, and research is much needed in
integrative imaging algorithms, integrated multimodal imaging hardware and software, and
fundamental neuroscience research on the origins of various neuroimaging signals and their crossmodal relationships (He et al. 2011).
In contrast to multimodal imaging, the use of neuromodulation as an adjunct to neuroimaging was
essentially absent in the sites visited. Perhaps this is because (1) several of the imaging facilities
have been instituted only rather recently and (2) noninvasive neuromodulation is itself only a
recent addition to the toolbox of neuroimaging methods and is still evolving, largely using
laboratory-modified instrumentation.
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CHAPTER 4

INTERPRETATION AND ANALYSIS OF THE FMRI SIGNAL:
BRIEF OVERVIEW AND LEADING RESEARCH IN THE UNITED STATES,
EUROPE, AND ASIA
Peter A. Bandettini and Tor Wager

Abstract
Since its development over the past twenty years, functional MRI (fMRI) has been both a benefit to
neuroscience and a continuing challenge to those who would like to push the limits of its utility. While
progress has been made with regard to understanding the precise spatial and temporal relationship between
the fMRI signal and underlying neuronal activity, open questions about how to interpret and calibrate fMRI
activity remain. Nonetheless, fMRI has proved to be profoundly robust and generally accurate in most
contexts. These favorable characteristics have catalyzed development of more sophisticated methods to
model and extract neuronal information from the fMRI signal. Neuroscientists have teamed with signal
processing experts to develop more precise and more sensitive methods for extracting brain activity maps and
information regarding brain processing. These advances have made fMRI viable as a level of analysis for
explaining relationships between brain and behavior that can be compared with other approaches across
species. In this chapter, we first provide a brief overview of the current state of the field with regard to
interpretation and analysis of both resting state and activation-induced fMRI signal changes. We then discuss
some of the research coming from the leading labs in Europe, Asia, and the United States.

INTRODUCTION
An increase in brain activity leads to a local increase in cerebral blood flow, blood volume,
metabolism, and oxygenation. Blood oxygenation increases locally because the activation-induced
flow increase outstrips the oxidative metabolism change. By collecting a time series of MRI scans,
we can detect all four of these hemodynamic events. A time series of transverse relaxation rate or
“T2*”-weighted scans, sensitive to subtle alterations in bulk magnetic susceptibility, can detect
changes in the susceptibility of blood that occur with blood oxygenation changes. Even though this
measured signal change is on the order of a few percent, this signal, coined “blood oxygen level
dependent” (BOLD) contrast by Ogawa and colleagues (Ogawa et al. 1993) is more sensitive and
time-efficient than the MRI-based methods that detect flow and volume changes. Because of this
sensitivity and efficiency advantage, fMRI based on BOLD contrast has been by far the dominant
method in use.
Functional MRI based on BOLD contrast has proven to be highly robust and extremely useful for
non-invasively mapping brain activity. Its spatial scale ranges from millimeters to centimeters, and
its temporal scale is on the order of seconds, though brief changes on the order of several hundred
millimeters can be detected. The signal has been shown to be highly reproducible and robust across
regions, subjects, and task conditions. The number of papers produced using BOLD-based fMRI
continues to increase steadily—it is now above 2500 papers a year and continues to increase.
Along with the number of papers, the types of questions being addressed—both clinical and basic
—have broadened in scope and depth. In recent years, the approach of determining the temporal
correlation of the BOLD signal across the brain while the subject is performing no overt task—also
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known as resting-state fMRI—has exploded in terms of numbers of papers published and general
activity along this theme at meetings. This overwhelming growth of this fMRI subfield has been
due not only to the robustness of the BOLD signal but a growth in the sophistication of the
processing methods at all stages of analysis. The so-called “resting state” signal has within it
information on spontaneously co-activated signal from functionally connected regions. This signal
also contains artifacts and noise, which present as difficult to fully and cleanly separate from the
neuronal signal, as many of the artifactual and neuronal frequencies overlap.
With regard to processing, the primary topic of this chapter, fMRI has evolved over the years.
Initially, for the first few results, simple subtraction maps, time series movies, or simple time
course plots from selected regions of interest were the norm. Then, those who helped develop
methods for the more mature field of positron emission tomography (PET) began to embrace fMRI
and develop effective methods for multisubject averaging, data pooling, and display. The initial
estimates of noise, temporal and spatial correlation, and degrees of freedom—all essential for
deriving appropriate statistical maps—were mostly made in the implementation of the “statistical
parametric mapping” (SPM) approach, which was developed at the Functional Imaging Laboratory
(FIL) in London. Other processing packages were quickly developed, and after a winnowing
process that occurred over two decades, common packages today include SPM, Analysis of
Functional Neuro-Images (AFNI), Brain Voyager, FreeSurfer, Caret, fMRIstat/NiPy, and FSL.
SPM remains the most widely used package, with advantages in ease of use, widely available
training resources, and speed of analysis. However, many advanced analyses are not available in
any package in easy-to-use forms, and there is substantial potential for growth. One viable model is
the development of techniques and software tools by statisticians, engineers, and other
methodologists, and incorporation of these advanced techniques into widely used software
frameworks.
Beyond these early methods, fMRI analysis has developed in several directions, leading to new
uses and insights into the organization and dynamics of the human brain. The first is in the
direction of resting state analysis. The technique involving the use of the signal itself from resting
data existed before resting state fMRI and was the method by which resting state signal was
discovered. This method, called the “seed voxel approach” has been effective for deriving resting
state fMRI maps; however, a more efficient method of assessing resting state signal has been the
use of independent component analysis (ICA), which has proven useful for extracting and mapping,
in a relatively unbiased manner, temporally correlated regions in the brain. This approach is mostly
used in the context of resting state fMRI where the specific task paradigm is not known. Resting
state analysis has further developed in terms of methods for better identifying and extracting nonneuronal signal and for assessing temporal correlations as they evolve over short time widows.
Much of this analysis is able to be implemented in “real time,” allowing feedback to the scan
subject or the experimenter. These techniques can also apply to data from task performance or
other conditions where the psychological process is known. Many research groups are now
combining “seed-based” methods, ICA, and regression on known task/parameter variables to
investigate both “intrinsic” and task-driven connectivity, as well as more integrated models
described below.
Another unique approach to fMRI analysis has been the class of methods that effectively “decode”
voxel-wise patterns of brain activity to derive subtle information of what processing in specific
brain regions is being performed. Rather than creating a map of brain activation, this approach uses
the pattern of information to inform on what the brain is doing. Typically, a training set is used in
which the algorithm learns the pattern associated with the brain activity or task and then applies it
either to similar activity or, recently, in a more general manner to novel activities or stimuli.
Decoding approaches have been useful for deriving information about very subtle stimuli where no
obvious difference in activation maps occur. They can also be used to establish the diagnostic or
predictive value of brain images for specific outcomes. Establishing how large and meaningful
brain effects are has been an ongoing challenge. Certain application of “decoding” that integrate
multiple brain regions into a single, predictive model can help overcome this challenge,
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simultaneously providing unbiased measures of predictive accuracy and optimizing accuracy via
the use of machine-learning algorithms.
Related to but not synonymous to fMRI decoding is multi-voxel pattern effect mapping. Rather
than consider each voxel as independent, this approach explicitly determines the multi-voxel
pattern within a set region—often proving to be more robust and sensitive than univariate
methods—because “blobs” or large sets of co-activated voxels may miss more subtle and scattered
distribution of positive and negative signal changes across voxels.
In addition to these approaches, ambitious computational modeling and statistical modeling efforts
have been applied to fMRI data. Dynamic Causal Modeling and Granger Causality are two
examples of efforts to go beyond mapping regions, and other approaches to causal modeling are
actively being developed based on popular multivariate algorithms such as TETRAD. Though
neither is likely to provide adequate estimates of causal effects at the neural level based on fMRI
data, they are important in their capacity to model intrinsic relationships and extrinsic task demands
at varying time lags. Another related approach is multilevel mediation analysis, which is based on
very popular linear methods in the social sciences and models relationships between task
paradigms, brain activity, and physiological or performance outcomes. All of these techniques can
be used as inferential models without inferring causality, and dynamic versions of these models—
which model interactions among brain regions and tasks that can vary over time—are being
developed.
A third direction is the application of reinforcement learning and other computational models to
fMRI data. Reinforcement learning models are dynamic, nonlinear models of learning or changes
in processing over time that have been used very successfully in artificial intelligence and machine
learning, and in branches of psychology concerned with modeling adaptive behavior. These and
other kinds of computational process can transform task inputs into predictions about nonlinear
responses that occur as part of human information processing. These model-based predictions are
regressed against fMRI data to identify putative neural substrates for the model components.
Ultimately, neurophysiologically informed models of the dynamics of both intrinsic and taskdriven processes will be needed to more accurately capture and predict specific performance and
health outcomes. All of these approaches—ICA and connectivity, multivariate decoding, and
computational models—can be combined in various ways to understand human cognition, emotion,
and performance.
Other analysis methods include those that deal with pre-processing of fMRI data, group
comparisons, spatial normalization, display, and subsequent inferences. While discussed briefly in
the chapter, these will not be covered in depth.
This chapter aims to summarize the state of the art in fMRI interpretation and analysis and to
provide an overview of which major labs in the United States and Europe are leading the way in
these efforts. The sections of this chapter are: Interpretation of the fMRI signal, and Analysis of the
fMRI signal. In both sections, fMRI activation studies as well as resting state studies will be
discussed. At the end of each section, cutting edge research from laboratories in the United States
and Europe will be discussed.
INTERPRETATION OF THE FMRI SIGNAL
Proper interpretation of the fMRI signal starts with characterization of the spatial and temporal
properties, leading to the characterization of how these properties vary across voxel, region,
subject, and population. The hemodynamic response function has been characterized by its impulse
response function. When convolved with model function representing neuronal activation, the
hemodynamic response function represents relatively consistently most of the observed data.
Specifically, on activation, the fMRI signal first starts to increase after 2 seconds, and after about 8
to 10 seconds, plateaus in the “on” state. On cessation of activation, the hemodynamic response
returns to baseline, taking just a bit longer to return. After this, a post undershoot is commonly
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observed, lasting up to a minute. While this basic shape is representative of most data, the
mechanisms underlying this response are not fully characterized, and there have been many
exceptions to this observation.
Observed exceptions to this canonical response include: (1) small, brief (<2 sec) pre-undershoot
before the initial increase in signal; (2) signal transients at various times during activation, and (3)
with closely spaced identical tasks and activated regions, a small habituation or decrease in the
response. Recently, in a report that involved massive averaging of a single subject response to a
relatively simple visual and attention task, transient responses having very different shapes relative
to the canonical hemodynamic response function were observed. Also observed are task correlated
decreases. These results suggest that it is advantageous to incorporate flexible models of the BOLD
hemodynamic response on a condition- and voxel-specific level, when enough data is available.
A related issue is the relationship between BOLD and neural activity. Recently, a study
demonstrated that blood volume measures show an increase in blood volume where, in the same
regions, BOLD contrast showed a paradoxical decrease. Drugs such as caffeine have been shown
to modulate aspects of the BOLD HRF (hemodynamic response function) as well. A key issue, and
a central theme for the interpretation of the BOLD signal, is to clearly separate hemodynamic
effects from underlying neuronal effects on these variations and modulations. So far, the consensus
is that, at least in healthy subjects, most of these variations in hemodynamics are due to variations
in neuronal activity, which is good news for the present and future utility of BOLD.
One notable exception to the statement that most variations are due to underlying neuronal activity
is that of the latency and magnitude of the hemodynamic response with a single task. One goal in
fMRI is to be able to infer precise relative magnitude and timing of neuronal activity from the
hemodynamic response. A major obstacle to this is the understanding that the hemodynamic
magnitude and latency are strong functions of the underlying vasculature. A voxel containing
predominantly capillaries will typically show a lower magnitude and shorter latency than a voxel
containing large draining veins. Therefore, it is problematic to compare the timing and magnitude
of activity across brain regions. Efforts have been underway for the past two decades to
circumnavigate this obstacle. These include the use of parametric variation of the task intensity
and, less commonly, parametric variation of the task timing. The inferences obtained from the
relative signal latency and modulation can then have more solid bearing on the underlying neuronal
activity magnitudes and timings. Other approaches have included efforts to calibrate the fMRI
signal by mapping the signal change to a global flow change that does not involve neuronal
activity—typically induced by breath-holding, breathing increased CO2, or ingestion of
acetazolamide, a known vasodilator. By comparing the relative flow to BOLD changes with this
global challenge with the flow to BOLD changes induced by activation, quantitative changes in
cerebral metabolic rate can be inferred. While these approaches show promise, they are time
consuming, cumbersome, and sacrifice a significant amount of available signal to noise. It should
be noted, however, that these limitations in interpreting BOLD fMRI signal and comparing it
across regions are obstacles to understanding brain function, but they do not necessarily prevent
fMRI from being used as a diagnostic or predictive technique.
A central challenge in all of fMRI is to increase the sensitivity of the method. Approaches include
the use of multichannel RF coils, high field strength, extensive averaging, and various means for
filtering out non-neuronal fluctuations in the signal. This last approach—spatial and temporal
filtering—is particularly important for resting state fMRI, in which correlation between nonneuronal fluctuations (such as those induced by common vasculature) induces artifacts that cast
doubt on clear interpretation of the resting state signal.
Here we will focus on increase of SNR based upon image processing and analysis techniques. This
is a non-trivial issue since typical filtering techniques (both spatial and temporal) are complicated
by the fact that signal and noise are nearly inseparable in space and over time. In addition, one very
important caveat with regard to increasing sensitivity or increasing the signal to noise is that even if
individual images in time series data have an extremely high signal to noise, because of
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physiologic fluctuations, the temporal signal to noise, at least in grey matter of a living human,
does not typically go over 100. Filtering methods are aimed at increasing this plateau.
ANALYSIS OF THE FMRI SIGNAL
This section presents an overview of the methods for obtaining activation maps as well as their
associated issues.
Pre-processing of the fMRI Signal
After fMRI time series data is collected from the scanner, it goes through several processing steps.
The first is reconstruction, which involves the performance of a Fourier transform to convert it
from frequency space to physical space. Part of image encoding involves the application of
magnetic field gradients, which cause Bo, (and therefore precession frequency as it is proportional
to Bo) to vary over space, enabling the reconstruction into brain space. During reconstruction,
corrections for imperfections in gradient linearity are also carried out. After the raw images are
created, they are typically in one of several standard formats, with DICOM being the most popular.
After this, they are placed in a format that can be manipulated by one of the common processing
packages. After reconstruction, most but not necessarily all (depending on the goal of the lab) of
the following steps are carried out: motion correction, slice-timing correction, spatial filtering,
temporal filtering, global intensity normalization, and spatial registration.
Functional MRI is highly sensitive to motion. Adjacent voxels can differ in image intensity by a
factor of two. If one voxel moves into the other voxel’s space even a small amount, the signal
intensity change in both voxels will be substantial. While motion can be recognized as a clear edge
around steep signal intensity gradients (e.g., at the edges of the brain), it can also have profound
and pernicious effects throughout the brain. It is preferable to remove the effect rather than simply
recognize it. Image registration involves aligning all images in the time series to the first image, a
middle image, or the mean image. This helps to eliminate drift or many types of motion. Further
motion correction involves modeling the motion based on the parameters extracted during
registration as functions that can then be regressed from the data. This is somewhat effective, but
head movement introduces nonlinear artifacts that cannot be easily removed using such methods. If
there is too much motion, these approaches will fail, requiring the scan to be performed again;
however, this is often impossible or discovered after the patient or participant has completed the
scan. Therefore, techniques for preventing or correcting head-motion prospectively are important.
In addition, head movement can be mistaken for task-related activation and vice versa.
Realignment uses a least-squared-error or similar metric on successive images to estimate
movement, which can be confounded with functional activation and physiological noise. To help
ameliorate these problems, several leading groups in Europe and the United States are developing
or implementing prospective motion-correction techniques based on optical estimates of motion.
Each imaging plane in a volume is collected at a different time. A scanner may acquire planes in an
interleaved, sequential, or center-out manner. Putting the slices back in order has often been
performed, but the benefits of slice timing correction are minimal, and often it introduces artifacts
in the signal timing and image.
Often spatial smoothing is performed with the idea that it increases image signal to noise by
effectively lowering resolution. Spatial smoothing is also often performed to match the spatial
smoothness of an activation map with the variance that occurs with spatial normalization for multisubject averaging. Typically, it is performed with a Gaussian kernel in 3D. Two disadvantages in
smoothing are that the spatial and temporal structure is sometimes quite complex, and smoothing
reduces this information. Small, significantly activated areas may be “smoothed out.” It is also
typically better from a signal to noise (higher SNR) and image distortion standpoint (less distortion
with lower readout window) to collect at the resolution that one intends to use for analysis. In
addition, in some instances smoothing may blur the boundaries between small structures (e.g., in
the brainstem) and reduce the information available for “decoding” approaches. Some groups are
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developing adaptive smoothing algorithms, in which the kernel varies as a function of the estimated
intrinsic smoothness of the signal across the brain, but it may be advantageous to avoid smoothing
altogether for many applications.
The time series signal has significant non-neuronal fluctuation that spans the entire frequency
range. Thermal noise is present across all frequencies. Slow drift due to motion or scanner
instabilities is common. High frequency noise with turbulent flow and motion is also common.
Temporal filtering is a common approach that potentially reduces all these effects. High pass filters
remove slow drift. Orthogonalization to a slow drift function also effectively removes slow drift.
Global intensity normalization is aimed at correcting for run-to-run changes in signal intensity.
This variance in signal intensity can often occur when auto pre-scan is allowed to repeat at the
beginning of each run, settling on slightly different values for excitation and receive gain for each
run. To minimize cross-run variance, it is essential to keep one pre-scan setting. Even when one
pre-scan is performed, cross run variance can occur. Scaling all time series to a global mean
eliminates this signal intensity shift across runs. Unfortunately, all kinds of scaling involve
assumptions that the scaling factor (e.g., the mean intensity across the image) is equivalent for all
units being rescaled. While cross-run scaling may be sensible, within-session scaling has been
widely criticized and is no longer typically used. Global normalization, like more widely used
global signal regression strategies, makes the interpretation of the signal at each voxel relative to
the global signal that is being removed. Thus, it typically increases signal deactivations, as signal is
generally positively correlated across voxels. These result from the relative nature of the voxel time
series after rescaling, and many researchers consider these negative signal changes to be artifactual.
Basic Analysis
After the pre-processing steps, statistical analyses are carried out to determine which voxels are
“activated” relative to a baseline or control condition. This analysis may include correlation
analysis or advanced modeling of the expected brain activation. Statistical corrections can also be
included, such as correction for smoothness of the measured time series at each voxel or
corrections for non-independence of adjacent voxels. The main output from this step is a statistical
map that indicates those points in the image where the brain has activated in response to the stimulus.
It is most common to analyze each voxel’s time series independently (“univariate analysis”). For
example, standard GLM (general linear model) analysis is univariate. However, there are also
“multivariate” methods that exploit the spatial relationships or relative patterns of activation. Most
model-free methods are also multivariate.
It is also important to differentiate between model-based and model-free methods. In a modelbased method, a model of the expected response is generated and compared with the data. In a
model-free method, effects or components of interest in the data are found on the basis of some
specific criteria.
General linear modeling sets up a model (i.e., a reference function) and fits it to the data. If the
model is typically derived from the timing of the stimulation that was applied to the subject in the
MRI scanner, then a good fit between the model and the data means that the data were probably
caused by the stimulation. The GLM is normally used in a univariate way.
A typical model function is created by starting with a stimulus function, which approximates the
underlying hypothesized neuronal activity. This function is convolved with the HRF, representing a
waveform approximate to what the BOLD signal should resemble. In the GLM, a matrix is set up
in which each column represents a model or reference function.
As described above, when the model is fit separately to the data at each voxel, there will be found
an estimate of the “goodness of fit,” of each column in the model to that voxel’s time-course. To
convert a parameter estimate into a useful statistic, its value is compared with the uncertainty in its
estimation. With parametric task designs, as described in the previous section in which the intensity
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of activation is varied, there are typically several different levels of activation, and it is common to
estimate the response to each level separately.
To determine regions of activation, thresholding needs to be applied. The simplest method of
thresholding is to select a significance threshold and apply this to every voxel in the statistic map.
A problem with this is that there are many tests being carried out—one for each voxel in the brain.
If 20,000 voxels are tested for at a significance of p<0.01, then it is expected that 200 will activate
by chance, even if no stimulation is applied. This “multiple-comparison problem” implies that it is
not valid to accept all activations reported by this method of thresholding; a correction is necessary
to reduce the number of false positives. Initially a Bonferroni correction is used, where the
significance level at each voxel is divided by the number of voxels. This approach corrects for the
number of comparisons being made. However, it was quickly discovered that this threshold is
massively overconservative under positive dependence across voxels, which is nearly universally
the case with fMRI data, because it is smooth in space and is composed of networks rather than
independent voxels. Popular approaches have included Gaussian Random Field theory-based
correction, statistical nonparametric mapping (the gold standard for family-wise error rate control),
and false discovery rate correction. Cluster extent-based correction has become popular due to its
increased sensitivity, but it sacrifices the spatial specificity that is one of the main advantages of
fMRI. Current approaches focus on increasing power while retaining the ability to make specific
inferences; however, further advances are likely possible only if prior information can increasingly
be incorporated in quantitative, systematic ways to reduce the multiple comparisons problem.
It is common to run an experiment several times, either on the same subject, or with several
different subjects, or both. This can increase the sensitivity of the overall experiment or allow the
generalization of any conclusions to the whole population.
In order to combine statistics across different sessions or subjects, the first necessary step is to align
the brain images from all sessions into some common space. This is typically done using generic
registration tools and can be carried out either on the raw data or on the statistic maps.
Once all the data are aligned, there are a variety of methods for combining results across sessions
or subjects, to either create a single result for a group of subjects, or to compare different groups of
subjects. These methods include “fixed-effects” and “mixed-effects” analyses. Fixed-effects
analyses assume that all subjects activate equally, and they are only interested in within-session and
within-subject noise. Mixed-effects analyses additionally take into account between-subject and
sometimes between-session noise and errors, and therefore they make fewer assumptions about the
data. Mixed-effects models that treat subject as a random effect (which has come to be called a
“random effects” analysis in neuroimaging) can be used to make inferences about the population
from which the group of subjects is drawn. Fixed-effects results cannot be generalized beyond the
subjects studied, and nearly universally require a lower standard of evidence.
How many subjects are required in order for multi-subject statistics to be sensitive and robust? The
answer depends on the level of response to the stimulation, between-subject variability, and
scanner characteristics, and can be calculated if within-subject and between-subject variances at
each voxel are available, in addition to an estimate of the true signal magnitude. Good estimates of
these are rarely available for new research studies, as they require large-sample studies on the exact
paradigm and population studied. A smaller number of subjects is generally required for a fixedeffects group analysis than for a mixed-effects analysis.
Pattern Information Analysis and Machine Learning
Conventional statistical analysis of functional magnetic resonance imaging data focuses on finding
macroscopic brain regions that are involved in specific mental activities. To find and characterize
brain regions that become activated as a whole, data is usually spatially smoothed and activity is
averaged across voxels within a region of interest (ROI). These analysis steps increase sensitivity
to relatively large sized activations, but result in loss of sensitivity to fine-grained spatial-pattern
information. In the past several years, there has been a growing interest in going beyond activation
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assessment and analyzing fMRI data for the information carried by fine-grained patterns of activity
within each functional region. Pattern-information-based techniques can move the level of analysis
closer to assessing a region’s representational content instead of its overall involvement in task
processing. Virtually all brain regions—even “regions” as small as a single voxel—contain
hundreds of thousands up to many millions of neurons, which code for diverse types of stimuli and
mental events. Therefore, a voxel may be activated by many different tasks, but as part of distinct
neural circuits.
There are many ways to use multivariate techniques to analyze the representational content of brain
regions and circuits, and they are grouped into two major categories. In pattern information
mapping (PIM), analysts calculate a measure of predictive or “decoding” accuracy for each of
several mental or task conditions in a local area of the brain (e.g., 27 voxels surrounding a voxel of
interest). The analysis is repeated for each voxel in the brain in turn, yielding a map of the local
information content, quantified as decoding accuracy, throughout the brain. The analyst can then
compare the predictive accuracy for two or more patterns to “decode” stimuli of two or more types
of task. If a pattern trained to discriminate task A from task B decodes A vs. B when applied to
new data, it can be said to be predictive. If a pattern decodes A vs. B but not C vs. D, it can be said
to be selective for A vs. B. If two separate patterns in the same local area and selective for A vs. B
and C vs. D, and neither pattern decodes the other, it can be inferred that the region contains
separable representations of the two task types.
Though PIM is very useful, it has limitations. Many algorithms can be used to assess the information
in the vicinity of each voxel, including F-tests, support vector machines, Bayesian classifiers, and
regression algorithms. The nature of the pattern estimated and its predictive accuracy depend to
some degree on the choice of algorithm. In addition, there can be a many-to-many mapping
between tasks and patterns, and not all patterns are uniquely identified with specific tasks. It is
therefore important to assess the stability of the patterns when making claims about neural
representation. In addition, predictive accuracy does not specifically inform about the nature of the
representation (i.e., whether increases or decreases in activity are predictive, or whether the pattern is
stable across or even within individuals). Finally, PIM is subject to the same multiple comparisons
problem as standard GLM techniques, and the apparent “accuracy” may be inflated by the so-called
“winner’s curse”, as voxels with the highest post hoc accuracy are selected and reported.
Another way multivariate techniques are being used is to build integrative, predictive models
across the brain. In this case, rather than a separate multivariate analysis at each voxel, predictions
from all voxels are integrated into a single prediction. This approach is preferred if predictive
accuracy in itself is of interest, as all available information is integrated, and there is no multiple
comparisons problem. The algorithm makes a single prediction, and it is tested using a single
statistical test. The pattern can be tested for bias and stability using permutation and bootstrap tests.
Individual voxels can only be interpreted in terms of their directionality (i.e., whether increases or
decreases in activity predict the outcome) if they are demonstrably stable. As with PIM, there is no
guarantee that a predictive solution is the only plausible solution, and machine learning techniques
for stabilizing predictive maps and rendering them more interpretable are important if these
techniques are used to make inferences about the nature of neural representation. The same logic of
identifying different predictive maps that encode different types of tasks or mental representations
can be used here, as with PIM, although in this case the patterns are global (across the brain, or
constructed of multiple local decoders) rather than local.
LEADING LABORATORIES
Ongoing research and development towards the goal of better interpreting and analyzing the fMRI
signal has been carried out primarily in Europe and the United States. Tables 4.1, 4.2, and 4.3
below list the leading laboratories in the United States, Europe, and Asia (including Australia),
respectively, with a brief description of the most relevant research coming from each.

Peter A. Bandettini and Tor Wager

41

Table 4.1. Leading Laboratories in the United States for Analyzing and Interpreting the fMRI Signal
Laboratory

Research Emphasis

Berkeley

decoding, natural stimuli

Indiana

connectivity modeling

Johns Hopkins

susceptibility mapping, resting state ICA processing
high field, high resolution, layer dependence, high temporal resolution using INI,
resting state, corroborating optical imaging data, calibration methods, effects of pulse
sequence modulations.

Massachusetts General
Hospital
MIND Institute, UNM
Minnesota
NIH

real time fMRI, resting state, ICA analysis
high field, high resolution flow and BOLD, spin-echo and gradient echo, orientation
columns, high speed/high resolution methods
resting state, dynamics, calibration methods, effects of pulse sequence modulations,
electrophysiological recordings in primates, fMRI decoding, realtime fMRI, AFNI
analysis platform development

Pittsburgh

interpretation of the signal, decoding

Princeton

paradigm design/paradigm tailored processing, natural stimuli

Stanford

pulse sequence modulation dependency, resting state dynamics
Balloon model, resting state global signal interpretation, drug modulation of fMRI
signal, flow imaging methods

University of California
San Diego
University of Texas Austin
Washington University in
St. Louis

fMRI meta-analysis, decoding
resting state interpretation and processing, connectivity assessment, BOLD signal
and cerebral energetics modeling

Yale

neurovascular coupling, brain energetics

Table 4.2. Leading Laboratories in Europe for Analyzing and Interpreting the fMRI Signal
Laboratory

Research Emphasis

Berlin (Charité)

fMRI decoding

Cambridge

fMRI decoding, resting state modeling, graph analysis

Cardiff

noise removal, calibration, multimodal comparison

Copenhagen

fMRI and electrophysiological comparisons

Frankfurt

multimodal resting state comparison

Maastricht

Brain Voyager developed, realtime fMRI, fMRI dynamics, Granger causality mapping

Max Planck Leipzig
Max Planck Tübingen

high resolution BOLD, resting state processing
BOLD an electrophysiological correlation, flow volume and BOLD interpretation,
high resolution interpretation

Nottingham

high field, spin-echo and gradient-echo comparisons, fMRI dynamics and resting state

Oxford

FSL platform developed, resting state and resting state dynamics

UCL/WCTN (formely FIL)

SPM developed, dynamic causal modeling, ICA

Utrecht

fMRI dynamics and resting state, multimodal comparisons

Zurich

dynamic causal modeling

Table 4.3. Leading Laboratories in Asia/Australia for Analyzing and Interpreting the fMRI Signal
Laboratory

Research Emphasis

ATR

Human brain activation decoding, brain machine interface

Howard Flory, Melbourne

Epilepsy, cutting edge method integration

Monash U, Melbourne

Infrastructure, multimodal integration, large population databases, primate work

Queensland

Outstanding human brain imaging facilities, neuro-modeling, multimodal

RIKEN

Basic neuroscience, database development, Primate and human brain research
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CURRENT STATE OF THE ART
The current state of the art in fMRI is multifaceted, including both activation-based fMRI and
resting state fMRI. With regard to brain activation paradigms, the first state-of-the-art advancement
is that there is a clear movement towards more naturalistic stimuli, which are then interrogated with
reference functions derived from aspects of the stimuli and/or subject response. The second
advancement is that of pattern-based fMRI “decoding” as described above. Several groups have
taken this approach to a sophisticated level—allowing reading of nonperceived stimuli, preawareness intentions, dreams, and authenticity of the subjects’ statements. In general, multivariate,
pattern-effect mapping appears to be opening up a new realm of untapped fMRI information that
was not obtained with spatially smoothed, multi-subject smoothed data that was analyzed with
univariate methods.
With regard to resting state fMRI, current state of the art involves ever more sophisticated methods
to clean up the noise such that all that is left is useful signal. It also involves active research on the
source and evolutionary “purpose” of the resting state signal. An ongoing effort is taking place to
use resting state data to determine every “functional unit” or cluster in the brain. Several methods
are being developed to do this with as few subjects as possible. A growing number of studies are
replacing activation-based paradigms with resting state and finding significant changes in resting
state connectivity between mental states, populations, and individuals.
With application to both activation and resting state based fMRI, the move from group studies to
individual assessment is a clear state of the art. The ability to determine if an individual belongs to
a group or not is substantially more difficult than determining differences between averages of
groups. Only a few such studies exist because the field is struggling with sensitivity and variability
challenges.
Also with applications to both activation and resting state based fMRI is multimodal assessment.
More sophisticated methods are being developed to synergistically utilize advantages of each
modality to extract either higher temporal resolution or more direct neuronal information.
FUTURE DIRECTIONS
Two trends are very clear from observing the current state of the art of fMRI and fMRI processing:
•

Considerably more information (physiologic, neuronal, cognitive, and developmental) is in the
fMRI signal than previously suspected. Methods for extracting this information precisely and
robustly are still in their infancy and are developing quickly. This is a clear future direction.
This will be highly complementary to the fMRI signal/neuronal activity modeling efforts going
on in Queensland, for instance.

•

fMRI is on the verge of achieving regular clinical practice as methods for classifying single
subjects mature. Most fMRI studies have been carried out with the goal of determining
differences between averaged groups (i.e. schizophrenia vs. normal controls), but methods
have not been fully developed for determining which individuals fall into the schizophrenia
group. A growing number of groups are working on this, as funding agencies have indicated
that this is the direction that they want fMRI to go. There are many neurologic and psychiatric
disorders that may be more accurately diagnosed and monitored with the help of fMRI—
waiting on the right processing approach.

Other general trends include high spatial resolution fMRI, resting state fMRI, multivariate
assessment methods, fMRI decoding, naturalistic stimuli with fMRI, multiple simultaneous
contrasts in fMRI for calibration and quantitation of the signal, and multimodal integration.
REFERENCES
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CHAPTER 5

TRANSLATIONAL NEUROIMAGING:
CHALLENGES AND EMERGING APPROACHES
Tor Wager and Lilianne R. Mujica-Parodi

The past twenty years have seen an intense rise in interest in human neuroimaging, coupled with
rapid technical and methodological advances. Underlying this interest is the promise that
neuroimaging will revolutionize our understanding of brain health and optimal function, and help
us to understand, prevent, and treat brain-related illnesses.
The potential applications and markets for an understanding of human are vast. They include
(a) medical screening and diagnosis of psychopathology, neurological, and cardiovascular disease;
(b) optimizing performance in educational, professional, and military settings; (c) drug
development; and (d) the development and targeting of brain-based interventions. There is
considerable optimism about the potential for advances, but neuroimaging technologies have also
been a rallying point for criticism and skepticism about neuroscience, as neuroimaging-based
approaches compete for public and private funds and intellectual prestige. Though neuroimaging
has begun to reshape our understanding of the brain, translational efforts have not followed the
quick and easy path to success that some optimists initially envisioned, and the field is now taking
a more critical and mature look at how to use neuroimaging in translational, clinical, and
commercial efforts. This chapter reviews:
•
•
•
•

Some of the challenges and needs if neuroimaging is to play a transformative role in
translational neuroscience
The current state of the art
Emerging approaches that are having a transformative impact
Directions for the future: promising potential applications

OBSTACLES AND NEEDS IN TRANSLATIONAL NEUROIMAGING
Neuroimaging has proven itself to be an essential technique in the arsenal of the human
neurosciences, but clinical and translational efforts require much more than innovative and
impactful science. They require specific types of research efforts, including large-scale studies and
demonstrations that findings are not just significant but are diagnostic. They also require scalable
solutions that can be tested and applied across laboratory and commercial settings and business
development to test their utility in real-world applications. Thus, both optimists and skeptics are
waiting for breakthrough applications of neuroimaging techniques in clinical and commercial use.
As one recent, authoritative review put it: “Why has it taken so long for biological psychiatry to
develop clinical tests and what to do about it?” (Kapur, Phillips, and Insel 2012). Below, we review
the most important obstacles and needs, and discuss why they have not been prioritized in the
traditional scientific process.
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Targeting Meaningful Translational Outcomes in Neuroimaging Studies
Translational approaches require precise measurement of functional outcomes related to health,
wellbeing, disease progression, or commercial interests. Basic neuroscience is concerned with a
much broader set of outcomes, which can include the study of any brain process, system, protein,
or molecule, as related to any behavior of scientific interest. Thus, many neuroscientific studies do
not prioritize prediction or diagnosis of outcomes that are useful in translation.
For example, many studies have characterized the brain mechanisms underlying human short-term
memory (or working memory, WM) performance (Wager and Smith 2003). Though WM is
strongly linked to dysfunction in multiple forms of psychopathology (e.g., in schizophrenia), few
studies have strongly linked neuroimaging findings on WM to specific functional outcomes with
schizophrenia and other diseases. In addition, rather than focusing on using neuroimaging to
predict real-world function or even basic memory performance, the emphasis has been on
understanding the roles of distinct brain systems themselves in various aspects of WM.
This is a worthy, and even critical, scientific goal. However, a translational approach requires
something qualitatively different: The use of measured brain activity across multiple systems to
(a) predict both performance and long-term functional outcomes, and (b) test effects of cognitive,
behavioral, or pharmacological interventions (Figure 5.1).

Figure 5.1.

Traditional brain mapping vs. “brain-as-marker” approach to neuroimaging (courtesy of T.
Wager).
(Top) A traditional approach with limited potential for translation. Every brain “voxel” or
region is treated as a separate outcome, and the goal is to explain brain responses with
symptoms and tasks. (Bottom) The “brain-as-marker” approach, in which machine learning
algorithms are used to identify patterns of brain activity that closely predict symptoms or other
functional outcomes.
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This approach is tantamount to first developing brain markers of outcomes of clinical or
translational interest, and then using those brain markers to provide mechanistic information on
how potential treatments work.
In the area of psychopathology, an enduring obstacle is that the functional targets for translational
neuroscience have not been precisely defined. Currently, the diagnosis of a major mental disorder
(e.g., according to the Diagnostic and Statistical Manual of Mental Disorders [DSM-5 2013] ) is the
functional outcome of interest for many researchers and practitioners. However, DSM-5 diagnostic
categories are defined based on heterogeneous and sometimes disjointed sets of symptoms, and are
unlikely to constitute biological subtypes. For example, depression is not one disorder, because
different individuals may suffer from “depression” due to different etiological and biological
causes and exhibit different symptoms. If there are multiple biological subtypes of depression, it is
not possible to identify a common genetic basis for “depression” or treatments that work for
“depression.” An alternative is to target functional outcomes rather than diagnostic categories when
relating neuroimaging to psychopathology (Insel 2009). For example, brain markers must be
identified that relate to mood, specific emotions, anergia, sleep, cognitive function, social behavior,
and other processes whose dysregulation together contribute to depression.
Person-Stratification: Identifying Subgroups of Individuals Based on Neurobiological
Measures
A fundamental challenge in translation is that outcomes that seem homogeneous at the functional,
clinical, or behavioral level are often heterogeneous at the biological or mechanistic level. For
example, memory performance can be impaired due to deficits in language systems, goalmaintenance systems, or other problems. Cancers included in the same diagnostic category by
clinical criteria (e.g., glioma) can have very different molecular phenotypes, and thus respond to
different molecular treatments. Similarly, depression, pain, schizophrenia, and other neurogenic
pathologies are heterogeneous in their genetics and neurophysiology.
Because treatment response is often determined by the underlying neurobiological pathology,
rather than symptoms and functional outcomes, great emphasis is currently being placed on
identifying biological subtypes and evaluating treatments relative to those biologically based
patient criteria. In psychopathology and mental health, this approach is termed “patient
stratification” (Kapur, Phillips, and Insel 2012). The basic idea is to match patients to treatments
based on biological phenotypes, and thereby avoid over-reliance on traditional clinical diagnostic
categories. Major funding initiatives at the National Institutes of Health in the United States
centered on this approach include efforts towards personalized medicine and the Research Domain
Criteria (RDoC) initiative at the National Institute of Mental Health.
Importantly, this is not only a clinical issue, but a basic science issue as well. Specific types of
basic research are needed to enhance translational efforts. Much basic research work investigates
individual differences in brain activity, but little work is aimed at identifying biological subtypes,
and little of that work is directed towards outcomes that are of translational interest.
Identifying Clinically and Functionally Meaningful Brain Effects
Traditional scientific approaches in neuroscience, psychology, and related disciplines focus on a
hypothesis-testing framework. This framework is geared towards identifying whether there is any
statistically significant effect, no matter how small it may be. As a result, there are now thousands
of published neuroimaging studies cataloguing an overwhelming array of statistically significant
effects. However, it is unclear how diagnostic these effects are of translational outcomes. For
example, depression is characterized by many changes across the brain, in the amygdala, prefrontal
cortex, and other systems (Hamilton et al. 2012). The same is true for other clinical disorders (e.g.,
schizophrenia), and for basic phenomena like emotion and memory (Lindquist et al. 2012).
Although amygdala responses to emotional faces may be statistically different in depressed patients
vs. controls, it is unlikely that such findings are useful in a diagnostic sense (they cannot accurately
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determine whether a patient is depressed or not) and unlikely that they are strongly related to
functional outcomes in daily life.
The issues with cataloguing statistically significant effects have coalesced into widespread
criticisms of the lack of replicability in neuroscience and psychology (Vul et al. 2009), and science
more broadly (Ioannidis 2005). Traditional hypothesis-testing approaches favor novel and
surprising findings over robust measures and replication. Efforts are not generally made to (a)
evaluate how large and meaningful reported effects are using unbiased techniques or (b) perform
exact replications. These shortcomings have had major repercussions for translation of scientific
findings into commercial settings. There is an increasing recognition of the need for replication of
results across laboratories (Ioannidis 2005, Pashler and Wagenmakers 2012). This is true across
multiple fields that deal with complex data, including both neuroimaging Button et al. 2013) and
genetics (Duncan and Keller 2011) and other fields as well (Simmons, Nelson, and Simonsohn
2011).
In the area of drug discovery, this has led to failed attempts by pharmaceutical companies to
replicate basic research findings and develop them commercially, at great expense to the
companies and, ultimately, the public. These failures have caused pharmaceutical companies to
dramatically scale back mental health research in some cases. As Dr. Thomas Insel writes, “Despite
high prevalence and unmet medical need, major pharmaceutical companies are de-emphasising or
exiting psychiatry, thus removing significant capacity from efforts to discover new medicines”
(Insel 2012).
Translational approaches require a very different strategy. Rather than cataloguing statistically
significant differences (Kapur, Phillips, and Insel 2012), brain markers must be identified that are
strongly predictive of diagnostic categories or functional outcomes. The diagnostic value of these
markers must be assessed across individuals, samples, settings, and research groups. Markers must
be optimized so that they are maximally diagnostic and robust, including markers that integrate
multiple brain measures and systems.
Generalizability and Scalability
Another important need for translational development is studies that demonstrate generalization
across samples, populations, and research or clinical contexts. A related consideration that goes
hand-in-hand with generalizability is scalability, the ability to deploy a technology cost-effectively
and robustly across multiple research, clinical, and commercial settings.
Generalizability and replicability are inextricably linked. A large part of the apparent “replicability
crisis” is the inability to find effects developed in one laboratory in others. This is due to a variety
of factors, including small effect sizes, the practice of searching across many brain or genetic
measures, and pressure to try different analyses and ways of conditioning the data in order to obtain
significant findings. These practices can be beneficial for discovery, but for translational science,
exact replications must be prioritized.
Technologies vary considerably in their scalability, and scalability often trades off with other
aspects. Scalable technologies are cost effective and produce robust signals, whereas science often
prioritizes high-end instruments that generate unique data, often with considerable effort and
expertise in specialized settings. Therefore, the inherent tradeoffs demand the prioritization of
translational innovation—the development of scalable technologies—in addition to scientific
innovation.
CURRENT STATE OF THE ART
The current state of the art involves diverse approaches to multivariate analysis and machine
learning, though most approaches still do not focus on efforts to develop scalable and generalizable
biomarkers. Well over 90% of current imaging papers use standard voxel-wise mapping procedures
(e.g., Woo, Krishnan, and Wager 2014), which are not suited to developing markers for reasons
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described above. The use of multivariate approaches has grown dramatically over the past 8 years,
and multi-voxel pattern analysis (MVPA) has become an increasingly standard method, though it is
not yet included as a standard feature of the most popular neuroimaging statistics packages, except
in basic form. MVPA is described more completely in the “Emerging Approaches” section below.
Here, we note several current trends that are representative of the state of the art in this area, and
deal more extensively with limitations and emerging marker-development strategies below.
MVPA Searchlights
The most common MVPA approach now is to construct voxel-wise maps of multivariate predictive
accuracy in local regions of the brain. This approach was pioneered and developed by several
groups, including Niko Kriegeskorte and Peter Bandettini (Kriegeskorte, Goebel, and Bandettini
2006), and John-Dylan Haynes, whose research group the team visited in Berlin. A strength of the
approach is that it can provide finer-grained information about what types of information are
represented in local regions of the brain (e.g., shape information in cortical area V8, motor
intentions in pre-supplementary motor cortex, etc.) The Haynes group, like others around the
world, is using the searchlight technique across the brain to (a) locate brain regions that encode
particular types of information, (b) test for brain areas that encode features of computational
models, and (c) examine the similarity of brain patterns (taken as proxies for representations)
across multiple types of stimulus and/or psychological dime nsions (Nili et al. 2014).
Limitations of this approach include (1) lack of an integrated predictive model (utility is limited in
finding biomarkers); (2) a need for multiple comparisons correction; (3) inflated apparent accuracy
if searchlights are used across many brain voxels; (4) lack of sensitivity to information distributed
in large-scale systems; (5) lack of adequate methods for identifying common representations and/or
making inferences across individuals; (6) sensitivity to confounds (e.g., irrelevant processes or
artifacts) due to individually tailored models that are flexible and can identify different patterns for
different individuals, which can complicate interpretation (Todd, Nystrom, and Cohen 2013).
EMERGING APPROACHES
Big Data
Current enthusiasm about “big data” in science reflects recognition of each of the needs discussed
above (Button et al. 2013). Large datasets can a) provide reduced bias in effect sizes when
searching across many measures, b) facilitate sample-splitting (e.g., “cross-validation”) strategies
that allow for minimally biased estimates of diagnostic value (Hastie, Tibshirani, and Friedman
2009). In addition, for pragmatic reasons, many “big-data” efforts are focused on scalable
measures. It should be emphasized that increasing the size of datasets is not the only solution, and
it comes at a substantial cost in discovery and exploration. However, it is a crucial step towards
validating promising brain markers on a large scale and evaluating their utility for development in
commercial, health care, military, and other applications.
While “big data” applications currently are often based on online data (e.g., social media data from
millions of users), efforts to collect large-scale datasets and aggregate datasets are under way
across the world. These efforts include meta-analyses and databases of existing findings,
consortium-based aggregation of data and large-scale studies, and nationally sponsored populationbased efforts. Some examples include:
•

•

In the area of meta-analysis, Neurosynth (http://www.neurosynth.org/) is an extensible
aggregation of nearly 6,000 published studies that allows for in-web-browser access to the
dataset and maps. It is integrated with in-browser analysis tools and other datasets, including
the Allen Brain Project’s maps of gene expression throughout the brain.
OpenFMRI and Open Pain are emerging online repositories for sharing and aggregation of full
neuroimaging datasets from multiple studies. They are open access and are designed to
accelerate collaborative, large-scale analyses across datasets.
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Several consortia provide open sharing of datasets from multiple healthy and disordered
populations. These include the ENIGMA (Enhancing NeuroImaging Genetics through MetaAnalysis) project for genetics, Alzheimer's Disease Neuroimaging Initiative (ADNI) for
Alzheimer’s disease (http://www.adni-info.org), Autism Brain Imaging Data Exchange
(ABIDE) for autism (http://fcon_1000.projects.nitrc.org/indi/abide/), and INDI/1,000
functional connectomes for resting-state data and multiple psychopathologies.
The European Union funded the collection of a Europe-wide dataset, IMAGEN
(http://www.imagen-europe.com), which investigates mental health and risk taking behavior in
a cohort of 2000 14-year-old children. Data collection began in 2007 and is now complete,
with participating research groups publishing findings.
Organizations such as the INCF (International Neuroinformatics Coordinating Facility
http://www.incf.org) and related efforts are providing common data and infrastructure tools
and standards. U.S. organizations such as the Neuroimaging Informatics Tools and Resources
Clearinghouse (NITRC) provide a shared source for neuroimaging-related tools and datasets.
National efforts are under way in Sweden, which maintains a national registry of twins with
97% retention, and in the UK, which is planning a program for brain and body imaging of up to
100,000 participants in the Biobank longitudinal study.

Machine Learning
An important trend in the neuroimaging literature is the use of “statistical learning” or “machine
learning” algorithms to identify distributed patterns of fMRI activity within and across regions
(Figure 5.2 and, for example, Mitchell et al. 2009, Horikawa et al. 2013); this approach is
increasingly being applied to pain and other clinical disorders, including depression, Alzheimer’s
disease, and schizophrenia (Wager et al. 2013, Cecchi et al. 2012, Ung et al. 2014, Brodersen et al.
2012, Marquand et al. 2010, Zeng et al. 2012, Cuingnet et al. 2011, Brodersen et al. 2011, Du et al.
2012). This approach, also called multi-voxel pattern analysis (MVPA), identifies patterns
designed to be maximally predictive of a specific outcome. The algorithms can also be constrained
to produce neuroscientifically interpretable patterns that can be used in reverse translation. They
are suited to diagnostic development and testing because they are designed to optimize the
prediction of outcomes such as pain (e.g., be sensitive to pain) and differentiate pain from related
conditions (e.g., be specific to pain).

Figure 5.2.

Use of machine learning to relate brain patterns to outcomes (courtesy of T. Wager).
Fine-grained patterns across brain “voxels” (within and across regions) are identified that
closely predict outcomes (e.g., a physiological disease outcome). Other patterns may predict
other aspects (e.g., symptom scores). Once identified, these patterns can be compared to one
another to assess their specificity and identify common brain representations underlying
multiple outcomes. These patterns can also be used as targets for interventions (e.g., treatment).
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Another, powerful idea is that patterns derived from machine learning can circumvent some of the
limitations in spatial resolution of fMRI, because patterns can be sensitive to the local structure of
functional columns and differential functional organization across microvascular beds
(Kriegeskorte, Cusack, and Bandettini 2010, Chaimow et al. 2011). Pattern information about
functional topography is often preserved at a mesoscopic level, and is detectable even when the
voxels sampled are larger than the columns themselves (Chaimow et al. 2011, Kamitani and
Sawahata 2010, Swisher et al. 2010, Kamitani and Tong 2005). In addition, mesoscopic
organization is often preserved across individuals, permitting accurate inferences about individuals
based on normative group-level data (Wager et al. 2013, Shinkareva et al. 2008, 2012, Rissman,
Greely, and Wagner 2010). This means that distributed local patterns of activity can be sensitive to
the differential distribution of different types of neurons across a brain region. Thus, whereas any
one voxel in a region such as the anterior cingulate may not be highly diagnostic of pain (Yarkoni
et al. 2011, van Snellenberg and Wager 2009), but a particular local pattern across voxels within
the anterior cingulate may be diagnostic (Wager et al. 2013).
Machine learning approaches, when used in particular ways, are particularly suited towards person
stratification—one of the great translational needs described above. Approaches such as
collaborative filtering attempt to identify subgroups of individuals and make predictions specific to
that individual’s group. These approaches are widely used in commercial “big data” applications,
and are just beginning to be applied to neuroimaging data.
Using Brain Images as Diagnostic Tests
Dominant paradigms in neuroimaging data analysis—including univariate “brain mapping”
approaches and multivariate, network-based approaches—have not focused on the diagnostic
properties of brain measures and their utility in predicting real-world outcomes. However, as
neuroimaging is increasingly used in clinical and translational studies, there is increasing focus on
the diagnostic value of brain patterns for clinical conditions (Zeng et al. 2012, Cuingnet et al. 2011,
Brodersen et al. 2011, Du et al. 2012, Balick et al. 2012) and treatment responses (e.g., Doehrmann
et al. 2013, Miller et al. 2013).
Typically, activity in a brain “voxel” is treated as the outcome of interest, and all voxels are
analyzed separately. This approach is well suited towards understanding the functions of specific
brain regions, but it is not suitable for understanding what brain patterns represent or predict a
functional outcome of interest. The alternative is to target the functional outcome and identify
patterns that optimally predict that outcome (see Figure 5.1). We refer to this approach as the
“brain-as-marker” approach. Brain markers are identified that predict an outcome of interest. These
markers may be based on patterns of brain activity, functional connectivity, neurochemistry,
structure, or other measures. They can include multimodal data (e.g., a combination of fMRI
activity and cortical thickness measures, or PET neurochemistry combined with traditional clinical
assessments). Critically, markers should integrate all available information from a set of measures
(e.g., fMRI images with activity across ≈200,000 brain voxels) into a single, quantitative value—
the “biomarker response” or “pattern expression”—designed to predict the outcome or outcome
risk. If the outcome is categorical (e.g., schizophrenic, obsessive-compulsive, or healthy), the
pattern expression provides a continuous measure of outcome risk or propensity. If the outcome is
continuous (e.g., level of pain or other symptom intensity scores), the pattern expression provides a
continuous measure of predicted outcome intensity.
Once defined, these markers are tested and their diagnostic properties evaluated. Of particular
importance are the sensitivity and specificity of the brain marker for the functional outcome and
statistical measures derived from these (i.e., positive predictive value). These measures can provide
transparent estimates of the likelihood or level of the functional outcome (e.g., presence of pain,
likelihood of responding to treatment) given the intensity of the marker’s expression in a set of
brain measures. Thus, in this respect, brain images are treated as diagnostic markers just as in any
other medical test. For example, to diagnose heart disease, levels of several enzymes may be
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combined into an integrated risk score. If the risk score is above a certain level, a diagnosis is made
and treatment for heart disease is recommended. With functional brain markers, levels across
multiple voxels are combined into an integrated risk score for a functional outcome. If the levels
cross a predefined threshold, a diagnosis may be made and a course of action (e.g., intervention)
may be proscribed.
Because a marker constitutes a precise, quantitative pattern across brain voxels or other measures
(e.g., connectivity), it provides a target for exact replication, mitigating some of the replication
problems that have plagued multivariate data (including genetics and imaging) described above. It
also provides a straightforward, transparent way to assess generalizability of the pattern response
across individuals, samples, scanners, patient groups and populations, and functional outcomes. For
example, a recent study identified a biomarker for acute pain (Wager et al. 2013; Figure 5.3). The
biomarker pattern shown in Figure 5.3 predicted pain with >90% sensitivity/specificity across four
studies, did not respond to “painful” emotions that were not physical pain or non-painful bodily
sensations, and showed a response to drug treatment but not placebo. Signature patterns that predict
pain might generalize to across multiple types of pain, body sites, and patient groups, or they may
be specific to certain types of pain (e.g., specific to acute pain or inflammatory pain). Either way,
using the patterns as markers and annotating their properties will provide quantitative information
on what they can and cannot be used for.

Figure 5.3.

An example of a neuroimaging-based biomarker pattern across voxels, including multiple painrelated brain regions, that serves as a marker that can be tested in individual persons (adapted
from Wager et al. 2013).
The integrated activity across the pattern provides a continuous readout of predicted acute pain
intensity. This readout is compared to a threshold to determine if a condition elicits this painrelated brain pattern or not, and predict which of two conditions is more painful.

Machine learning and MVPA approaches are integral to these efforts, as they emphasize prediction
and generalizability to new samples and outcomes, but they are not isomorphic with the “brain-asmarker” approach. MVPA and machine learning techniques can be used to optimize predictive
markers, but they can be used in service of other goals as well, including understanding what is
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represented in local brain regions. For example, “searchlight” methods use MVPA to conduct many
tests of whether information about a functional outcome is present in local regions across the brain;
however, they do not usually attempt to integrate activity into a single “best guess” prediction of
the outcome, and they do not test this prediction in new, out-of-sample individuals to assess
generalizability. Thus, though they may utilize machine learning algorithms, their similarity with
the “brain-as-marker” approach ends there.
Some of the critical features of the “brain-as-marker” approach, which both distinguish it from
traditional neuroimaging approaches and provide particularly important criteria for translational
utility, are as follows:
•

Generalizability across individual persons: Tests on out-of-sample individuals assess a
candidate brain marker’s reliability and prospective utility at the individual person level.

•

Characterization of sensitivity and specificity: Assessment of sensitivity and specificity is a
cumulative process across multiple samples and studies and is generally assessed in terms of
the propensity for an individual person to exhibit an outcome given the intensity of that
individual’s marker expression.

•

Interpretability: Many machine learning-based approaches favor predictive accuracy over
interpretability of the brain patterns, which limits understanding of what brain features are
driving predictions and understanding of their generalizability. The “brain-as-marker”
approach prioritizes neuroscientific interpretability of markers.

•

Scalable markers: More evidence from more populations, and across more outcomes
potentially confusable with target outcomes, is required as promising markers are identified
and rigorously tested for utility in clinical, commercial, and large-scale research settings. As
larger-scale studies are performed, sensitivity and specificity is assessed for specific
populations (e.g., sex, age, demographics, patient group).

APPLICATIONS
Emerging applications of neuroimaging technology are broad, and their success will depend on
combining high-quality measures with the various elements described above: Exact replications,
optimization using machine learning, the “brain-as-marker” approach, and a balance between
exploration in small datasets and large-scale testing of the most promising markers. MRI and fMRI
in particular are promising as technologies that are moderately scalable and can provide a number
of convergent structural and functional measures (see Figure 5.4). PET occupies the lower end of
the spectrum of scalability, but is essential as a technique for studying molecular targets in humans.
EEG technology is highly scalable and can be deployed in many settings, and can be validated
against fMRI in translational applications.
Here we describe several examples of applications chosen to be representative of emerging
directions.
Neuroimaging in Risk Assessment and Diagnosis
A straightforward application of neuroimaging tools is to augment existing behavioral and clinical
measures. The most common application to date is in diagnosis, e.g., in identifying the presence of
pain (Wager et al. 2013, Cecchi et al. 2012, Ung et al. 2014, Brodersen et al. 2012, Marquand et al.
2010) or other forms of psycho/neuropathology, including Alzheimer’s disease, depression,
anxiety, and others. Emerging studies suggest that neuroimaging has substantial diagnostic
potential in this regard. Neuroimaging-based risk scores are likely to be very useful as part of
multimodal assessment strategies.
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Figure 5.4.
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Multiple types of data that can be collected during a single session with MRI/fMRI (courtesy of
T. Wager).
These measures can be used, alone, or in combination to develop brain-based biomarkers for
neuropathology and functional outcomes. These include structural measures of gray matter,
white matter connectivity (DTI/DWI: diffusion tensor imaging and diffusion weighted
imaging), and vasculature (MRI: magnetic resonance angiography). They also include measures
of function, including fMRI activity collected dynamically during various tasks and mental
states, functional and effective connectivity among brain regions, and connectivity with
physiological and other performance outcomes over time. These measures can be assessed in
relation to performance, mental health status, autonomic nervous system (ANS) and
hypothalamic-pituitary-adrenal (HPA) outputs to the body, peripheral inflammation and
disease, and health behaviors that mediate effects on health and disease.

Japan is the first country in the world to begin integration of functional neuroimaging (nearinfrared spectroscopy, or NIRS) into clinical diagnosis of psychiatric disease (Anonymous 2011,
Cyranoski 2011). This was made possible by the April 2009 approval of NIRS as a diagnostic
instrument for depression and psychosis by Japan’s Advanced Medical Technology (AMT)
Programme, a division of the Ministry of Health, Labour, and Welfare. In spite of scientific
criticism that study sample sizes have been too small and that gold-standard biomarkers have not
yet been established, the AMT agreed to move forward with the equivalent of FDA Phase II/III
trials, precisely because it would permit large-scale collection of data in clinical settings that could
later be used to rigorously validate robust signatures.
One common question about the utility of this approach is, “We already know if a person is in pain,
schizophrenic, etc., so what can neuroimaging add?” Importantly, neuroimaging-based markers
provide more than just a risk score. In many cases (pain, schizophrenia, depression, Alzheimer’s),
brain markers provide measures that are closely related to the neurophysiological mechanisms
involved, and thus can be informative in ways that traditional clinical and behavioral measures are
not. For example, clinical pain assessments can provide information on whether someone is in pain,
but not what the underlying neurophysiological cause is, or which physiological type of pain is
involved. Biological and/or additional diagnostic measures are required to make informed
treatment decisions. Similarly, traditional clinical diagnostic instruments for depression and
schizophrenia do not provide adequate information about subtypes of individuals likely to have
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common neurobiological causes and respond to common pharmacological, psychological, or
behavioral treatments.
In addition, application of clinical criteria can change across time and vary across geographical
locations and clinicians. This has led to substantial confusion about whether disorders like autism
and attention deficit disorders are actually increasing over recent years or whether the way it is
identified and diagnosed has changed. In addition, the way clinicians diagnose autism in New York
may be different from how they diagnose it in Geneva or rural Georgia. Objective biological
measures are not subject to this variability and have numerous advantages. They could provide a
basis for more accurate epidemiological studies of demographic or environmental factors
underlying pathology. They could also enhance standards across sites and years that will allow for
more accurate tracking of mental health disorders across time, and thus, ultimately, better
understanding of their causes. They could also provide standards for the assessment of
interventions that are not subject to intersite variability, which has substantial influence on clinical
outcomes (Hróbjartsson and Gøtzsche 2001).
However, there are some important caveats and obstacles to developing brain-based diagnostic
measures as well. First is the issue of incorrect diagnoses, and in particular, false negatives. An
individual might have a real problem—pain, or a psychiatric condition—that goes undetected in
brain-based assessments. This could easily happen because (a) the brain bases of pain and
dysfunction may be diverse across individuals, and so an individual may have a real condition with
a non-normative neurological basis; and (b) the diagnoses themselves likely reflect heterogeneous
collections of neuropathologies with common superficial symptoms. If objective, brain-based
measures are used, a wrong diagnosis may be harder to overcome because of the perceived
credibility of the test (Anonymous 2011, Cyranoski 2011). Secondly, there is a problem of marker
validation. The gold standard for psychiatric diagnosis is standardized clinical assessments, which,
as mentioned above, likely reflect multiple diverse brain problems with common superficial
symptoms. Brain-based measures can only add to a diagnosis if they are at least partly credible in
cases where they diverge from clinical assessments. The field is just beginning to grapple with the
question of what kind of evidence is necessary to go beyond the clinical diagnosis and be
considered as viable evidence in its own right.
Neuroimaging in Prediction of Symptom Trajectories and Treatment Response
One particularly important use of neuroimaging tools is in the prediction of individual differences
in treatment response. This is a critical step towards “stratified” approaches to health and
performance, and towards “personalized medicine.” One goal is to use pre-treatment brain scans to
uncover patterns that predict who will recover and who will not recover with a given treatment
(e.g., Doehrmann et al. 2013, Siegle et al. 2006). For example, one recent study used fMRI
connectivity patterns at study enrollment to predict the development of chronic back pain one year
later and thus identify those at risk (Baliki et al. 2012). If pre-treatment patterns are related to
meaningful neurophysiology differences in etiology or disorder subtype, the approach could be
used to match patients to treatments. However, the implications go beyond that strict usage, to
identifying individuals who might be resilient to particular stressors, learn better with a particular
training regime, or other outcomes.
For example, recent studies have identified brain white-matter differences linked to low socioeconomic status and physiological measures of atherosclerosis (Gianaros et al. 2013). Structural
changes in brain anatomy detectable using MRI may provide critical links between behavioral
health (e.g., exercise, diet, and sleep patterns), vascular health, and widespread changes in
cognitive function and neurological disease risk (e.g., stroke, dementia).
In addition, other studies have used neuroimaging to predict which patients will show placebo
responses (Hashmi et al. 2012, Wager et al. 2011), which are present in many clinical trials (for
depression, pain, Parkinson’s disease, surgery for arthritis, and other conditions) and can
dramatically reduce efficiency and increase the cost of clinical trials. Neuroimaging could be a
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cost-effective way of screening for placebo responders and identifying patients who are most likely
to respond to investigational drugs, placebo treatment, or both, in clinical settings.
Importantly, early identification of risk factors could lead to early interventions, before full-blown
disease or psychopathology renders treatment ineffective. This theme cuts across physical health
risks (e.g., heart disease), mental health risks (e.g., depression), behavioral risks (e.g., addiction),
and sociological risks (e.g., child abuse and neglect). Often, interventions are available, but they
are costly, and it is impractical to deliver them to all those who might be at risk. Neuroimaging
could play an important role in screening for those at greatest risk, and for those most likely to
respond to a given intervention.
Neuroimaging-based technologies that are scalable have the greatest potential for large-scale
deployment; for example, electroencephalogram (EEG)-based technology is now available for
relatively low cost, and developments in the technology allow it to be used in home and workplace
settings. Free platforms for communication and recording of EEG with widely available
technologies are now available. For example, Bluetooth streaming of EEG data from wearable
headsets has been developed by Dr. Lars Kai Hansen’s group in Copenhagen (Stopczynski et al.
2014), and open-source software is available for download from the online software repository
Github (see Figure 5.5).

Figure 5.5.

Scalable neuroimaging technology exemplified by the SBS2 real-time EEG brain imaging
system (Hansen group) running on a Samsung Galaxy Note 2 (from Stopczynski 2014).
Cost-effective EEG-based measures can be validated against more expensive ones and be
deployed on a large scale. Brain-brain interactions among groups of individuals can also be
studied.

Preclinical Imaging and Reverse Translation: Drug Discovery
A final example is the use of neuroimaging in drug discovery. Human neuroimaging, coupled with
the approaches described above, can play a unique role in the drug discovery, screening,
development, and validation process. Over the past 10 years, extensive neuroimaging programs
have been developed by pharmaceutical companies; some of these have been “spun off” as private
companies, such as GlaxoSmithKline’s UK imaging initiative, which is now Imanova, Ltd.
Much of the work on drug discovery over the past decades has been based on translational models
in which an animal model that appears to capture a behavioral/clinical phenotype is developed
(e.g., mice with “anxiety” or “depression”), and molecular targets are identified that influence the
phenotype. In mental health disorders, this approach has met with limited success, in spite of
enormous effort and financial expenditures. One central problem with the approach is that animal
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models are likely not good models for human clinical disorders. They may share behavioral
characteristics with human disorders, but the underlying neurobiological causes may be very
different, and the mechanisms involved are often different across species. Anxiety and depression
cannot be assessed in animals—only “anxiety-like behavior” and “depression-like behavior,”
which are often inadequate to capture human experience (e.g., LeDoux 2012).
One important advance enabled by new neuroimaging and genetics technologies is “reverse
translation,” in which systems-level, molecular, and genetic targets are identified in humans and
then taken into animal models to be studied, tested, and developed into drug interventions. Human
neuroimaging can provide a brain systems-level bridge between humans and animal models. On
the human side, neuroimaging can identify brain systems closely linked to functional/clinical
outcomes, as described above. Studies comparing human and animal systems directly using fMRI
can establish homologies across species. These steps permit the analysis of systems and molecular
pathways in animals that are directly relevant for human pathology and function, bypassing the
need to assume that clinical phenotypes like anxiety can be identified in non-humans. Ultimately,
therapeutics can be developed based on these human psychopathology-relevant molecular
pathways.
Human molecular imaging also has additional direct, translation-relevant benefits. For a drug to be
effective in the central nervous system, it must: (a) penetrate into the human brain; (b) enter tissue
and bind to the relevant receptor sites in humans (pharmacokinetics [PK]); and (c) induce the
intended pharmacological effect (pharmacodynamics [PD]) with the intended effect on human
function, symptoms, performance, etc. The Karolinska PET Center in Stockholm is a model
enterprise in this endeavor, and is funded by public-private partnerships and both public and
commercial sources. Animal preclinical PET is used to screen compounds for penetrance and
PK/PD properties. Human high-resolution PET is used to assess promising compounds in humans.
Often, compounds that penetrate to the brain in an animal species (e.g., rat) do not penetrate in
humans and thus will not be effective in humans even if they work as intended in animal models.
Many compounds must be screened at the human pharmacological level before promising
compounds are identified for clinical trials. Human ligands are available for a number of classical
disorder-relevant neurotransmitters and neuropeptides (e.g., dopamine, serotonin, norepinephrine,
opioids, and others), and novel targets include markers of central inflammation and glial function.
One compound that has great potential as a screening technique in Alzheimer’s disease is
Pittsburgh compound B (PiB), which assays levels of beta amyloid in the human brain; other
molecules are currently being developed as well.
One gap that must be addressed in these approaches is the gap between PK/PD action and clinical
symptoms and status. This gap can be addressed using the techniques described above, identifying
multivariate patterns of radiolabeled molecular markers in PET images that are predictive of
functional outcomes, psychopathology, and treatment responses.
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CHAPTER 6

COMPUTATIONAL INFRASTRUCTURE
Tom Cortese and Tor Wager

The previous chapter discussed new directions that image processing and neuroimaging analyses
are taking. While remarkably rich in terms of informational content, these directions also make
unprecedented demands upon computational power—a resource that, in the evolution of
neuroimaging, has historically been less than fully recognized for the critical component that it is.
This chapter concerns the computational and physical infrastructure supporting human
neuroscience and neuroimaging research. We first describe the evolution of computers, and
supercomputers in particular, in general terms to provide background. Then we discuss
computational challenges in neuroimaging, focusing on physical, computational, and human
infrastructure. Finally, we provide perspectives on the challenges and limitations from our site
visits to Europe, Asia, and Australia. Throughout, we make recommendations on where additional
research support could improve infrastructure in ways that would accelerate progress in
understanding the brain.
BACKGROUND AND STATE OF THE ART IN HIGH-PERFORMANCE COMPUTING
Computers are rapidly becoming indispensible in a wide variety of modern scientific disciplines,
including neuroscience, and computing equipment is one of the most rapidly growing areas of
modern technology. The processing power that is available to the average person with a modest
budget is orders of magnitude larger than what was dreamed of just a few decades ago, and the
large supercomputers of today are complex and powerful enough to stagger the imagination. While
there may be arguments about exactly which machine was the forerunner of modern computing, the
earliest machine that we would recognize as a modern digital computer is comprised of several
basic building blocks. Modern parallel supercomputers, for the most part, are comprised of the
same building blocks, but they are connected in ways that are fundamentally different—these
machines are not simply bigger, faster versions of earlier computers but are in fact an entirely new
type of tool.
As a concrete example, compare the specifications of the author’s original IBM Portable Personal
Computer (Figure 6.1) with those of a Cray XE6 compute node from the Blue Waters
supercomputer at the National Center for Supercomputing Applications (NCSA) at the University
of Illinois in Urbana-Champaign (UIUC) (Figure 6.2). The former was equipped with a single Intel
8088 processor running at 4.77 MHz (the Intel 8087 math co-processor was optional) and
supported up to 512 KB of memory, whereas the latter contains two 8-core (or 16-core, depending
on how you choose to define integer cores vs. floating-point cores) AMD Interlagos processors
with a clock speed of at least 2.3 GHz, 64 GB of memory, as well as the Cray Gemini network
hardware for interconnecting with other nodes. Even though they both occupy approximately the
same amount of space, the increase in computing capability and memory capacity in just a single
generation is truly astonishing.
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Figure 6.1.

IBM Portable Personal Computer 5155 model 68, circa 1984 (courtesy of T. Cortese, National
Center for Supercomputing Applications, Urbana, IL.)

Figure 6.2.

Cray XE6 compute node from the Blue Waters supercomputer, 2012 (courtesy of Cray, Inc.).

Why design parallel computers, with all of their inherent difficulty in construction and
programming, in the first place? The answer lies mainly with limitations imposed by the laws of
physics (e.g., see Moore’s Law, http://en.wikipedia.org/wiki/Moore’s_law). Rapid technological
strides were made in the early days of digital computer development, resulting in individual
processors that could operate at increasingly higher frequencies.
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As a result, being able to increase the resolution of a simulation, or the complexity of a model, or
decrease the time to solution was simply a matter of waiting a while and buying a newer, faster
computer. However, the speed of individual processors could not be increased indefinitely, due to
physical limitations: electrons will always require a finite amount of time to move through any
electrical circuit, and ever-increasing cooling and energy consumption demands are generated as
the processing speed increases. Therefore, the only effective way to increase computational speed
and power is to distribute computational jobs to many processors working in parallel. It is no longer
feasible to increase the speed of a single processor, at least with currently available technology.
The major components of the modern microprocessor-based digital computer are the processing
unit, memory, storage, network, and the human interface. Each of these has undergone significant
modifications over the past several decades, and the resulting aggregation makes the modern
supercomputer an extremely complex machine that typically requires special expertise in order to
use it effectively.
Processor
The processor was originally a single integrated circuit chip, containing a single central processing
unit (CPU), typically consisting of an arithmetic/logic unit (ALU) plus a control unit. 2 The ALU
could perform simple mathematical and logical operations—such as increment, decrement,
addition, subtraction, logical AND and OR, and others—upon numbers stored in a relatively small
number of registers (on-chip memory). There is an inherent tradeoff in the design of ALUs: they
can be arbitrarily complex and able to perform several different types of operations (more
expensive to build, require more energy, and generate more heat), or they can be relatively simple
and able to perform only a relatively small number of operations, as in the case of reduced
instruction set computing (RISC) architecture. Multiplication, for example, could be performed by
the ALU either natively or implemented as repeated addition, and multiplying or dividing by a
power of 2 may be implemented as a simple shift of the “binary point.”
Division is the most complicated elementary operation, and it is performed in a relatively long
sequence of operations; this gives rise to the curious phenomenon that multiplying by a previously
calculated value of one-third inside of a loop can be significantly faster than dividing by three. This
is one of many examples where operations that are mathematically equivalent can result in
sometimes dramatically different computational performance depending on how they are
implemented by the programmer.
Scientific Libraries
Other commonly used scientific functions, such as exponential, logarithm, sine, and cosine, are
typically evaluated using their Taylor or Maclaurin series expansion, involving a combination of
addition, multiplication, and division operations, until reaching a specified tolerance level. Matrix
operations, such as inner product and matrix-matrix multiplication, were originally implemented by
the programmer as hand-coded loops.
Many scientific computations make use of the same kernel operations (e.g., Fourier Transform,
Matrix Multiplication), and modern supercomputers are typically supplied with a scientific
software library, optimized by the vendors for good performance on their hardware, for performing
these core operations. Equally important are third-party libraries, such as the Portable Extensible
Toolkit for Scientific Computing (PETSc; http://www.mcs.anl.gov/petsc), which may or may not
be supplied by the vendor, are open-source, and can be built on a wide variety of computing
platforms. Learning how to use these library routines, as opposed to developing routines from
scratch, is just one of the skills necessary for using a modern supercomputer efficiently.

2
There are many other fascinating aspects of CPU design (e.g., pipelined instructions and vector processors) and
associated performance optimization strategies (e.g., minimizing branch mis-predictions and data dependencies within
loops) that are beyond the scope of this introduction.
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The process of writing computer programs and scientific library routines often requires “thinking
outside the box” in order to make the best use of computational resources. For example, a common
problem in linear algebra that naturally arises in many different types of scientific applications is to
solve a system of equations consisting of N linear equations in N unknowns. These are typically
written in matrix form:
Ax = b
where A (known) is an N x N matrix, and x (unknown) and b (known) are N x 1 column vectors. In
math class, they teach you that the solution to this system is simple: find the inverse of the A
matrix, using a well-defined sequence of steps, and multiply on both sides, giving the solution:
x = A-1b
If the value of N is fairly small, this algorithm works just fine on a computer. However, for large
values of N (the meaning of “large” is somewhat vague and depends on various characteristics of
the computer), calculating the inverse of the A matrix may require a huge amount of time and/or
storage, and it may be more efficient to solve this system iteratively (e.g., by using Krylov
subspace methods), looping through the same operations numerous times, getting “closer” to the
solution on each iteration. In this case, rather than finding the “exact” solution, the programmer can
specify a tolerance and consider the system to be “solved” when a quantity called the residual,
which ideally decreases with each successive iteration, becomes smaller than the tolerance.
From a mathematician’s point of view, the solution for x is simple. In the modern computing
world, however, clever non-intuitive tricks, which may appear to be unnecessarily complicated to
the inexperienced eye, are often needed in order to get the results of the computations in a
reasonable amount of time. The writers of scientific software libraries are well aware of this issue
and continue to devote considerable amounts of time and effort searching for numerical solution
techniques that are most effective on a particular type of computer.
As modern digital computers evolved, it soon became evident that expecting a single CPU to
handle such diverse operations as performing both integer and floating-point arithmetic; processing
input/output (I/O) to/from keyboards, mice, disks, and tapes; and updating graphic information on a
monitor, was not the most effective design. As a result, many specialized types of processors, such
as floating-point co-processors, I/O processors (e.g., disk controllers), and graphical processing
units (GPUs) were developed. Since these other processors were responsible for only certain types
of operations, they could be designed to perform them faster than a general-purpose CPU.
The most important of these in today’s supercomputer is the GPU. From its humble beginnings as a
subordinate assistant rendering images on a screen, it has evolved into one of the most exciting and
innovative components in the modern supercomputer. Whereas a modern CPU typically consists of
a relatively small number of general-purpose processing units, a GPU typically contains thousands
of much smaller specialized processing units designed to operate in parallel. For certain types of
computations, the tradeoff of “a handful of powerful strong processors” to “many specialized
simple processors” can result in significant performance benefits, although there may be a chicken
and egg problem—the best way to determine whether GPUs will be effective for a particular
computation is often to write the GPU code, collect timing information, and see if it runs faster
than on the CPU. This can be a serious obstacle to rapid prototyping, as writing efficient GPU code
usually requires a fair amount of effort and expertise.
Storage
Storage, most typically in the form of solid-state drives (SSD), traditional hard disks, and tapes, is
non-volatile and is used primarily for keeping such things as documents, application source code,
and data on intermediate to long-term time scales. As with processors, the increase in disk capacity
within a single generation is amazing. For example, in 1980, a 10 MB hard drive had an
approximate retail cost of $3,500.00, whereas today one can purchase a multiple-terabyte hard
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drive for less than $100.00. Whereas the earliest digital computers used only a single hard disk or
easily removable floppy disks, modern supercomputers require parallel file systems, with numerous
disk controllers and disk drives, for storing and accessing the tremendous amounts of data required
by high-resolution scientific simulations. Reading and writing data often accounts for a significant
portion of an application’s execution time on a modern supercomputer, so rewriting portions of an
application to perform more efficient I/O is often a valuable optimization technique.
Storage technology has evolved from simple systems, where a single controller would write files to
a single disk, to redundant array of independent disks (RAID) systems—where data is written
across multiple disks (striping) or multiple copies stored on different disks, reducing the possibility
of data loss due to media corruption—to modern parallel file systems where huge datasets are often
striped across several disk controllers, each of which has access to several disks.
The reason for this is quite simple: a very common parallel programming paradigm called “domain
decomposition” consists of up to hundreds of thousands of processors working together, with each
processor working on only a small portion of a single large dataset (e.g., in a weather simulation,
each processor may be updating temperature, wind velocity, air pressure, and cloud formation data
within its own small “chunk” of the atmosphere), and there is no reason for each processor to have
access to the entire dataset during computations; it is only during global synchronization events,
such as writing out a single file for check-pointing, post-processing analysis, visualization or longterm archival storage that all of the data needs to be gathered into a single file. In fact, some
modern long-term tape silos have the ability to store single files across multiple tapes. Once again,
modern parallel computers require designers and programmers to develop non-intuitive ideas (e.g.,
“why partition a single atmospheric dataset into myriad disjointed pieces and store them on
separate disks?”) in order to use them most effectively.
Memory
Memory, a form of “temporary storage”, is typically volatile and is used for holding intermediate
values during computations and draft versions of documents, as well as many other activities, such
as operating system tasks, that are mostly transparent to the user. As with most other aspects of
computing technology, memory architectures have evolved considerably over the past several
decades. For example, a single card from the original Apple Macintosh Plus computer contained
256 KB of memory, whereas modern cards contain up to tens of gigabytes of memory.
The earliest microprocessor-based computers consisted of a single CPU and a single bank of
memory. When a program was initiated, the program and its data were first copied into memory
from the disk, and during program execution the CPU would read data values from memory as
needed, perform computations, and store the values back into memory. Eventually, when all, or a
phase, of the computations were complete, data from memory were written back to disk.
Accessing data in memory is significantly faster than accessing data stored on a disk, but memory
is significantly more expensive than disk space, so the concept of virtual memory was introduced.
If all of the data necessary for computations would fit into memory, then memory was used as
described above. If it did not, and “extra” memory was needed, a portion of the disk, which
eventually became known as a “swap file”, was used to store the additional memory values. If the
CPU needed to access data, it would first look in its registers (fastest access); if not there, it would
look in memory (slower access), and if not there it must be on disk in the swap file (slowest
access). In this last case, the operating system would initiate a “page fault”, which meant replacing
some of the data in memory (typically called a “page”) with the appropriate data from the swap
file. Writing a program in such a way as to access data stored in memory whenever possible,
thereby reducing the number of page faults, is an important optimization technique. Another
important consideration is that the compute nodes of many modern supercomputers do not have
disks, so there is no virtual memory (i.e., if a program tries to use more memory than is physically
available on a node, it most likely will crash).
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The next stage in the development of memory architectures was the concept of a hierarchical
memory cache, basically introducing more stages between the on-chip registers and the swap file
on disk. Cache memory may be direct mapped, set associative, or fully associative, and often there
are separate caches for instructions and data. For example, the CPU could access data in a tiny
number of registers directly, a relatively small amount of level-one (L1) cache memory fairly
quickly, substantially more level-two (L2) cache memory somewhat more slowly, and finally, large
amounts of data on disk significantly more slowly.
Once again, non-intuitive programming techniques are often necessary in order to reduce
computational time. For example, when multiplying two large matrices, a naïve implementation
would simply calculate the inner product of each row of the first matrix with each column of the
second matrix and store the result in the appropriate element of the solution matrix. However, if the
matrices are too large to fit within the cache, significant performance improvements can be
achieved by including more complicated code to break the matrices into smaller chunks, each of
which would fit within the memory cache, thereby minimizing the amount of time spent accessing
the swap file during computation. Thus “cache-friendly” programming is another important
optimization technique. 3 Multi-dimensional arrays are actually stored within the computer as a
single long stream of numbers, in column-major order for Fortran programs and row-major order
for C programs, so it is critically important for performance (correctness is not affected) to write
the program such that successive matrix elements are accessed sequentially, rather than with a
“stride” equal to the length or width of the array.
Shared vs. Distributed Memory
However, the memory architecture story is not yet complete. As soon as computers were designed
with multiple processors working in parallel, two distinct memory architectures naturally arose,
each with its own characteristic advantages and disadvantages: shared memory and distributed
memory.
Shared memory architecture, where every processor can directly access data anywhere in memory,
seems like an intuitively obvious choice, but it is has some severe limitations, the principal one
being hardware scalability. As the number of processors is increased, the sheer number of wires
and circuit traces required by a shared-memory design simply becomes intractable beyond a certain
point, at least with technology that is currently available.
Threaded programming models, such as Posix Threads (http://en.wikipedia.org/wiki/POSIX_Threads;
Pthreads), OpenMP (http://openmp.org/wp/), and SHMEM (http://docs.cray.com/books/004-2518002/html-004-2518-002/z826920364dep.html), can be very effective parallelization techniques for
applications running on shared-memory machines. Programmers look for regions of code that can
be executed in parallel and exploit shared-memory parallelism by using a “fork-join” model,
viewing the entire program as a sequence of non-overlapping parallel regions (in which operations
may be computed in any order, such as loops where the results of any particular iteration are
independent of the results of any other iteration) connected by serial regions (in which certain
operations must be completed before others may be started).
A single thread begins execution in a serial region, then a team of threads is created to execute a
parallel region concurrently (fork), reducing the overall execution time, then at the end of the
parallel region all threads except for one continue program execution until the next parallel region
(join). This discussion of threading barely scratches the tip of the iceberg, and a certain amount of
skill and experience are required to write threaded code that is both error-free and offers a good
speedup, but threading can be an important and effective optimization technique for sharedmemory systems. The percentage of the program execution time spent in serial regions imposes a
3
In fact, plots of execution time vs. matrix size can exhibit a noticeable “decreasing stair step” appearance, with steps
corresponding to matrix sizes that fit within L1 cache but not L2 cache, followed by sizes that fit within L2 cache but not
L3 cache, etc. See, for example, Snavely (n.d.).
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theoretical maximum speed-up for a given number of threads, so placing as much of the code as
possible within parallel regions is an important optimization technique for shared-memory
programming (see Amdahl’s Law, http://en.wikipedia.org/wiki/Amdahl’s_law).
Distributed memory architecture, where every processor can directly access data only in its “local”
memory, is much easier to build and scales well up to large numbers of processors, but then the
following question naturally arises: what happens when a processor needs to access data that is in
another processor’s local memory?
While there are several answers to this question, the most prominent industry standard over the past
few decades for writing parallel programs on distributed-memory machines is the Message-Passing
Interface (MPI; http://www.mpi-forum.org), involving a single “process” running on each
processor, and a protocol for sending “messages” (i.e., data) between different processors’ local
memory. MPI is a combination of library calls that are used for inter-processor communication and
a runtime system that conceptually organizes these many processors, each with its own local
memory, into a single giant parallel machine. Other common parallelization techniques for
distributed memory machines include using partitioned global address space (PGAS) languages
such as co-array Fortran (CAF; http://www.co-array.org) and unified parallel C (UPC;
http://upc.lbl.gov). The Parallel Virtual Machine (PVM; http://www.csm.ornl.gov/pvm/) was once
another contender in this arena, offering improved ability over MPI to link heterogeneous
computers into a single parallel machine, but PVM is now mostly a curiosity from the past.
Whereas a threaded program can be developed from a serial program in an incremental manner,
creating ever increasing numbers of parallel regions using the fork-join model, converting a serial
program into a MPI program is an all-or-none proposition in which all processes execute the entire
program from start to finish; the programmer must decide exactly on which processor’s local
memory each datum will reside, and must explicitly provide instructions for sending data between
processes as needed.
The differences between threads and processes can be visualized using the following example.
Suppose the desired task is to use 100 processors to decrease the time required to perform the same
type of calculation on 1,000 different values in an array. Suppose furthermore that the results of
any particular iteration do not depend on the results of any other iteration.
Using threads with shared memory, one thread per processor, a single thread will enter the parallel
region, and a team of threads will be spawned (fork) to perform the computations in parallel. Up
until this point in program execution, 99 processors are basically sitting idle, wasting time while
waiting for the beginning of a parallel region. Each of the 100 threads can access each of the 1,000
values in memory (for example, the first thread begins executing iterations 1–10 at the same time
that the second thread is executing iterations 11–20, etc.). All of the initial data values are available
to each thread, and the final values are also available to each thread in case they are needed once
the computations are complete. Once the calculations are completed, ideally 100 times faster than
the same program running on a single processor, the team of threads is disbanded (join), and a
single thread continues execution to the next parallel region. 4
Using MPI processes with distributed memory, the programmer is responsible for distributing the
1,000 data values among the 100 processors in such a way that each process has access only to 10
values in its local memory. Each process executes iterations on its local data, again ideally 100
times faster than execution on a single processor, and some sort of message-passing is required if
one processor later needs the results of another processor’s calculations. Ideal, or even superlinear,
speedup is relatively rare in practice, and there usually comes a point of diminishing returns

If there is a relatively long serial region between parallel regions it is usually best to create and destroy threads in this
manner. However, a skilled programmer may decide to keep the threads active but idle during a short serial region
between parallel regions, as there is a certain amount of overhead associated with creating and destroying threads.

4
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beyond which the programmer’s efforts to improve a code’s performance are offset by everincreasing amounts of effort.
The advantages and disadvantages of using threads or processes is a complicated subject; the
purpose here is to highlight some of the basic concepts that are necessary in order to make effective
use of modern supercomputers. Almost all modern supercomputers have a symmetric multiprocessing (SMP) architecture, which consists of individual multi-processor nodes (all processors
within a node can access the same shared memory 5), connected by a communication network
(processors on one node need to use message-passing in order to access memory on another node).
Memory is both shared and distributed. While it is possible to use MPI exclusively for both intranode and inter-node communication, some applications exhibit a performance gain by using MPI to
achieve parallelism between nodes, and Pthreads, OpenMP, or SHMEM to achieve parallelism
within each node.
Finally, it is important to note the development of parallel scripting languages such as Scientific
Python. Scripting languages such as PERL, Python, and the standard C- or Bourne-shell have long
been very useful intermediate-level tools that provide a fairly easy way to combine operating
system commands, such as creating directories, opening files, etc., with relatively simple
computations such as simple loops. With the advent of high-performance computers, these
scripting languages have become increasingly more sophisticated and can provide a very useful
framework for software development, particularly if the workflow involves a pipeline of several
stages with a series of different packages. An example of such a workflow might be:
1. Open a file containing information about which features should be used in the calculation
2. Create a working directory and load input files, consistent with the calculations to be
performed
3. Based on (1), compile a version of the code with certain features and functionality enabled and
others disabled
4. Run a pre-processor on the input files to get them into the proper format
5. Submit one or more batch jobs to the scheduler
6. Wait for these jobs to finish, and store the results in a particular directory
7. Invoke post-processing programs that might prepare the output files for visualization, and/or
perform time-averaged statistics
8. Store the resulting rendered images, or animations, or summary data someplace for further
examination or for archiving
While it may be possible to do many of these things within a single C or Fortran program, or to
type a series of commands from a keyboard, many scientists are looking to scripting languages in
order to automate as much of the process as possible.
Many researchers are now using Python and other intermediate languages, such as MATLAB, to
analyze neuroimaging and other neuroscientific data. Advantages of these languages are that the
code is relatively easy to read for non-professional programmers, and they are easy to work with so
that prototyping is rapid. This has led to the growth of open-source neuroimaging analysis software
such as Statistical Parametric Mapping (MATLAB), Neuroimaging Analysis in Python (NiPy,
Python), FMRIB Software Library (FSL;http://fsl.fmrib.ox.ac.uk/fsl/fslwiki) for functional MRI
analysis of the brain (C++), and other online tools for the neuroscience community such as

5
This is a bit of a simplification, as non-uniform memory access (NUMA) node architectures have yet another level of
memory hierarchy: although each individual processor core within a node can access all of the memory within the node,
some of that memory is “closer” to it than some of its neighboring processor’s memory and can be accessed more
quickly. Encouraging processors within a node to use only certain portions of on-node memory is yet another
optimization technique.
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http://neurosynth.org and http://neurovault.org. The ability for scientists to read, understand, and
contribute to software collaboratively is rapidly advancing progress in neuroscience.
GPUs
Many modern supercomputers have one additional complexity: nodes with both CPUs and GPUs
working side by side. The programmer is thus faced with yet another dilemma: which calculations
should be executed on the CPU and which on the GPU? Two of the most important limitations with
GPUs, at least with current hardware, are that they tend to have smaller amounts of local memory
than traditional CPUs, and perhaps most importantly, data transfer between the GPU and the CPU
is usually implemented by a PCI Express bus, which is not particularly fast. Thus, in order to get
good performance from a GPU it is important to minimize the amount of data transfer into and out
of the GPU’s memory (i.e., do as many calculations as possible within the GPU once the data is
there).
Programmers wishing to utilize GPUs have several options, including low-level native
programming languages such as NVIDIA’s CUDA (http://www.nvidia.com/object
/cuda_home_new.html), or high-level compiler-assisted parallelization using compiler directives
such as OpenACC (http://www.openacc-standard.org). As is the case with many high-performance
computing issues, there are tradeoffs: using compiler directives to invoke GPU calculations is
easier and possibly less error-prone than writing native CUDA code, but since the former is more
high-level it might not perform as well as low-level CUDA code written by an expert with
specialized knowledge of the machine architecture.
Network
Modern supercomputers all use some type of hierarchical parallel design, with multiple CPUs
and/or GPUs within a single chip, multiple groups of CPUs and/or GPUs per compute node, and
many thousands of compute nodes interconnected via a high-speed network as a single “super”
computer. Also, there will likely be specialized I/O nodes, connected to a parallel file system,
scattered among the compute nodes in order to facilitate the process of multiple processes reading
from and writing to multiple disks and tapes, as well as login nodes, by which users access the
machine, compile their applications, and submit jobs.
The network is the glue that keeps everything together. When a computational task is parallelized,
the network is used to inform each processor what work is expected of it, and to send data to and
from each processor’s local memory. When a computational phase is completed, the network is
used to share some processor’s results with other processors (e.g., neighboring processes that are
each working on their own portion of a single large dataset may need to share data along their
boundaries), or to gather all of the results and write them to disk or tape for post-processing,
analysis, visualization, or archival storage (although striping files across multiple disks or tapes is
becoming increasingly more common, even for long-term storage).
The speed of the network is usually measured in terms of its latency (how much time does it take to
start sending information through the network) and bandwidth (how fast does information move
once it is inside the network). Often a programmer is faced with the decision of generating many
messages to send between processes “on the fly”, or waiting for several small messages to
accumulate and sending a single large message. Since latency is more critical for the former and
bandwidth for the latter, and these values are not necessarily the same from machine to machine,
finding the proper “sweet spot” is often an important aspect of writing efficient code on distributedmemory machines.
Knowledge of the network topology and the manner in which compute nodes are selected for a job
(e.g., is a job running on a contiguous rectangular “block” of nodes, a wide but thin “sheet” of
nodes, or individual nodes that are widely scattered throughout the machine) is another important
aspect of getting the best performance, and often simply trying several “shapes” of nodes and using
tools to measure the resulting performance is the best way to determine the optimal configuration.
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For example, depending on communication, memory access, and disk access patterns, some
applications will tend to perform better on a block of nodes whereas others may tend to perform
better on widely scattered nodes.
The performance of any particular job can sometimes depend on how many other jobs are running
concurrently on the system and what types of demands the other jobs are making on the network
and storage system. While a typical user does not have much control over other running jobs, there
is still a possible tradeoff to consider, between running a job along with many others and possibly
getting lower performance vs. waiting, perhaps for days or weeks, for special “dedicated time”,
when one is guaranteed exclusive access to the machine and where the job might run more quickly
(assuming the center has a policy that occasionally provides users with access to dedicated mode).
Human Interface
Given the remarkable advances in almost every other type of computer technology, working in a
high-performance computing environment can seem surprisingly primitive to a new user. Whereas
even the most basic home computer has a reasonably high-resolution screen, and just about
anything one would ever want to do can be accessed simply by pointing at something and clicking
or tapping on it, interacting with a supercomputer is done almost entirely by typing cryptic Unix
commands in a basic text window. There are some GUI-based supercomputer interfaces, such as
the Eclipse Parallel Tools Platform (PTP; http://www.eclipse.org/ptp), but it remains to be seen
whether these will become widely accepted by the supercomputer user community, or whether the
majority will continue using the Unix interface. 6
Running an application is almost always performed through a non-interactive batch system,
requiring users to request specific amounts of computational resources, submit their job requests to
a queue, and wait for the scheduler to decide when it will actually be executed. Since jobs,
especially those requesting large numbers of processors and/or wall clock time, may spend several
hours or even days waiting in the queue, it is extremely important to plan computations very
carefully—nobody wants to wait thirty-six hours for a job to run only to find out that the results are
worthless because the programmer forgot to change a parameter. These are yet further reasons why
computational experts are often useful as liaisons between domain scientists and the highperformance computing environment.
COMPUTATIONAL CHALLENGES IN NEUROIMAGING
Computers are integral to many devices used in modern neuroscience. These range from tiny
computers in smartphones and other mobile devices (now widely used for longitudinal data
collection in ecological settings), to small microprocessors recording data from
electroencephalography (EEG) equipment, to intermediate-sized computers reconstructing threedimensional magnetic resonance imaging (MRI) functional MRI (fMRI), or
magnetoencephalography (MEG) data, to large clusters of supercomputers that can be used for
advanced analyses and simulating networks of interacting neurons. They are a useful research tool
for advancing our knowledge of the structure and functioning of the normal healthy brain, and are
also useful diagnostic tools for medical professionals helping patients with brain injuries.
Computers also play other important roles, such as maintaining databases, sharing data, and even
document mining. They have enabled the use of machine learning or statistical learning (also called
data mining or bio/neuroinformatics) to analyze multivariate EEG, MEG, fMRI, and positron
emission tomography (PET) data on a routine basis. This trend will be extremely important for
more sensitive and specific mapping of mind to brain.

6
The author is not aware of any concrete data, but based on informal conversations with one of the Eclipse PTP
developers it seems that most of the “old-school” programmers still prefer accessing supercomputers via the commandline interface, but some of the newer generation of programmers are embracing graphical window interfaces to
supercomputers.
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Physical Infrastructure
The neuroimaging infrastructure consists of many different primary types of equipment and their
associated software and hardware computing technology, such as MEG, EEG, MRI, fMRI, and
PET, as well as secondary components such as building facilities, networks, power, staff, patient
volunteers, animal labs, and databases.
In order to determine how the current state-of-the-art computer technology is being used in
neuroimaging, as well as to find any impediments to research that are imposed by current
limitations in this technology, the study team visited several of the top neuroimaging facilities in
Europe, Asia, and Australia and discussed these issues with representatives from each site. One of
the study goals was to determine key areas where increased funding would most likely improve
research capabilities. The results of some of these discussions are presented in this section.
As a concrete example of how computers are actually used at a neuroscience research facility,
Johannes Mohr presented a description of the fMRI data analysis workflow at BCAN in Berlin,
starting with pre-processing and first-level analysis of every subject, followed by second-level
statistical analysis of groups of subject, and finally long-term archiving. He claims this last step is
inherently serial, as data needs to be written to tape. Perhaps this process could be improved with a
parallel file system? Some of the equipment statistics for the center as of spring 2013 are
(HTCondor Controller): 216 cores, 864 GB memory, 80 TB level 5 RAID disk, and 200 TB
hierarchical archive. This is typical of a center with access to a cluster, but it is not likely to be
sufficient in 5 years, as the amount of data and computational demands of analyses grow over time.
Mohr also pointed out that there are hardware and software dependencies that might be tricky to
reproduce five or ten years down the road (e.g., not having the same version of MATLAB, no
longer having the same hardware, insufficient metadata describing the conditions under which the
measurements were performed, variations between scanners, etc.), so making the data reanalyzable over a long period of time is a difficult infrastructure challenge. BCAN offers scientific
computing services, which is essentially a way of outsourcing computing and programming issues
and helping scientists. The idea of having computer specialists as an addition to the hardware was
expressed by other researchers, including Lauri Parkkonen from Aalto University in Finland.
Some neuroimaging researchers have access to large supercomputer centers, (e.g., the large Cray
XE6 supercomputer at the Parallel Data Center in Sweden and the Supercomputer Center for the
Chinese Academy of Sciences in Beijing), but most of the computing associated with brain
research appears to be performed at the imaging facility itself. Perhaps surprisingly, only a few of
the people interviewed are using supercomputer technology for actual physical and functional
modeling of the brain. There are several possible reasons for this gap, including primarily noninteractive access, lack of special expertise, difficulties of parallel programming for CPUs and/or
GPUs, and the zero-sum game that all researchers must play (i.e., time devoted to learning how to
use a supercomputer is time that cannot be used for other research).
Dr. Petra Ritter from the BCAN in Germany is one of the researchers interested in using
supercomputers; she is also associated with members of the Brain-Energy Group and the Virtual
Brain Project (http://www.thevirtualbrain.org). Her group is engaged in large-scale modeling of
brain activity from the level of single cells through behaviors based on large-scale networks
composed of billions of neurons. The large range of length scales involved makes developing an
accurate and computationally efficient model extremely challenging.
Another group is that of Anders Lansner at the KTH Royal Institute of Technology in Sweden, who
has a similar goal and has worked with the Electronic Vision(s) group at the University of
Heidelberg, part of the European Union’s Human Brain Project, to design integrated hardware
circuits that simulate 100,000 virtual neurons in parallel (Figure 6.3). Although this revolutionary
new hardware is being developed for specialized neurological applications, it has already caught
the attention of the mainstream computing community (Monroe 2014). Since the panelists visited
sites in Europe and Scandinavia, “Spikey II,” addressing deficiencies of the first version by
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incorporating design changes to specify, calibrate, and control its analog functionality has been
developed see FACETS, fast analog computing with emergent transient states, http://facets.kip.uniheidelberg.de/public/results/2ndYear/WP7).

Figure 6.3.

A FACETS stage-I “Spikey” chip with 100,000 hardware “synapses” (courtesy of Prof. K.
Meier, Heidelberg University).

The Monash Biomedical Imaging Research Platform at Monash University in Melbourne,
Australia, has made a significant effort to integrate high-performance computing technology at the
Multimodal Australian ScienceS Imaging and Visualization Environment (MASSIVE;
https://www.massive.org.au), including parallel programming and using GPUs, into its research
efforts. The MASSIVE national imaging and visualization facility is jointly established by Monash
University, the Australian Synchrotron, the Australian Commonwealth Scientific Industrial
Research Organization, and the Victorian Partnership for Advanced Computing. Clearly, Australia
recognizes the value of creating and maintaining a large-scale, multidisciplinary computing facility,
providing software tools as well as hardware and opportunities for collaboration. Emphasis is
placed on the use of visualization for steering scientific investigation, and the facility’s highresolution MR images of the brain’s macroscopic fiber network, created using GPUs, are quite
impressive and have both clinical and research applications.
Dr. Yu Wang, Associate Professor and Head of the Research Institution of Circuits and Systems in
the Electrical Engineering Department of Tsinghua University in Beijing, China, is also using a
combination of traditional CPUs along with GPUs for voxel-based modeling of the brain network
across a wide range of length scales. The high-resolution MRI data and large sample size impose
challenging requirements on computing capability, and GPUs provide considerable speedup over
traditional CPUs in certain phases of the computations.
High-resolution imaging of the human connectome is an important emerging technology, and
representatives from several sites are actively involved in this effort. The Center for Brain Imaging
Science and Technology at Zhejiang University in Hangzhou, China, is still in the early stages, but
researchers there also acknowledge a need for network analysis based on high-resolution structural
and functional connectivity. Dr. Zheng Wang, from the Laboratory of Brain Imaging, Institute of
Neuroscience (ION), Shanghai Regional Center of Biology Sciences, Chinese Academy of
Sciences (http://www.ion.ac.cn/joinion/index.asp), and Dr. Yong Hu, from the State Key
Laboratory of Cognitive Neuroscience and Learning and IDG (International Data
Group)/McGovern Institute for Brain Research, Beijing Normal University, are also conducting
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research in this area, and software packages are even available for public download (for example,
BrainNet View from NITRC; http://www.nitrc.org/projects/bnv).
Monash University is also home to the CAVE2 (http://www.platformtechnologies.org/monashcave2-14908) immersive virtual reality environment, unique in Australia. High-speed connectivity
to the Monash network provides researchers from many different disciplines the opportunity to
explore data interactively. Dr. Zang-Hee Cho, University Professor and Director of the
Neuroscience Research Institute at Gachon University of Medicine and Science in Korea, 7 also has
a high-resolution visualization system featuring literally an entire wall of monitors (see Figure B.12
in Appendix B). While perhaps not as truly immersive as the Monash facility, demonstrations of
brain visualization, including the ability to display many individual time-series images or to zoom
in on detailed features of a single large image, provide neuroscientists with a wonderful
opportunity for studying small-scale structures in the brain.
Several researchers acknowledged that, while batch mode can be useful for processing very large
datasets, they also realize that interactive real-time operations, with quick feedback, are extremely
important in a research environment, and enable more computational time to be spent visualizing
and interpreting the connectome. The Victorian Biomedical Imaging Network will help foster
collaboration between different research facilities in Australia, and the usual issues of data storage
capability, data transfer capability, and shared access while maintaining privacy will become
increasingly important as the amount of data and number of collaborators increase.
The development of supercomputing technologies is essential for these groups and similar projects,
such as the EU-funded Human Brain Project (HBP; https://humanbrainproject.eu/), also known as
the European Brain Project, originally the Blue Brain project BBP; http://bluebrain.epfl.ch) at
Lausanne, to succeed. In addition, these neuroscience applications are driving circuit design. The
primary goal of the HBP is essentially to use modeling combined with supercomputer technology
to simulate and reconstruct the mammalian brain, mapping across all its levels and functions. Such
technology, if successful, could lead to unprecedented new understanding of both healthy and
diseased brains, with concomitant improvements in medical treatment.
This picture is far from clear, however. A significant number of researchers claim that by placing
too much emphasis on developing multiscale computer models of the brain, valuable research into
other important areas of neurological research may be underfunded and neglected. An open letter,
currently signed by several hundred neuroscience researchers, expresses serious concerns about the
overall goals and management of the HBP, and warns that the overly narrow focus could lead to a
significant risk that the project would fail to meet its goals. For more information, and a link to the
letter, along with a list of those researchers who have signed, see Enserink and Kupferschmidt
(2014).
The Forschungszentrum Jülich (http://www.fz-juelich.de/portal/EN/), one of the world’s leading
supercomputer centers (their IBM Blue Gene/P machine called JUGENE debuted as number two
on the Top 500 list in 2007), is involved with the HBP, using their 1.6 PFlop JUQUEEN
supercomputer to simulate processes of the brain, and they are also using data from ultrathin tissue
samples to create a three-dimensional model of the brain. While it is unfortunate that the WTEC
panelists were unable to visit Jülich due to travel constraints, they wish to acknowledge the
important neuroscience work being done there.
Big Data
The United States National Institutes of Health (NIH) is supporting a new Presidential focus
Initiative called Brain Research through Advanced Innovative Neurotechnologies (BRAIN;
http://www.nih.gov/science/brain). This ambitious project seeks to develop innovative technologies

At least until recently; as of the time of the panel’s visit to Gachon, there was a distinct possibility of Dr. Cho’s lab
being closed due to funding vagaries.
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that will revolutionize our understanding of the human brain. A significant part of BRAIN is the
NIH Big Data to Knowledge Initiative (BD2K; http://bd2k.nih.gov).
As researchers in many scientific fields, not just neuroscience, are running ever larger simulations
on larger supercomputers, the amount of data being generated is also increasing at a rapid rate.
Post-processing, visualization, metadata searching, sharing, security, format compatibility, transfer,
backup, and long-term storage of the large amounts of data being generated today are already
major challenges, and these difficulties are only likely to increase in the near future. “Big Data” has
already become a popular buzzword in the mainstream computing community, and the BD2K
initiative represents a significant effort to address the concerns associated with large amounts of
data.
As highlighted by Dr. Erkki Oja, a 2011 McKinsey report on Big Data suggests suitable
technologies, most of which we are studying. These include classification, cluster analysis, data
fusion and integration, ensemble learning, machine learning, natural language processing, neural
networks, pattern recognition, predictive modeling, regression, signal processing, simulation, time
series analysis, and visualization.
There is also talk at the (U.S.) National Center for Supercomputing Applications (NCSA) about
developing a National Data Service (http://www.nationaldataservice.org) that will address similar
needs for a wider variety of scientific fields, but it is still in the preliminary stage. Drs. Jianhui
Zhong and Anna Wade Roe from Zhejiang University in Hangzhou, China, also have ambitious
plans involving big data and parallel processing that are still in the preliminary stages.
Another important database initiative is the Euro-Bioimaging effort, whose overarching mission is
“to create a coordinated and harmonized plan for biomedical imaging infrastructure deployment in
Europe” (see http://www.eurobioimaging.eu/content-page/wp11-data-storage-analysis). The work
of Wiro Niessen and colleagues is an example (Niessen et al. n.d.).
Some individual studies, especially those involving multi-subject time series, can generate
terabytes of data. Computational and data storage and access needs will increase as faster, higherresolution imaging becomes available. Recently, there have been major advances in multislice
fMRI imaging, associated with the Human Connectome Project, that allow up to 16 x more data to
be collected in the same unit time. This is a significant advance for imaging but also places a
significant demand on computational power. High-resolution scanners must be supplied with
multiple hard disks that are large enough to store a single scan; but if only one disk is available,
then the scanner is not available for use on another patient until a new disk is swapped in or the
data is transferred elsewhere. In addition, large storage arrays must be available and accessible to
researchers. Currently, a standard fMRI study with N = 20 participants uses about 100 GB of data
storage space. With 16 x multiband imaging and larger sample sizes required by an increasing
recognition of their necessity (i.e., N = 100), data storage requirements jump to 8 TB per study.
Collaborative Infrastructure
Once the physical scanning equipment is in place, the next important issues are deciding who
should be scanned, what types of scans should be performed, where the data should be stored (and
with what metadata), and how/if that data should be shared. Obviously, patients with evidence of
brain injury should be candidates for at least some type of scanning, but it is also extremely
important to have access to high-quality databases of both healthy and diseased patients and/or
volunteers in order to establish baselines. Often, these databases and patient registries are not
shared, and even when they are shared, it is logistically difficult to access them to do scientific
research. Patient privacy and security from hackers are also concerns. Whereas computers
associated with scanning technology are more likely to be distributed across centers, databases are
more likely to be useful if they are concentrated at facilities that can be shared. Researchers that the
study team visited in both Sweden and Denmark provided information on some of the existing
database technology in Europe, and the level of coordination has enabled them to conduct large-
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scale studies much more easily than can be done in the United States. Developments in both
software and policy infrastructure (e.g., allowing researchers access to anonymized/de-identified
patient data through an online system) would accelerate research progress.
Swedish citizens are apparently particularly willing to participate in studies and join national
research registers and data banks; for example, data are available for 97% of Swedish twins.
Researchers have also participated in a research study that started with 12,270 boys born in
Copenhagen in 1953, and followed up with cognitive tests at 12, 18, and 57 years of age (1,985
people were still participating at age 57). Among other things, the researchers are trying to
determine baseline brain data for the normal healthy aging process.
This is true not only of Sweden and Denmark, but of other countries with national health systems,
including the UK, Iceland, and Israel. In fact, one of the huge benefits of those systems (and
potentially, one of the dangers often raised by those who are concerned about privacy-related
issues) is the possibility of amassing huge databases for epidemiological research with true
ecological and statistical validity. Particularly for genetic research investigating gene-brain
interactions, this is an approach that is almost certainly necessary for solid science because of the
numbers required to look at genetic mutations. It is important to establish proper access protocols
for large databases of public health information so that researchers are able to acquire enough data
for statistical analysis without compromising individual patient privacy.
Lars Kai Hansen is running a major smartphone data acquisition experiment, issuing phones to
volunteers that collect data such as location and social setting, and requesting that the volunteers
also wear scanning caps for mobile, real-time EEG imaging. Manufacturers of portable EEG
scanning
equipment
include
EasyCap
(http://www.easycap.de)
and
Emotiv
(http://www.emotiv.com). The Emotiv devices include a portable wireless transmission
mechanism, and the Integrated Sensing Systems Company (ISSYS; http://www.memsissys.com/medfamily_wireless.shtml) manufactures wireless transmitters that can be implanted
beneath the skin. Depending on requirements, computations could occur either in the cloud or in
the phone itself. In this way, the researchers hope to establish correlations between measured data
and what the subject is experiencing.
Researchers at the Hitachi Medical Corporation and Research Labs have been developing
Wearable Optical Topography (WOT) devices since the mid-1990s. Using high permeable light,
with wavelength longer than 680 nm, they are able to safely measure oxygen, glucose, and blood
volumes in the cortex based on light absorption. Initial prototypes could only measure a small
number of positions on the scalp and required a harness of cables connected to an entire rack of
measuring equipment, whereas by 2007 the wearable prototype had become wireless and the
measuring equipment, which is capable of simultaneously accessing four units, is in a box that is
about the size of a clock-radio.
Elekta NeuroMag in Sweden is basically the only remaining company that still makes MEG
equipment. Sales are typically only a handful of systems per year, to hospitals and research groups.
Imaging equipment is expensive, both for the initial purchase, which can easily be upwards of a
million dollars, and for service contracts, so sometimes the equipment is shared. Analysis of MEG
data requires special expertise, so imaging centers also require sources of funding to provide
training or to acquire expert personnel.
One of the important new directions for computer modeling, currently in its infancy, is using PET
scanners and other computational technology to measure and model the effects of drugs on the
brain. Researchers at the Karolinska Institute in Sweden are seeing promising results in this field.
Challenges and Limitations
Researchers at the sites the study team visited raised several challenges and limitations that apply
broadly to computational and infrastructure concerns with progress in neuroscience.
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Dr. Sen Song, from the Department of Biomedical Engineering at Tsinghua University in Beijing,
China, presented an image (Figure 6.4) with obvious similarities to the pair of images near the
beginning of this chapter (Figures 6.1 and 6.2).

Figure 6.4

Comparison between the Zilog Z80 microprocessor (late 1970s), Intel Xeon Gainestown
processor (circa 2010), and mammalian brains (courtesy of Dr. Sen Song, Tsinghua University,
Beijing, China).

While there have been remarkable advances in computer technology, especially over the last few
decades, it is still humbling to realize just what the human brain is capable of, especially
considering its modest size and power requirements. It is entirely possible that an increased
understanding of how the brain functions could lead to improvements in computer technology. In
the context of reconstructing the tree-like structure of nerve cells, Dr. Song also presented this
illuminating quote from the Digital Reconstruction of Axonal and Dendritic Morphology
(DIADEM) Challenge (http://diademchallenge.org) home page:
“The lack of powerful—and effective—computational tools to automatically
reconstruct neuronal arbors has emerged as a major technical bottleneck in
neuroscience research.”

Computational infrastructure is also needed for the development of advanced fMRI and PET
analyses. Applications include (a) PET and fMRI image reconstruction, which is very
computationally intensive for advanced, iterative reconstruction algorithms; (b) real-time analysis
with machine learning tools for neurofeedback; (c) advanced causal models with multivariate time
series data (in fMRI), which are currently limited by computational power; (d) advanced statistical
models, including nonparametric, robust, and multi-level (hierarchical) models; and (e) advanced
topographical manipulations of 3D brain images, such as cortical unfolding and surface-based
analysis. These techniques offer various advantages, and are all limited by computational power.
Most groups currently have access to clusters (e.g., systems with a few hundred nodes, such as the
100+ node fBip cluster at the Shanghai Institutes for Biological Sciences, Chinese Academy of
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Sciences, or the 80 node cluster at the National Key Laboratory of Cognitive Neuroscience and
Learning at Beijing Normal University) or supercomputers at their local universities. These
systems are indispensable for running neuroimaging analyses quickly, but access to them is often
limited by the need for specialized personnel and customization of software. Applications that
would make supercomputing tools accessible to large numbers of scientists, particularly in an
interactive mode as opposed to submitting jobs to a batch queue and waiting for results, would
rapidly accelerate progress, and would encourage the use of more advanced computing techniques.
In addition to the technical challenges, software approval processes and other red tape can often be
more serious impediments to updating the software in imaging machines, leading to researchers
often using home-grown or open-source software. Many of the impediments involve limitations in
the computers that are sold with fMRI scanners and other large equipment, and the inability to
upgrade them without the vendor’s approval due, presumably, to liability concerns. Reducing or
eliminating these impediments would improve patient safety.
Scanner time and availability is usually not the limiting factor in fMRI studies, though this varies
widely across sites and may change as sample sizes grow. The analysis is certainly a limiting
factor, including time spent by human analysts. John-Dylan Haynes from the BCAN in Berlin
believes the most important take-home message is not that the computational algorithms are
necessarily that complicated, but rather, it is critically important to have access to good databases.
Programming GPUs is cumbersome and prevents rapid prototyping. If money were available, Mads
Nielsen from the University of Copenhagen would like to rewrite his group’s existing GPU codes
and execute them at centers with larger and faster computers. It would be useful to have easier
solution platforms, such as a tool that can transform a MATLAB prototype into code that runs on a
GPU. Also, as Johannes Mohr from BCAN pointed out, earlier GPUs did not support doubleprecision calculations, thus limiting their effectiveness in certain applications.
Many imaging software tools provide the user with an “answer,” but consumers of the software
may have no idea what is really going on within the computations.
Other miscellaneous issues that were discussed included the importance of standardization of postprocessing analysis and training, and the need for more of it. Once something is invented, designed,
and built, who should devote funding to provide support and training? Should it be mobile or
centralized? What should be the role of private companies in neurological research (computation,
imaging, etc.)? Also, variability among scanners can be an issue.
NEUROIMAGING COMPUTATIONAL CHALLENGES: QUESTIONS AND ANSWERS
Drs. Lars Kai Hansen (“LKH” in the discussion below) from the Technical University of Denmark;
Mads Nielsen (MN) from the University of Copenhagen; Koen Van Leemput (KVL) affiliated with
Massachusetts General Hospital, the Technical University of Denmark, and Aalto University in
Finland; Riitta Hari (RH), also from Aalto University, Zang Yu-Feng (ZYF) from the National
Recruitment Program of Global Experts at the School of Biomedical Engineering and Instrument
Science at Zhejiang Normal University; and HyunWook Park (HWP) from the Department of Bio
and Brain Engineering at KAIST, provided detailed answers to some of the panel’s questions
concerning the computational challenges involved in neuroimaging. Here is a summary of their
responses:
Why, twenty years after the advent of functional neuroimaging, when the consensus was clear
that this technology would forever alter the way psychiatric and neurological diagnoses were
made... has the clinical promise been unfulfilled? Why have we yet to translate neuroimaging
results to clinical practice?
RH: Should we share this very pessimistic view? A huge amount of information has been
noninvasively obtained about basic mechanisms of diseases and the involved brain areas and
networks. MEG equipment has a very strong clinical presence; about half of the systems sold are to
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clinical sites, clinical standardization is in progress, and international MEG societies are being
developed.
HWP: It is necessary to understand the total brain system and its total function for successful
application to clinical practice. Neuroimaging is a promising tool to understand the brain, but true
insight into the understanding of the brain is like the blind men touching the elephant.
Being able to observe and compare subtle features and structures at sufficient resolution in three
dimensions is an important feature of computational neuroimaging; are your current
computational resources adequate for your research needs? If not, what are some of the
limitations?
LKH: I would say four dimensions, as in many cases the information of interest is in temporal
change! Data in 4D is a fundamental challenge in neuroimaging: it is hard to achieve high spatial
and high temporal resolution at the same time. The conventional response would be to combine
fMRI (mm3) and EEG (msec), but it is a tortured combination due to strong interference between
modalities. In our group we have instead aimed at increasing the spatial resolution of EEG. The
main limitation is algorithmic. (We are only starting to see algorithms that can simultaneously
estimate conductivity distributions and activation [Stahlhut et al. 2011], hence potentially create
high-resolution EEG imaging). Such algorithms are computationally intensive and require cluster
computing for offline analysis, or a potent cloud for realtime operation.
KVL: Once we have finalized our new models and tools and are satisfied with their performance,
computational limitations are no longer an issue. This is because applying the resulting software to
large imaging studies is routinely done on large computational clusters, where each of the dozens
or hundreds of subjects is assigned an individual core. Even if every job runs for 24 hours, as it
routinely does, this is not a bottleneck of any significance.
The real computational problem, however, lies in developing the new models and tools in the first
place. It is in this phase that snappy performance is critical, so that new ideas and parameter
settings can quickly be evaluated. It is hard to do research into a new problem if running a simple
experiment takes days! Unfortunately, it is exactly this phase that is often computationally most
demandin— learning new models from training data is typically more computationally demanding
than simply applying the resulting models to new data.
Although parallel programming can in theory overcome these problems, learning these techniques
and applying them properly takes a lot of effort, taking time away from time we’d rather spend on
doing research. Where are the days when processors truly doubled in clock speed, so that your
older code simply ran that much faster once you bought a new computer?
There is already a vast repository of neuroimaging data available, much of it likely stored in
mutually incompatible formats. Is this of concern, or will you be primarily be collecting your
own data (and if so, will you be concerned about compatibility issues if you wish to share with
others)?
LKH: We are very interested in organizing neuroimaging results into databases, and large
publically available databases are useful for developing and validating algorithms. Fortunately the
community has been quite efficient in developing cross-format translation tools. Another database
issue is related to the meta-analysis of processed volumes (result volumes). By meta-analysis we
hope to increase power and create informed priors and hypotheses for new studies. In the DTU
group we created the second functional imaging coordinate database (“brede” following Peter
Fox’s BrainMap; http://neuro.imm.dtu.dk/services/jerne/brede/). There would be a huge potential
in creating “prediction servers”—modeled after genomics—for running standardized preprocessing pipelines. This would not only be extremely useful for imaging units but also increase
the reproducibility of research. Currently, such servers are limited by network bandwidth,
computational resources, and privacy issues.
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KVL: Compatibility issues have been largely resolved within the neuroimaging community in
recent years. Everybody can read NIFTY; for other formats (including DICOM) there are standard
open-source ITK IO filters (see ITK, http://www.itk.org).
Purchasing, operating, maintaining, and upgrading computers can be costly, in terms of
hardware, power, cooling, and staff. What are some of the advantages and disadvantages of
either purchasing your own computer vs. leasing time on a shared resource?
LKH: I would love to be able to use more elastic computational resources. There are signs that the
Nordic countries are moving in the direction of cloud resources (e.g., the new Icelandic facility,
(Gardar, http://www.deic.dk/node/170?language=en). But there are reservations at our university
(DTU) against using commercial clouds like Amazon’s.
What advantages do you see with current acquisition parameters relative to those used five years
ago? What has improved, if anything?
RH: In fMRI technology, there have been improvements in speed, voxel size, and field strength,
and MEG technology has seen improved noise reduction (tSSS).
MRI and other imaging techniques can readily generate huge amounts of data, and storage
requirements will only increase as the resolution of measurements increase. Have you
considered how much disk space will be sufficient, including such considerations as backups (in
case of disk failure) and long-term archives? Are (lossless, lossy) data compression techniques
effective on this type of data?
MN: 3D compression is still not exploiting the redundancy as well the best 2D image compression
methodologies or video compression methodologies. The amount of data is currently up to 1 Gb
per image. When processing, filtering, and segmenting, etc., one may wish to replicate this maybe
100 times for pre-computed aspects. This is for short term but fast access. For larger studies one
may have 10,000 images to mine through.
HWP: Today big data analysis and management are one of the major topics in computer and
knowledge sciences. In the next five years, there will be much technical advancement. Current
image data storage requirements are a few hundred megabytes per subject, or a few gigabytes for
ten subjects. Since we are not currently studying the statistical data analysis for a hundred or more
subjects, data storage is not a serious impediment. It is also important to consider data
compression: for example, raw data is stored before the completion of data analysis, but then raw
can be compressed with 10:1 or better ratio for long-term storage.
All modern computers, even most laptops, have more than one processor; furthermore,
traditional CPUs are increasingly being paired with GPUs. Have you considered how modern
parallel architectures can be exploited in the computations required for your research?
LKH: We use all tricks available to improve speed and we use distributed computing CPU/GPU
when possible. Many of our data intensive schemes, e.g., resampling based optimization of
pipelines, are relative easy to distribute simply because they involve many independent runs of
same algorithm on different combinations of data and parameters. Others require careful
optimization to fully exploit distributed resources.
One major problem is to have control over a full pipeline to port to new architectures. For example,
it is not possible to run Freesurfer (http://surfer.nmr.mgh.harvard.edu) on anything other than
traditional CPUs. Research into the automated porting of both source and binaries to modern
architectures may be beneficial.
KVL: We do write multi-threaded code out of sheer necessity, however if we could have avoided it
we’d rather have spent all the learning and debugging time (hard for parallel code!) doing
something more productive. Writing MPI and GPU code (with its ever evolving interface
standards) has been considered but we have deemed it not worth the effort.
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In some sense, the three principal components of a modern computer are the processor(s) (where
calculations are done), memory (holds data that is being processed) and disk/tape (longer-term
storage). As a result, many researchers wish to use parallel computers to take advantage of the
larger overall processing speed (i.e., perform more computations in a given amount of time),
whereas others wish to take advantage of the larger aggregate memory (i.e., perform “larger”, or
higher-resolution, calculations). Which of these do you anticipate most likely to be a limiting
factor?
LKH: We have more often been limited by memory and storage (RAM and disk) - algorithms
could be made faster with more RAM, and we could store intermediate results from pipelines if we
had more disk space.
MN: The major problem here is that fast disk space is relatively more expensive.
KVL: We are limited by both. Typically we need more speed but for some problems, such as
analyzing extremely high-resolution ex vivo brain scans, memory is a real issue.
HWP: In the early 1990s I was involved in a big project involving the implementation of a PACS
system for a large hospital (more than a thousand beds). At that time, we faced many technical
challenges, including image transfer speed, display resolution, display dynamic range, and storage
capacity, but the problems were mostly solved within five years, and PACS is now a basic facility
in the hospital.
In order to utilize computer technology, neuroimaging software needs to be used by and results
presented to people who are not necessarily computer scientists. Do you have any suggestions for
how to communicate your needs with software developers?
KVL: We as researchers typically develop our own software to be used by end users; however for
maintaining and testing the code on multiple platforms we have professional software developers.
Unfortunately this means there are three different groups of people, each with their own area of
expertise, that somehow need to talk to each other: computational neuroimaging researchers,
software professionals, and end users.
How much, in terms of methodology, separates your most sophisticated user from your typical
user?
RH: The gap is very wide, in terms of people’s backgrounds in medicine, psychology vs. physics,
signal analysis, etc.
With the advent of modern computer networks, hackers are always a possibility. Are patient
scans considered to be “personal information”, subject to privacy considerations, or is this not
likely to be a significant issue?
LKH: This is a major concern. Scans are definitely personal information and they can and will be
related to other public information. One issue that is only getting limited attention is the ethics
around advanced modeling: What will mind reading be able to read in the future? Will we be able
to reliably discover complex diseases from brain scans (for example, see our paper on diagnosing
MS from resting state data, Mørup et al. 2010)? We have access to many, many volumes of resting
state datasets on the web; what if we at some point discover an abnormal structure in public data?
How certain should an algorithm be before calling the owner of the data?
Is your research more involved with functional or anatomical imaging? Does this affect your
computational requirements?
LKH: My comments here relate mostly to functional imaging.
MN: I agree with all the above also for structural imaging.
KVL: We do anatomical imaging. I’m not sure if this affects our computational requirements:
more is always needed.
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The brain’s network of neurons and other types of cells is incredibly complex, and many
computationally intensive models and algorithms have already been developed in an attempt to
explain higher-level brain functions. Do you feel that computers will eventually be able to help
us understand issues such as consciousness and free will?
LKH: Sure! The paper by Kouider et al. (2013) on baby consciousness came out recently in
Science.
KVL: My personal feeling is that these claims are hugely overstated, starting from the sixties
where neural networks were promised to solve all our problems within ten years, up to the
massively expensive flagship brain projects now funded in both the EU and the United States.
Given the challenges of circularly-defined patient groups and the absence of well-defined models
for most diseases, what are the most promising clinical applications that can/should be targeted?
ZYF: Functional neuroimaging should be used for accurate quantification and accurate location,
rather than specificity.
HWP: Many different physical parameters can be measured in MRI; we are focusing our research
on new parameters. It is important to localize the clinical information, for example to get only T1effected images not influenced by T2 Density.
What are the primary research themes in your group? Do any of them involve direct clinical
translation of neuroimaging results?
ZYF: Resting-state fMRI for accurate quantification and accurate location individually:
methodology and application to epilepsy surgery, and TMS therapy, damage evaluation.
HWP: Imaging technology, angiography, fast imaging.
What are the most promising clinical applications that can / should be targeted?
RH: Epilepsy, functional localization, stroke recovery, and chronic pain.
What are the greatest challenges that we need to overcome in terms of making imaging more
useful for clinical studies?
ZYF: Many complicated analytic methods have been “useful for clinical studies” and, with these
beautiful and cool methods, many papers have been published in high-impact-factor journals. But,
it is hard to say what is useful for “clinical practice.”
HWP: Noise, imaging time, distortion, and in some cases resolution. A higher signal-to-noise ratio
(SNR) is needed, which would yield increased signal stability.
RH: Interdisciplinary training (especially in electrophysiology), analysis tools (commercial and
open-source software), user interfaces and standardized clinical protocols. As MEG technology
allows us to get closer to the brain, a higher SNR would yield improved spatial resolution.
What are your best practices for performing multimodal data collection? What direction for
multimodal data collection, if it could be made technologically feasible, would be most fruitful?
RH: Have as similar as possible experimental setups in MEG and fMRI, as well as making
neuroscientifically feasible hypotheses about brain functions. Combined fMRI and EEG would also
be useful.
In terms of the large-scale initiatives being developed in the United States (BRAIN Project) and
in Europe (Blue Brain and Human Brain Projects), how do you see neuroimaging integrating (if
at all) with these? For computational neuroscience efforts, do you see emergent properties being
sufficiently characterized such that they can function as concrete goals for the bottom-up
approach?

80

6. Computational Infrastructure

ZYF: They are huge and important projects. But before the comment of next generation functional
neuroimaging technique, more efforts should be made on pragmatic clinical studies. Resting-state
fMRI is just at its beginning stage.
HWP: Both bottom-up and top-down approaches are needed. The large-scale initiatives can
contribute to the development of brain models, but many small-scale projects have to be supported
for gradual development.
RH: Neuroimaging is an essential part of the Human Brain Project.
Are attempts being made to standardize across scanners for multi-site applications? Do you have
a sense of the magnitude of the relative error variance components across individuals and across
scanners? What models do you envision helping to reduce inter-subject variance and increase
reproducibility?
HWP: A reference phantom for specific parameter standardization across scanners is
recommended. The phantom image is used for normalization across scanners. Every person is
different—there is no “standard: person—so exact standardization is not possible, but circular
similarity is observed.
RH: MEG technology offers good correspondence across scanners and good intra-individual
reproducibility, but subsets of course differ (and that is interesting in its own right).
Once patient data has been collected, it must be processed in various ways, such as image
reconstruction and feature detection. Are current computers adequate for post-processing? Has
the neuroimaging community embraced the rapidly-evolving GPU technology? If not, what are
the main obstacles?
HWP: Current computers are adequate for research purposes and conventional reconstruction, but
more computational power or parallel processing is needed for special reconstruction such as
iterative or EM. Current computers are mostly adequate for analysis of fMRI, but the increase of
multi-voxel or pattern-based analysis requires parallel processing with higher performance GPUs
are a good vehicle if the image reconstruction algorithms are fixed, but GPUs are not an optimal
solution if the algorithms are frequently modified, due to programming difficulties.
Modeling the human brain, with its billions of neurons and neuronal connections, is
challenging, even for the world’s most powerful supercomputers. What are some of the most
significant challenges, and how might they be overcome (e.g., computers that are faster, or that
have more memory or GPUs, or something else)?
HWP: Ideally each element of neuron can operate in parallel, and each element can be
implemented in a reasonable site. But I think that finding a programmable implementation of the
interconnection between elements is difficult.
SUMMARY AND CONCLUSIONS
Many examples of the current state of the art and developing technologies in neuroimaging, along
with their supporting computational technology, have been presented in this chapter. One of the
common themes that ran through many of our discussions is the importance of multimodal data
acquisition techniques. While it is valuable to continually improve individual technologies (e.g.,
increasing spatial resolution of fMRI), it seems that each of the many currently available
techniques (fMRI, EEG, PET, MEG, etc.) has its own set of advantages and disadvantages (e.g.,
EEG measurements provide relatively high temporal resolution but relatively low spatial
resolution) and that simultaneous data acquisition via multiple techniques will allow researchers to
benefit from their combined advantages (e.g., simultaneous fMRI and EEG measurements provide
data with fairly high spatial and temporal resolution).
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Of course, along with these multimodal techniques comes the added burden of increasing
computational capability and data storage requirements. As spatial and temporal resolution are
increased, and as the field strength of magnets, the number of signal channels, and the number of
patient scans is increased, the computational resources required—for post-processing, analysis,
visualization, searching for biomarkers, diagnosis, data sharing, transfer and storage, searching
through metadata—are also going to increase. Furthermore, the demand for increasingly faster
computers with larger data storage may not be able to keep up with the increasingly larger amounts
of data being generated. As a result, efforts to better manage “Big Data” is an emerging trend, and
several researchers from different sites agreed that this is an area of concern for the near to
intermediate future.
Neuroscientists use computers for a wide variety of applications, including data acquisition, realtime data analysis, image reconstruction, visualization, neural network modeling, machine learning,
early diagnosis, presurgical mapping, databases, and even document mining. Many software tools,
such as FreeSurfer, BrainNet Viewer, and PANDA, are freely available.
Several scientists also mentioned limitations that impeded their research or even prevented
progress entirely; these may be indications of where future funding efforts could help improve the
global state of the art in neuroimaging. Some of these limitations include advanced iterative
algorithms for PET and fMRI image reconstruction, real-time analysis with machine learning tools
for neurofeedback, advanced causal models with multivariate time series data, nonparametric
robust multi-level advanced statistical models, and advanced topographical manipulations of threedimensional brain images such as cortical unfolding and surface-based analysis. All of these
operations are computationally intensive.
While most, if not all, of the sites we visited presented an overview of their facilities, labs, and
equipment, there was relatively limited information about the available computational resources. Is
this evidence of a prevailing opinion that computer hardware and software are not considered to be
primary components of their neuroscience research? Furthermore, a surprisingly small number of
neuroscientists reported using supercomputers in their research. Several reasons were given; a
summary follows.
For some research, supercomputers simply are not necessary; desktop computers or local clusters
are sufficient. Others point out the difficulty in multiprocessor and/or CPU-GPU programming, and
agree that being able to work with a computer expert would be a significant asset. The United
States Department of Defense has been funding a multi-decade effort called the High Performance
Computing Modernization Program (http://www.hpc.mil/index.php), a significant part of which is
hiring and maintaining a staff of computer experts who regularly work with “domain scientists”
(people who are experts in their particular field of study, but not necessarily knowledgeable about
supercomputer architecture and optimization techniques) to help them make the most effective use
of the available supercomputers. One of the main reasons for the lengthy chapter exposition on
supercomputer building blocks was to point out several of the ways in which supercomputers are
not simply bigger and faster home computers, but are in fact an entirely different type of tool, and
that the “domain scientist with computer expert as liaison” model offers many benefits.
Yet another reason for not using supercomputers is the lack of interactivity. Most modern
supercomputers are operated in a batch mode, with jobs submitted to a queue and results returned
hours or days later. This is obviously not an ideal environment for rapid prototyping and software
and algorithm development. By providing neuroscientists with training, supercomputer allocations,
a more interactive environment, and an expert liaison, we may be able to open a floodgate between
neuroscientists and supercomputers that could open entire new fields of research—computers
helping to increase our understanding of the brain, and increased understanding of the brain leading
to advances in computer technology.
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Lilianne R. Mujica-Parodi (Chair), Stony Brook University School of Medicine
Dr. Lilianne R. Mujica-Parodi is Director of the Laboratory for Computational Neurodiagnostics
and Associate Professor in the Departments of Biomedical Engineering, Psychiatry, Neurology,
and Program in Neuroscience. She received her undergraduate and graduate degrees from
Georgetown University and Columbia University, respectively, studying mathematical logic and
theoretical physics. After her Ph.D. (Niles G. Whiting Fellow), she completed a three-year NIH
Training Fellowship in Schizophrenia Research at the New York State Psychiatric Institute. Dr.
Mujica-Parodi was subsequently promoted to Assistant Professor of Clinical Neuroscience at
Columbia’s College of Physicians and Surgeons, where she performed research for two years until
being recruited by Stony Brook University. She is the recipient of the Young Investigator Award
(Essel Investigator) of the National Alliance for Research in Schizophrenia and Affective
Disorders, the National Science Foundation’s Career Award, and the White House’s Presidential
Early Career Award in Science and Engineering. Dr. Mujica-Parodi’s research interests focus on
the integration of neuroimaging (fMRI, NIRS, MEG/EEG, ECoG) data with dynamical systems,
control systems, and complexity analyses. This work aims to identify emergent properties of
dysregulation for nested control circuits in the brain, with neurodiagnostic applications to
neurological and psychiatric disorders.

Peter A. Bandettini, National Institutes of Health
Dr. Bandettini received his B.S. from Marquette University in 1989 and his Ph.D. from the Medical
College of Wisconsin in 1994, where he pioneered the development of magnetic resonance
imaging of human brain function using blood oxygenation contrast. During his postdoctoral
fellowship at the Massachusetts General Hospital with Bruce Rosen, he continued his investigation
of methods to increase the interpretability, resolution, and applicability of functional MRI
techniques. In 1999, he joined NIMH as an Investigator in the Laboratory of Brain and Cognition
and as the Director of the NIH Functional MRI core facility. In 2001, he was awarded the Scientific
Director’s Merit Award for his efforts in establishing the NIH FMRI core facility. In 2002, he
received the Wiley Young Investigator’s award at the annual Organization for Human Brain
Mapping Meeting. His section on Functional Imaging Methods is currently developing MRI
methods improve the spatial resolution, temporal resolution, sensitivity, interpretability, and
applications of functional MRI. Recently his research has focused specifically on improving
general methodology for fMRI applications at 7 T, investigation of fMRI-based functional
connectivity methodology and applications, and investigation of fMRI decoding methodology and
applications.
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Tom Cortese, National Center for Supercomputing Applications
Tom Cortese began writing IBM 360 BASIC programs shortly after starting high school, and has
been involved with computers ever since. As an undergraduate student at the University of Illinois
at Urbana-Champaign, where he studied Electrical Engineering, Computer Science and
Mathematics, Tom joined the CERL PLATO Sound Group, a multi-disciplinary group of
engineers, programmers, and musicians dedicated to designing and building computer-controlled
electronic music synthesizers as well as developing high-quality music printing software. While
working on his Master’s degree in Applied Mathematics, he developed applications to investigate
various fractal phenomena, such as Koch snowflakes and Sierpinski gaskets. He also developed his
first multi-processor application which performed functional iterations in the Complex Plane and
generated images of the Mandelbrot Set and Newton’s Method—each image was divided up into
squares, and multiple instances of the program could work independently on these regions,
automatically looking for the next region requiring computation upon completing the portion it was
working on. Several of his various interests finally came together when he entered the Theoretical
and Applied Mechanics Ph.D. program at UIUC. There he developed Spectral Methods code to
simulate turbulent convection on distributed-memory machines. Early versions of the code, written
in CM-Fortran and running on the NCSA’s CM-5, were used to perform simulations of convection
in air, and uncovered interesting details about the spontaneous generation of non-zero-average
horizontal mean motion (i.e., wind) and the spontaneous generation of vertical vorticity in regions
of upwelling fluid (i.e., rotating storms, supercells, and tornadoes). Performance results published
in the International Journal of High Speed Computing show that this was one of the world’s fastestrunning spectral methods turbulence modeling code at the time. During a post-doc at the University
of Minnesota Supercomputer Institute, Tom re-wrote the code using MPI, modified it to perform
mantle convection simulations, and ran it on a variety of platforms. Tom then joined Kuck and
Associates, Inc., where he worked with independent software vendors to use OpenMP to gain
performance improvements of codes running on shared-memory processors, and then spent several
years as a contractor working for the Department of Defense’s High-Performance Computing
Modernization Program, where he assisted users with porting serial code to multi-processor
mainframes, using multi-processor debugging tools to help track down bugs in programs that were
not producing the expected results, and using performance analysis tools to help find bottlenecks in
parallel code and improve performance. He joined the NCSA Blue Waters team early in 2012.

Gary H. Glover, Stanford University
Dr. Glover’s interests encompass the physics and mathematics of imaging with Magnetic
Resonance. His current research is directed in part towards exploration of rapid MRI scanning
methods using spiral and other non-Cartesian k-space trajectories for dynamic imaging of function.
Using spiral techniques, we have developed MRI pulse sequences and processing methods for
mapping cortical brain function by imaging the metabolic response to various stimuli, with
applications in the basic neurosciences as well as for clinical applications. These methods develop
differential image contrast from hemodynamically driven increases in oxygen content in the
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vascular bed of activated cortex, using pulse sequences sensitive to the paramagnetic behavior of
deoxyhemoglobin or to the blood flow changes. Other applications include imaging of contrast
uptake in the breast.

Bin He, University of Minnesota
Dr. Bin He Dr. Bin He is currently McKnight Distinguished University Professor of Biomedical
Engineering, Medtronic-Bakken Endowed Chair for Engineering in Medicine, Director of Institute
for Engineering in Medicine and Center for Neuroengineering at the University of Minnesota. His
major research interests are in the field of neuroengineering and biomedical imaging. Together
with his co-workers, he has made significant contributions to the development of
electrophysiological functional imaging, multimodal imaging, and neuroengineering. Dr. He is
actively pursuing research including: multimodal functional neuroimaging of cognitive processes
and neurological disorders such as epilepsy, electrophysiological source imaging, electrical
properties imaging, including novel approaches for noninvasive imaging of electrical properties of
biological tissues with magnetic induction, EEG based brain-computer interface, and noninvasive
neuromodulation. Dr. He is the recipient of NSF CAREER Award, Established Investigator Award
from the American Heart Association, and Outstanding Research Award from the International
Federation of Clinical Neurophysiology. He is a Fellow of IEEE, American Institute of Medical
and Biological Engineering, and Institute of Physics, and was elected to the International Academy
of Medical and Biological Engineering in 2012.

Kent A. Kiehl, Mind Research Network &University of New Mexico (Europe only)
Dr. Kiehl is an author and neuroscientist who specializes in the use of clinical brain imaging
techniques to understand major mental illnesses, with special focus on criminal psychopathy,
psychotic disorders, traumatic brain injury, substance abuse, and paraphilias. Dr. Kiehl recently coedited with Dr. Walter Sinnott-Armstrong a Handbook on Psychopathy and Law (2013; Oxford
Press). His scientific training began as an undergraduate in psychology and neuroscience at the
University of California, Davis. Dr. Kiehl completed his doctorate in psychology and neuroscience
in 2000 from the University of British Columbia. During his time in graduate school, Dr. Kiehl
authored over 20 peer-reviewed manuscripts, one of them being the first study using functional
magnetic resonance imaging (fMRI) to examine brain dysfunction in criminal psychopaths.
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Tor Wager, University of Colorado
Dr. Wager is the director of the Cognitive and Affective Neuroscience laboratory at the University
of Colorado, Boulder. He received his Ph.D. from the University of Michigan in cognitive
psychology, with a focus in cognitive neuroscience, in 2003. He joined the faculty of Columbia
University as an Assistant Professor of Psychology in 2004, and was appointed Associate Professor
in 2009. In 2010, he joined the faculty of the Department of Psychology and Neuroscience at the
University of Colorado, Boulder. His research focuses on how expectations shape responses to pain
and emotional cues in the brain and body. Peer-reviewed publications include work on brain
mechanisms of placebo analgesia and the cognitive regulation of emotion and attention. His
laboratory’s mission is to investigate the brain pathways that underlie the generation and regulation
of pain and emotion. One line of work concerns how cognitive and motivational factors influence
the way in which painful stimuli and other aversive events are processed in the brain and body.
Two related lines of work involve developing biomarkers for pain and emotion, and studying the
roles of conceptual knowledge and learning in pain perception and avoidance behavior. A fourth
line of work investigates the cortical-subcortical circuits involved in social evaluative threat.
Recent and ongoing studies combine measurements of emotional behavior and self-report, brain
activity (measured with fMRI, or, less frequently PET or EEG), and peripheral physiology,
including measures of autonomic and endocrine activity. The lab has a particular emphasis on
developing and using new analysis methods to gain a clearer picture of systems-level interactions
among brain regions. The laboratory is also engaged in collaborative, translational research
incorporating brain systems-level analysis into the study of clinical disorders, including PTSD,
depression, schizophrenia, and borderline personality disorder.

Lawrence Wald, Harvard University
Dr. Lawrence L. Wald received his Ph.D. in physics from the University of California, Berkeley.
He currently holds appointments at Massachusetts General Hospital and MIT, and is the director of
the MGH NMR Core at the Martinos Center for Medical Bioimaging, Harvard University. His
research interests include technique development for high field imaging of the brain; development
of 7 Tesla scanner and coils for imaging human brain function; highly parallel phased array coil
development for 3 T and 7 T; parallel transmit methods for B1+ mitigation in the head at 7 T; and
highly accelerated echo volume imaging.
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Site visit reports are arranged in alphabetical order by organization name.
Aalto University – Brain Research Unit, O.V. Lounasmaa Laboratory
Site Address:

P.O. Box 15100
Puumiehenkuja 2
FI-00076 Aalto, Espoo
Finland
http://neuro.hut.fi
http://ltl.tkk.fi/wiki

Date Visited:

May 28, 2013

WTEC Attendees:

M. Beaudoin, T. Conway, T. Cortese (report author), P. Foland, K. Kiehl, T. Wager

Host(s):

Professor Riitta Hari, M.D., Ph.D.
Director
Tel.: +358 50 437 1607
riitta.hari@aalto.fi
Dr. Lauri Parkkonen
Assistant Professor, Department of Biomedical Engineering and Computational
Science
Tel.: +358 50 563 6686
lauri.parkkonen@aalto.fi
Dr. Veikko Jousmäki
Senior Scientist, Brain Research Unit
Tel.: +358 50 344 2509
veikko.jousmaki@aalto.fi
http://ltl.aalto.fi/wiki/Veikko_Jousmäki

OVERVIEW
Aalto University is a Finnish university established in Espoo and Helsinki on January 1, 2010 from
the merger of three established universities in Finland: the Helsinki University of Technology, the
Helsinki School of Economics, and the University of Art and Design Helsinki. Current campuses
are located in Espoo (Otaniemi: Chemical Technology, Electrical Engineering, Engineering,
Science) and Helsinki (Töölö: Economics; Arabia: Art and Design), with additional operations in
Mikkeli, Lahti, Vaasa, and Pori. The University’s mission is to build a better world through top
quality and interdisciplinary research, pioneering education, surpassing traditional boundaries and
embracing renewal.
FUNCTIONAL FOCUS
Researchers at the Brain Research Unit of the O.V. Lounasmaa Laboratory address human brain
functions at the systems level, mainly by applying non-invasive brain imaging methods that are
continuously being developed and improved. They also design and construct stimulation and
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monitoring devices to create versatile but controlled stimulus environments for systems
neuroscience experiments.
RESEARCH & DEVELOPMENT ACTIVITIES
Functions of the human cerebral cortex are studied using magnetoencephalography (MEG),
measuring weak magnetic fields outside of the head. This method allows a totally non-invasive
view into healthy and diseased human brains during different tasks and conditions. The Brain
Research Unit operates a 306-channel neuromagnetometer (Vectorview, Neuromag Ltd.), a
prototype device functional since 1998, which houses 204 gradiometers and 102 magnetometers
with whole-scalp coverage.
To combine functional and structural information, MEG data are typically integrated with the
subject’s magnetic resonance images (MRIs). Functional magnetic resonance imaging (fMRI), with
its excellent spatial resolution, complements the superb temporal resolution of MEG in tracking
activation patterns and sequences in the human brain; the Advanced Magnetic Imaging Centre of
Aalto University operates a 3 tesla MRI scanner (Siemens MAGNETOM Skyra) for whole-body
imaging.
The primary research themes of the Brain Research Unit include functions of sensory systems,
social interaction, inter-subject synchrony, language in health subjects, as well as stroke recovery,
chronic pain, and hallucinations in patients. It is considered important to bring everyday conditions,
such as social activities, watching movies, and playing games, to the brain-imaging laboratory;
people will not respond naturally when doing an artificial task, such as responding to beeps, while
in a neuroscience/hospital setting.
One particular area of research is to focus on the dyad, rather than the individual, as the proper
analysis unit in order to bring studies of social interaction, such as the coupling between a speaker
and a listener, to neuroscience. This will require new concepts, experimental setups and analysis
tools. Recent technological development activities included construction of a “MEG2MEG” setup,
with two subjects in MEG scanners five km apart connected by telephone landlines, and a dual
fMRI-coil setup, providing simultaneous scans of two individuals interacting in the same place
(Figure B.1).
Other areas include collecting fMRI data from subjects who are watching a film in order to
determine the similarities, differences, and synchrony among subjects, particularly when the film
has strong emotional content, investigating the corticokinematic coherence between MEG data and
limb trajectories during active vs. passive movements, and (at the Department of Biomedical
Engineering and Computational Science) the development of magnetometers and optical
magnetometers. The forthcoming thematic Aalto Brain Centre will continue to focus on human
brain dynamics, systems-level neuroscience, and new tools to measure and analyze brain function.
TRANSLATION
The motto on the front cover of Aalto University’s publicity booklet is “Where science and art
meet technology and business”, and part of the University’s mission is to understand and anticipate
the needs of society, so the practical applications of technology are obviously important to
researchers. The Aalto Center for Entrepreneurship (ACE) coordinates activities related to
technology transfer, intellectual property rights, start-up companies as well as teaching and
research on growth entrepreneurship. The ACE also supports ideas for new businesses by helping
people prepare business plans and market surveys and to obtain financing needed to set up a
company.
There are some challenges that need to be overcome in order to make imaging more useful in the
clinical setting. Researchers at the Brain Research Unit feel that increased interdisciplinary
training, especially in the field of electrophysiology, improved user interfaces (there is a large
difference between sophisticated and “typical” users) and standardized clinical protocols, and
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better analysis tools, including both commercial and open-source software are among the most
important. MEG does help decide surgical intervention, so we have made progress.

Figure B.1. MEG2MEG setup illustrating the connection of two MEG devices to collect MEG data from
two persons during social interaction (from Baess et al. 2012).

Another limitation to translation is that often the technical software challenges may be figured out,
but getting the approval to have them implemented is often cumbersome and time-consuming. This
makes things less safe for the patient. As a workaround, people have developed their own homegrown software, or use open-source. Also, analysis of MEG data, unlike that of fMRI, requires
expertise; many modern tools provide users with an “answer”, but consumers of the software may
have no understanding of what is really going on.
Standardization and training are also important, and there should be more of it. Once something is
invented/designed/built, is there funding to support training? Should technology be mobile or
centralized?
SOURCES OF SUPPORT
In the process of creating Aalto University, the university law of Finland was rewritten for the
university to be allowed to collect endowment; hence Aalto University derives its funding from a
foundation. The process of collecting donations is still under way and aims to collect a total of
€200 million from private donations. All private donations will be augmented by 2.5 times the sum
by the Finnish state, to a maximum of €500 million, making the projected goal of fund raising €700
million. The annual budget in 2011 was €400 million.
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ASSESSMENT
Aalto scientists have a long tradition and a strong international reputation in systems neuroscience,
neurotechnology, and signal analysis. Also, the Human Brain project currently has eighty
members, and Aalto University is the only one from Finland. The Aalto imaging facilities are used
by many people from many places. Elekta NeuroMag, essentially the only company in the world
that is currently producing MEG scanners, emerged as a spinoff of the Low Temperature
Laboratory (currently named O.V. Lounasmaa Laboratory to honor its founder and long-term
director), founded in 1989 by Antti Ahonen, Riitta Hari, Matti Hämäläinen, Jukka Knuutila, and
Olli V. Lounasmaa. These are some of the characteristics of Aalto University that make it one of
the leaders in understanding the human brain.
SELECTED REFERENCES
Baess, P., Z. Zhdanov, A. Mandel, L. Parkkonen, L. Hirvenkari, J.P. Mäkelä, V. Jousmäki, and R. Hari. 2012. MEG dual
scanning: a procedure to study real-time auditory interaction between two persons. Front. Hum. Neurosci. 6:83,
doi:10.3389/fnhum.2012.00083.
Bourguignon, M., X. De Tiège, M.O. de Beeck, N. Ligot, P. Paquier, P. Van Bogaert, S. Goldman, R. Hari, and V.
Jousmäki. 2013. The pace of prosodic phrasing couples the listener’s cortex to the reader’s voice. Hum. Brain
Mapp. 34(2):314-326.
Hari, R. and M.V. Kujala. 2009. Brain basis of human social interaction: from concepts to brain imaging. Physiol. Rev.
89:453-479. http://neuro.ltl.hut.fi/~hari/Hari&Kujala_PhysiolReviews2009.pdf
Hari, R., and R. Salmelin. 2012. Magnetoencephalography: from SQUIDs to neuroscience. Neuroimage 20th
Anniversary Special Edition. NeuroImage 61(2):386-396.
Hari, R., L. Parkkonen, and C. Nangini. 2010. The brain in time: insights from neuromagnetic recordings. Ann. NY
Acad. Sci. 1191:89-109.
Lahnakoski, J.M., E. Glerean, J. Salmi, I.P. Jääskeläinen, M. Sams, R. Hari, L. Nummenmaa. 2012. Naturalistic FMRI
mapping reveals superior temporal sulcus as the hub for the distributed brain network for social perception. Front.
Hum. Neurosci. 6:233.
Nummenmaa, L., E. Glerean, M. Viinikainen, I.P. Jääskeläinen, R. Hari, and M. Sams. 2012. Emotions promote social
interaction by synchronizing brain activity across individuals. Proc. Natl. Acad. Sci. USA 109(24):9599-9604.
Piitulainen, H., M. Bourguignon, X. De Tiège, R. Hari, and V. Jousmäki. 2013. Corticokinematic coherence during active
and passive finger movements. Neuroscience 238:361-370.
Vesanen, P.T., J.O. Nieminen, K.C. Zevenhoven, J. Dabek, L.T. Parkkonen, A.V. Zhdanov, J. Luomahaara, J. Hassel, J.
Penttilä, J. Simola, A.I. Ahonen, J.P. Mäkelä, and R.J. Ilmoniemi. 2013. Hybrid ultra-low-field MRI and
magnetoencephalography system based on a commercial whole-head neuromagnetometer. Magnetic Resonance in
Medicine 69(6):1795-1804. http://www.ncbi.nlm.nih.gov/pubmed/22807201
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Aalto University – Finnish Centre of Excellence in Computational Inference Research
Site Address:

Konemiehentie 2, Otaniemi Campus
P.O. Box 15400
FI-00076 Aalto, Espoo
Finland
http://ics.aalto.fi

Date Visited:

May 28, 2013

WTEC Attendees:

M. Beaudoin, T. Conway, T. Cortese (report author), P. Foland, K. Kiehl, T. Wager

Host(s):

Professor Erkki Oja, Ph.D.
Director, Finnish Centre of Excellence in Computational Inference Research (COIN)
Tel.: +358 9 470 23265
Erkki.oja@aalto.fi
Arto Klami, Ph.D.
Post-doctoral researcher
Tel.: +358 9 191 51261
Arto.klami@hiit.fi
Ricardo Vigário, Ph.D.
Group Leader
Tel.: +358 9 470 28217
Ricardo.vigario@aalto.fi
Professor Koen Van Leemput
FiDiPro Fellow
koen@nmr.mgh.harvard.edu
http://nmr.mgh.harvard.edu/~koen/

OVERVIEW
Aalto University is a Finnish university established in Espoo on January 1, 2010 from the merger
of three leading universities in Finland: the Helsinki University of Technology, the Helsinki School
of Economics, and the University of Art and Design Helsinki. Current campuses are located in
Espoo (Chemical Technology, Electrical Engineering, Engineering, Science) and Helsinki
(Business and Arts, Design and Architecture), with additional operations in Mikkeli, Lahti, Vaasa,
and Pori. The University’s mission is to build a better world through top quality and
interdisciplinary research, pioneering education, surpassing traditional boundaries and embracing
renewal.
FUNCTIONAL FOCUS
The mission of the Information and Computer Science Department is to provide world-class
research and education in the advanced computational methods required by modern science,
engineering, and society by combining fundamental research in computer science with innovative
applications. The Finnish Centre of Excellence in Computational Inference Research develops
methods for transforming the data produced by the current data revolution into useful information.
The key methodology for achieving this goal is statistical and computational inference based on the
data. The emphasis is on large data collections and computationally demanding modeling and
inference algorithms.
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RESEARCH & DEVELOPMENT ACTIVITIES
Dr. Oja, as the director of the Computational Inference Research Centre (COIN) at Aalto
University, and Professor in the Department of Information and Computer Science, is associated, in
his supervisory role of Dr. Vigário’s research group, with several different research topics related
to neuroinformatics. These include robust independent component analysis (ICA), independent
subspaces in fMRI, modeling from basic elements to networks of neuronal activity, multiple kernel
learning, phase synchrony as a neuronal communication mechanism, single-trial, event-related
EEG/MEG (an example of which is given in Figure 3.2 in Chapter 3), tissue segmentation in
structural MRI, and document mining in neuroscience publications. Other areas of interest within
the general field of algorithmic development and signal analysis include climate data (both in
temporal and spatial dimensions), bioinformatics, and systems biology.
Dr. Arto Klami, representing the Statistical Machine Learning and Bioinformatics group led by
Professor Samuel Kaski, is interested in Bayesian modeling of complex data structures. This group
develops new machine learning techniques to integrate multiple biosensor data sources (MEG and
fMRI), e.g., recovering the state of attention from eye movements (Figure 3.2), and other sensor
data. As in Dr. Hari’s group at the Aalto University Brain Research Unit, they are interested in
incorporating natural stimulation, such as movies and music, into fMRI (i.e., how does the stimulus
affect the brain?). They see close collaboration between machine learning (ML) and neuroscience
labs as a necessity. There are few strong groups working in the intersection of ML and
neuroimaging, and while others clearly appreciate the problem setup, they have limited means of
working with it (there is little public data, and domain knowledge is necessary). Outreach activities,
such as the PASCAL2 challenge organized by the group in 2011, have attempted to bridge
researchers in these two fields, but there is still more to be done. The ML community at large might
be able to contribute to the field of neuroimaging, but they need data and specific questions.
Dr. Ricardo Vigário, from Dr. Oja’s group, is interested in statistical signal processing, adaptive
systems and machine learning (particularly when applied to neuroinformatics), medical
engineering, mapping and understanding the human brain, computational and cognitive
neuroscience, biophysics, and image recognition and processing. The main focus of the group has
been the identification of elements of functional activity in either high-temporal-resolution or at the
fMRI level, and then attempting to go one step further and collect them as a network.
Dr. Vigário’s research topics broadly encompass two dimensions: from elements to networks of
functional activity and from stringent to natural stimuli. He is also interested in document mining
of neuroscience publications and self-supervised MRI tissue segmentation by discriminative
clustering. He discussed several topics, including:
•
•
•
•

The blind source separation (BSS) problem and ICA and how studies of the default mode and
resting state networks can benefit from ICA (see, for example, Figure B.2)
Adaptive Robust Additions to Bagging ICA (ARABICA, https://launchpad.net/arabica), coded
in MATLAB, which involves making many ICA runs with different initial conditions
Subspace extensions of ICA (independent subspaces may be more interesting than independent
components)
Synchrony as another approach to the BSS problem as well as a diagnostic tool for several
different brain pathologies
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Figure B.2. Visual interpretation of the Blind Source Separation (BSS) problem and the spatial ICA model,
with fMRI as a working example (from Ylipaavalniemi and Vigário 2008).
Note: For more information refer to Figures 7–10 of the original article.

As mentioned by Dr. Klami, a strengthening of the collaboration between the neuroscience and
machine learning communities is vital to continued progress. Some of the limitations of ICA
include overinterpreting and the misinterpretability of ICA data (e.g., is it stable across subjects?),
and there are also barriers to convincing the ML community that neuroimaging is a valid
application of ML techniques.
Professor Koen Van Leemput, a Finland Distinguished Professor (FiDiPro, http://www.fidipro.fi)
Fellow, works on the computational analysis of medical data using Bayesian modeling. He is an
expert in computational neuroimaging and has many years of experience in multidisciplinary work
with clinicians, computer scientists, engineers and physicists and a very strong background in
advanced software development for medical image analysis. His research focuses on the
computational analysis of brain images, towards a tool that will be useful in clinical practice.
During his presentation on brain parcellation using parametric models, he showed how it is
possible to differentiate between the cerebrospinal fluid, white matter, and gray matter by using the
Gaussian mixture model. They have developed parametric models that are significantly faster than
other models currently available, such as FreeSurfer (https://surfer.nmr.mgh.harvard.edu).
TRANSLATION
The COIN research center has given birth to several spin-off companies started by former graduate
students using venture capital. The Nokia research center is located nearby. COIN faculty members
try to give their graduate students incentives on how to establish companies and do something
useful outside of academia. For example, Xtract (http://www.xtract.com) and Zen Robotics
(http://www.zenrobotics.com) are small companies started by members of this group.
Possible clinical applications based on the machine learning research include high-dimensional
representation for the patient (e.g., gene expression, single nucleotide polymorphisms (SNPs)) and
classification based on the shared representation. Also, Dr. Koen Van Leemput’s computational
brain analysis research might eventually result in a clinical diagnostic tool.
SOURCES OF SUPPORT
In the process of creating Aalto University, the university law of Finland was rewritten for the
university to be allowed to collect endowment; hence the university derives its funding from a
foundation. The process of collecting donations is still under way and aims to collect a total of
€200 million from private donations. All private donations will be augmented by 2.5 times the sum
by the Finnish state, to a maximum of €500 million making the projected goal of fund raising €700
million. The annual budget in 2011 was €400 million.
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ASSESSMENT
Dr. Oja has spent forty years studying “big data,” and his research group is widely recognized for
its expertise in pattern recognition and machine learning. In addition, Dr. Oja, along with two of his
former graduate students. Aapo Hyvärinen and Juha Karhunen, wrote Independent Component
Analysis, an in-depth textbook that provides a comprehensive introduction to a topic that is widely
used in neuroimaging, namely isolating specific signals from multiple inputs, each consisting of
possibly several independent signals (blind source separation by matrix factorizations). Together
with Dr. Vigário, he was one of the first people to use ICA in EEG and MEG processing, as early
as 1996.
Many neuroimaging labs are using machine learning techniques, so the outreach and collaboration
activities between the Finnish Centre of Excellence in Computational Inference Research and Dr.
Riitta Hari’s group at Aalto University Brain Research Unit is a valuable contribution from this lab.
SELECTED REFERENCES
Almeida, M., J.-H. Schleimer, J. Bioucas-Dias, and R. Vigário. 2011. Source separation of phase-locked signals. IEEE
Trans. Neural Networks 22:1419-1434.
Klami, A., S. Virtanen, and S. Kaski. 2013. Bayesian canonical correlation analysis. JMLR 14:965-1003.
Koskinen, M. J. Viinikanoja, M. Kurimo, A. Klami, S. Kaski, and R. Hari. 2013. Identifying fragments of natural speech
from the listener’s MEG signals. Hum. Brain Mapp. 34(6):1477-1489, doi:10.1002/hbm.22004.
Malinen, S., Y. Hlushchuk, and R. Hari. 2007. Towards natural stimulation in fMRI—issues of data analysis.
NeuroImage 35(1):131-139.
Sabuncu, M.R., B.T.T. Yeo, K. Van Leemput, B. Fischl, and P. Golland. 2010. A generative model for image
segmentation based on label fusion. IEEE Transactions on Medical Imaging 29(10):1714-1729.
Vigário, R., and E. Oja. 2000. Independence: a new criterion for the analysis of the electromagnetic fields in the global
brain. Neural Networks 13 (8-9):891-908.
Vigário, R., J. Särelä, V. Jousmäki, M. Hämäläinen, and E. Oja. 2000. Independent component approach to the analysis
of EEG and MEG recordings. IEEE Trans. Biomed. Eng. 47(5):589--593.
Virtanen, S., A. Klami, A.K. Suleiman, and S. Kaski. 2012. Bayesian group factor analysis. Proceedings of the 15th
Conference on Artificial Intelligence and Statistics (AISTATS, 2012). JMLR W&CP 22:1269-1277.
Ylipaavalniemi, J., and R. Vigário. 2008. Analyzing consistency of independent components – an fMRI illustration.
NeuroImage 39:169-180.
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Advanced Telecommunications Research Institute International (ATR)
Site Address:

2-2-2 Hikaridai Seika-cho, Soraku-gun
Keihanna Science City
Kyoto 619 0288 Japan
http://www.atr.co.jp/index_e.html

Date Visited:

April 4, 2014

WTEC Attendees:

P. Bandettini, T. Conway, A. Leonessa (report author), L. Mujica-Parodi, L. Wald,
P. Foland

Host(s):

Professor Mitsuo Kawato
Director, ATR Fellow
Vice President, Advanced Telecommunications Research Institute International
kawato@atr.jp
Tel.: +81 774 95 1958
Yukiyasu Kamitani, Ph.D.
Head, Dept. of Neuroinformatics Computational Neuroscience Laboratories
Advanced Telecommunications Research Institute International
kmtn@atr.jp
Tel.: +81 774 95 1212
Shinobu Masaki, Ph.D.
Board Member, Director of Brain Activity Imaging Center (BAIC), ATR
Promotions
masaki@atr.jp
Tel.: +81 774 95 1285

OVERVIEW
The Brain Information Communication Research Laboratory Group at ATR aims to understand the
function of the brain through computational neuroscience and to develop a brain-machine interface
(BMI) for future information and communication technologies. In particular, they are committed to
the pursuit of human-centered communication approach by developing BMI technology that is
simple to operate and interface to, hence addressing the special needs of the people with disabilities
and senior citizens. The group’s research interests spread over three different areas, each one
represented by a specific lab.
FUNCTIONAL FOCUS
Cognitive Mechanisms Laboratories
This lab investigates the mechanisms for high-order brain functions by utilizing advanced
technologies for the measurement and the analysis of brain activity as well as simulations of brain
functions based on robots and computers. Their results have the potential to enhance human
communications and the development of natural human-machine interfaces. They are divided into
two departments.
Department of Cognitive Neuroscience (DCN)
The objective of DCN is to clarify the cognitive and learning mechanisms underlying human
intelligence using computational theories, psychological experiments, and brain activity
measurements. Based on common knowledge of brain mechanisms, they are developing human-
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machine interfaces that help users, control algorithms for humanoid robots, establish new methods
of education, and enhance communication ability.
Department of Dynamic Brain Imaging (DBI)
The goal of DBI’s research is to develop a device that directly sends commands to a computer just
by using thoughts produced in the brain. Toward this purpose, they are developing tools to analyze
brain imaging data and methods to read thought from brain activities. This device is expected to be
applied to a number of fields such as social welfare, entertainment, and industry. The successful
use of brain network interfaces requires the accurate classification of brain activity patterns. They
are developing feature extraction and classification methods that efficiently work for high
dimensional data obtained from such non-invasive brain measurements as EEG, MEG, fMRI, and
NIRS. They are also developing a method to incorporate the current source localization method
into a brain network interface.
Neural Information Analysis Laboratories
The goal of this lab is to develop analysis tools to explain human brain functions and
communication techniques based on brain activities. In particular, they are developing statistical
methods to integrate existing non-invasive brain imaging modalities such as fMRI, MEG, EEG,
and NIRS. Their goal is to enhance the spatial and temporal resolution that brain imaging
techniques alone cannot achieve. Multimodal integration is indispensable to noninvasively
understand the neural mechanism of humans. Their research areas include:
•

•

Combining large-scale and high-resolution brain imaging (MEG and fMRI) data. MEG
has high temporal resolution, even though it cannot provide the location of brain activities. On
the other hand, fMRI provides the precise location of brain activities, but it lacks temporal
resolution. To measure brain activities with both high temporal and spatial resolution,
researchers are developing a statistical method to combine these two complementary
techniques. In addition, they are developing software with graphical user interface for potential
users.
Combining easy-to-use and portable brain imaging (EEG and NIRS) data. Although MEG
and fMRI provide brain activity data with high temporal/spatial resolution, they are not
practical for daily use because of the large-scale instrumentation. On the other hand, since EEG
and NIRS are portable, they allow brain activity measurements outside examination rooms.
Researchers at the Neural Information Analysis Laboratories are developing methods that
combine EEG with NIRS to enable accurate estimation of brain activities outside of clinical
settings (Figure B.3).

Computational Neuroscience Laboratories
This lab’s main purpose is to understand the brain function through computational neuroscience
and to develop a brain-machine interface (BMI) for recovery of motor functions in humans. This
lab has four departments
Department of Neuroinformatics (DNI)
This group is developing computational techniques to decode human brain signals and study
information coding in the human brain. Their goal is to establish novel communication technology
that directly connects brain and machines using decoded neural information. Brain signals can be
seen as “codes” that encode our mental experiences. To decipher them, they combine neuroscience
and machine learning methods. They are developing decoding techniques that capture the subtlety
of human mental experiences and apply them to build BMIs that control machines using decoded
information.
Department of Motor Control and Rehabilitation (MCR)
MCR’s research is based on the observation that humans’ ability to adapt to novel environments
stems from the brain’s ability to acquire internal models. Even when the internal environment
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changes due to functional deficits in the body or brain, neural plasticity paves the way to functional
recovery. In particular, researchers at MCR aim to understand the neural substrates underlining
motor control and learning. To this purpose, they are exploring novel rehabilitation techniques that
induce neural plasticity and functional recovery by utilizing non-invasive brain activity
measurement and robotic technologies.

Figure B.3. NIRS-EEG simultaneous measurement system (courtesy of ATR).

Department of Brain Robot Interface (BRI)
The goal of the BRI department is to control robots by thoughts. This research is expected to
contribute to the connection of humans and robots as a future telecommunication device and to the
development of an assistive device for the recovery of motor functions in humans. In particular,
they are focusing on controlling an exoskeleton and/or a humanoid robot using brain activity and a
suitable autonomous controller that can complement the detected brain activity.
Department of Decoded Neurofeedback (DecNef)
Researchers in this department integrate psychophysical, neuroimaging, and computational
approaches and apply the decoded neurofeedback method to BMIs, medical treatment, and
communication technology. They have developed the DecNef method to induce a targeted brain
activity pattern in a targeted brain region. Their long-term goal is to clarify the brain mechanism
and to establish a new clinical framework in which to treat disease.
RESEARCH & DEVELOPMENT ACTIVITIES
During the WTEC panel’s visit, the research presented mostly reflected the work pursued by the
Computational Neuroscience Laboratories. The overarching purpose of this cluster of laboratories
is to understand the brain functions through computational neuroscience and to develop a brainmachine interface (BMI) for recovery of motor functions in humans. They compared themselves to
the original Bell Laboratories. Their administrative structure consists of four different departments,
which are further divided into laboratories.
Department of Neuroinformatics (DNI)
Neural decoding enables prediction of mental content from measured brain signals. This group is
developing computational techniques to decode human brain signals and study information coding
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in the human brain. Their goal is to establish novel communication technology that directly
connects the brain and machines using decoded neural information.
This laboratory has developed “neural decoding” techniques that they can use to predict the
presented visual images that a person sees from the brain activity patterns. Neural decoding is
performed using pattern recognition programs, also known as “decoders,” which learn statistical
relationships between several pre-specified visual images and the corresponding brain activity
patterns. Although this approach can predict which stimulus is presented among a set of prespecified categories (e.g., horizontal or vertical grating), the prediction is just categorical and is not
an “image” itself. In this study, they developed a method to reconstruct visual images by
combining local image decoders that predict local image contrast at multiple spatial scales, using
brain activity patterns measured by fMRI scanners. Using this method, they can reconstruct
arbitrary visual images, including geometric figures and alphabet letters, which are not used to train
the decoders. Reconstruction can also be used to identify the presented image among hundreds of
millions of candidate images. Furthermore, they succeeded in replaying a sequence of presented
visual images as a movie by reconstructing each visual image from 2-s individual fMRI scanning
data. Although they currently only reconstruct the visual images that a person actually sees, it is
possible that the same principle can be used to visualize subjective perception such as mental
images and dreams. Their approach may serve as an innovative tool to reveal neural mechanisms of
the mind as well as practical applications in the field of medical engineering.
Patients with severe motor dysfunction such as high-level spinal cord injuries and amyotrophic
lateral sclerosis (ALS) are sometimes put in a distressful situation in which they are unable to
express their intentions or will at all even with any tiny movements of their body and face (total
locked-in syndrome). Through the use of BMI technology, the stage is being reached where
intentional communication and motor function can be restored to quadriplegics by using
exclusively thoughts to operate external equipment such as computers, bed and lighting
environmental control equipment, communication auxiliary equipment, or a robotic hand. Through
a partnership between Osaka University neurosurgery department and DNI, a BMI is being
developed which uses brain waves measured from the human cortical surface (electrocorticogram).
Since human primary motor area is located mainly inside a brain crease called the central sulcus,
cortical EEG from human primary motor area can only be measured adequately by the implantation
of electrodes on the brain surface. In pioneering research, through the cooperation of patients with
electrodes implanted in the interior central sulcus (for motor area stimulation as treatment of
intractable chronic pain), they measured cortical EEG while subjects performed three actions
(thumb bending; hand grasping; and elbow bending). Using a machine learning method called
support vector machines (SVM), they predicted which action the patient was performing using only
cortical EEG from a single action.
Finally, they succeeded in developing an integrated system to control a prosthetic hand using
human electrocorticograms in real-time. This system was used to demonstrate how a post-stroke
patient’s hand movements were correctly detected and inferred only by using the
electrocorticographic signals recorded on the patient’s sensorimotor cortex. The prosthetic hand
was able to mimic the patient’s movements in real time.
Department of Motor Control and Rehabilitation (MCR)
This group aim is to understand the neural substrates underlining motor control and learning. Based
on their neuroscience knowledge, they are exploring novel rehabilitation techniques that induce
neural plasticity and functional recovery by utilizing the technologies of non-invasive brain activity
measurement and robots. Our ability to adapt to novel environments stems from our brain’s ability
to acquire internal models. Even when our internal environment changes due to functional deficits
in our body or brain, neural plasticity paves the way to functional recovery. Through computational
neuroscience and brain machine interface technology, they are addressing numerous unanswered
questions in the field of human motor control which will facilitate patients’ functional recovery.
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Department of Brain Robot Interface (BRI)
The goal is this group is to develop a brain-robot-interface (BRI) that will enable a robot to be
operated using extracted brain signal (as we “thought” without moving our body). They have also
been developing very unique research platforms. For example, the high-performance humanoid
robot named “CBi” (composed of a 51 degrees-of-freedom hydraulic drive) is designed to tackle
control problems characterizing such a complicated system using machine learning approaches and
control theory.
One of their goals is to develop a walking assistive device and control it by brain activity. They are
collaborating with Duke University to control CBi using a monkey’s brain activity. In this study, a
monkey’s brain activity is extracted from its primary motor cortex when the monkey is walking on
a treadmill. The phase information of periodic walking patterns are decoded from the extracted
brain activity and used to control our humanoid robot. This study is expected to contribute to the
connection of humans and robots as a future telecommunication device and to the development of
an assistive device for the recovery of motor functions in humans.
Department of Decoded Neurofeedback (DecNef)
They integrate psychophysical, neuroimaging, and computational approaches to BMI, medical
treatment, and communication technology. In particular, they have developed the decoded
neurofeedback (DecNef) method to induce a targeted brain activity pattern in a targeted brain
region (Figure B.4, Figure B.5). Their long-term goal is to clarify the brain mechanism and to
establish a new clinical framework in which to treat disease.

Figure B.4. Neurofeedback (DecNef) method used to induce a target brain activity pattern (courtesy of ATR).

They demonstrated that repetitive inductions of a particular activation pattern in human early visual
areas leads to visual performance improvement to a specific visual feature (so-called visual
perceptual learning). This result indicates the cause-and-effect relationship between a pattern of
neural activities (cause) and visual perceptual learning (effect). Previous physiological and
neuroimaging studies compared neural activities before and after perceptual learning training.
These approaches only revealed correlation between neural activity and learning; it was impossible
to conclude whether neural activities in a particular brain area are cause or effect of learning. They
found that repetitive inductions of a particular activation pattern in human early visual are
sufficient to lead to perceptual learning and settled the debate whether early visual areas of human
adults have enough plasticity to allow for perceptual learning.
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Figure B.5. Perceptual learning incepted by decoded neurofeedback training without stimulus presentation
and awareness (courtesy of ATR).

TRANSLATION
During our visit, the WTEC panel was shown some research pursued in collaboration with the
Osaka University Neurosurgery Department. Other work has been pursued together with Honda,
but other than that they did not show a clear interest or an institutional mission towards actively
pushing their research towards the marketplace.
SOURCES OF SUPPORT
ATR is still relying on the original funding made available when the lab was started. There is also
evidence of support from the Ministry of Internal Affairs and Communications (MIC) and from
private industry such as Honda.
ASSESSMENT
This is a top notch institution pursuing fringe research (such as dreams decoding) in the area of
BMIs and brain-driven robotics. They publish in top notch journals and their research is very
highly regarded by their peers. International collaborations, although present, did not appear to be
an important component of ATR’s activities.
SELECTED REFERENCES
Asano, F., M. Kimura, D. Shibuya, and Y. Kamitani. 2008. Localization and extraction of brain activity using generalized
eigenvalue decomposition. Proceedings of International Conference on Acoustics, Speech, and Signal Processing
(ICASSP), pp. 565-568.
Asano, F., M. Kimura, T. Sekiguchi, and Y. Kamitani. 2009. Classification of movement-related single-trial MEG data using
adaptive spatial filter. IEEE International Conference on Acoustics, Speech, and Signal Processing, pp. 357-360.
Fujiwara, Y., Y. Miyawaki, and Y. Kamitani. 2009. Estimating image bases for visual image reconstruction from human
brain activity. Advances in Neural Information Processing Systems (NIPS) 22 (2009). 9 pp.
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Berlin Center for Advanced Neuroimaging (BCAN)
Site Address:

Charité - Universitätsmedizin Berlin
Bernstein Center for Computational Neuroscience
Philippstrasse 13, Haus 6
10117 Berlin
Germany

Date Visited:

May 31, 2013

WTEC Attendees:

M. Beaudoin, T. Conway, T. Cortese (report author), P. Foland, K. Kiehl, T. Wager

Host(s):

Prof. John-Dylan Haynes
Director, Berlin Center for Advanced Neuroimaging (BCAN)
Tel.: +49 30 20936758
haynes@bccn-berlin.de
Carsten Allefeld, Ph.D.
Post-doc researcher, Bernstein Center
Tel.: +49 30 2093 6766
carsten.allefeld@bccn-berlin.de
Carsten Bogler
Ph.D. Student, Bernstein Center
carsten.bogler@bccn-berlin.de
Ralph Buchert, Ph.D.
Imaging Netzwerk Berlin (INB)
Ralph.buchert@charite.de
Kerstin Hackmack, Ph.D.
Post-doc, Bernstein Center
Kerstin.hackmack@bccn-berlin.de
Jakob Heinzle, Ph.D.
Post-doc, Bernstein Center
Jakob.heinzle@bccn-berlin.de
Prof. Andreas Heinz
Charité-Humboldt Universität Berlin
andreas.heinz@charite.de
Stefan Hetzer, Ph.D.
Bernstein Center and BCAN
Stefan.hetzer@bccn-berlin.de
Thorsten Kahnt, Ph.D.
Post-doc, Bernstein Center
Thorsten.kahnt@gmail.com
Johannes Mohr, Ph.D.
Post-doc, Department of Software Engineering and Theoretical Computer Science
Technical University of Berlin
jm@ni.tu-berlin.de
Dirk Ostwald, Ph.D.
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Prof. Ingolf Sack, Ph.D.
Charité Elastography Group
Ingolf.sack@charite.de
Michael Tangermann, Ph.D.
Technical University of Berlin
michael.tangermann@blbt.uni-freiburg.de, Michael.tangermann@tu-berlin.de
Martin Weygandt, Ph.D.
Post-doc, Bernstein Center
Martin.Weygandt@bccn-berlin.de
Yi Chen
Ph.D. student, Bernstein Center
ychengm@gmail.com
Dr. Tiziano Zito
Information Technologist
Tiziano.zito@bccn-berlin.de

OVERVIEW
The Charité–Universitätsmedizin Berlin is a joint institution of the Freie Universität Berlin and the
Humboldt-Universität zu Berlin. Founded just over three hundred years ago, it is one of the largest
university hospitals in Europe, where almost four thousand doctors and scientists heal, do research
and teach at the top international level. It extends over four campuses with more than one hundred
clinics and institutes bundled under seventeen Charité Centers.
There are five principal neuroimaging research facilities in Berlin: the Physical-Technical Federal
Institute, the Berlin Ultra-high-Field Facility (BUFF), the Dahlem Institute of Neuroimaging of
Emotion (DINE), the Max-Planck-Institute for Human Development, and the Berlin Center for
Advanced Neuroimaging (BCAN). Dr. Haynes’s neuroimaging facilities are located at BCAN, and
contain two 32-channel, 3-Tesla Siemens Tim Trio Magnetic Resonance Imaging (MRI) scanners,
magnetic-resonance-compatible electroencephalography (EEG) and transcranial magnetic
stimulation (TMS) systems, cognitive interfaces, stimulation PCs, EEG recording chambers, and
behavioral testing rooms. He is also associated with the Bernstein Center for Computational
Neuroscience, which is part of the medical school and offers both Master’s and Ph.D. programs.
FUNCTIONAL FOCUS
BCAN has several areas of research, including cognitive neuroscience, clinical neurology, clinical
psychiatry, computational neuroscience, neurotechnology, combined EEG-fMRI, combined TMSfMRI, and magnetic resonance physics. The primary focus of Dr. Haynes’s group is to use
computational methods in a wide variety of applications, from network modeling upwards,
ultimately leading to the incorporation of novel algorithmic approaches from computer science into
clinical neuroimaging.
RESEARCH & DEVELOPMENT ACTIVITIES
In addition to presenting a general overview of neuroscience activities in Germany, Dr. Haynes
organized presentations from professors, post-doctoral researchers, and ongoing Ph.D. projects;
some of the highlights will be presented in this section.
Yi Chen presented results from his Ph.D. project titled “Cortical Surface-based Methods for fMRI
Analysis.” He is using multivariate pattern analysis to extract brain features at both fine- and
coarse-scale. Applying the conventional 3D searchlight technique provides spatially localized
information and does not take the structural complexity of the brain into account, whereas 2D
surface-based methods preserve the local structure. Knowing the spatial scale of patterns is crucial
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for understanding the brain’s functional organization, and using both small-scale and large-scale
wavelet transforms allows for extraction of both fine- and coarse-scale detail.
Carsten Allefeld presented results from his post-doctoral research titled “Beyond Decoding: MultiVoxel Pattern Analysis of fMRI by Cross-Validated MANOVA (Multivariate ANalysis Of
Variance).” Here he takes a “devolutional approach” by using a probabilistic model to describe the
data and directly characterize the distinctness of patterns, rather than using traditional decoding.
Pattern distinctness can do everything that can be done with conventional pattern classifiers, but
offers several advantages, including the ability to generalize the standard univariate General Linear
Model (GLM) approach, providing an interpretable measure of multivariate effect size, and it can
be flexibly used with two or more classes of trials.
Jakob Heinzle presented results from his post-doctoral research titled “Cortico-cortical receptive
fields: Using classifiers to study connectivity.” He is addressing the question of whether the spatial
activation pattern in one area of the brain can predict the activation of single voxels in a second
area. By using the retinotopic mapping technique he demonstrates a functional connectivity
structure between regions V1 and V3 of the visual cortex, even in the absence of visual stimulation.
Thorsten Kahnt presented results from his post-doctoral research titled “Decoding and parcellation
approaches to understand OFC (orbitofrontal cortex) function.” He demonstrated a similarity
between predicted and actual award codes in learned cue-reward relationships. The significance of
his research is that it is now possible to use non-invasive techniques on human brains to get results
that previously required invasive techniques on animals.
Michael Tangermann (and Professors Benjamin Blankertz and Klaus-Robert Müller, not present)
presented work titled “Machine Learning for Non-Invasive Brain-Computer Interfaces.” Subjects
were presented with tones of different frequencies coming from different locations; event-related
potential analysis of single trial activity was then able to determine at real-time upon which tone
the subject was focusing attention. This research could have many applications, ranging from
patients with locked-in syndrome or Parkinson’s disease to games and other user interfaces.
Petra Ritter presented results of using combined EEG and fMRI to perform full-brain modeling.
Functional MRI (fMRI) is able to resolve scales on the order of a few cubic millimeters, which can
contain between two to five million neurons. The model is able to make joint predictions about
fMRI and EEG data, and can predict higher-order features such as the EEG power spectrum.
Dirk Ostwald (and Dr. Felix Blankenburg, not present) presented “NeuroCognition Integrating
Cognitive and Biophysical Modeling of Neuroimaging Data using Bayesian Time-Series
Inference.” They have identified a “paradigmatic gap” in model-based imaging, between the
“cognitive-functional” model and the “biophysical-neuronal” model. Researchers currently have
regressors for model-based predictors, and dynamic causal and neural models; these need to be
brought together.
Tiziano Zito discussed several aspects of the BCAN IT system, including the fMRI workflow (preprocessing of every subject, first-level analysis of every subject, second-level statistical analysis,
and long-term archiving). The first two steps are easy to parallelize, but he stated, the long-term
archiving is not. They offer “scientific computing services,” essentially helping the scientists by
outsourcing computing and programming issues. There are hardware and software dependencies
that might be difficult to reproduce five or ten years down the road (e.g., not the same version of
MATLAB, not the same hardware)—how can data be made re-analyzable over long time periods?
Ingolf Sack presented research titled “MR-elastography for the mechanics-based diagnosis of
neurological disorders.” By using an acoustic wave source and observing the propagation of waves
through the brain, he is able to essentially “palpate” the brain, using shear waves to probe
viscoelastic networks and compressional waves to probe pressure. A few months ago he developed
what he is calling “Magnetic Resonance Elastography 2.0,” which is a quantum leap ahead of
previous technology, and combines results from several frequencies. For the first time it is possible

Appendix B. Site Visit Reports

105

to analyze regional variations of brain elasticity, the heterogeneity of tumors, and can even
differentiate between gray and white matter by their structural properties when using a 7 T scanner
with 1 mm resolution.
Kerstin Hackmack and Martin Weygandt presented results from their post-doctoral research titled
“Clinical decoding: Wavelet-based algorithms.” Wavelets provide a powerful means of analyzing
the patterning of complex data on different scales, and could be useful in the identification of
biomarkers for disease status and severity (e.g., lesions in patients with Alzheimer’s disease). There
exist certain instances where computer-based diagnostics may be more effective than human-based.
The key finding is that normal-appearing regions of the brain can provide diagnostic information
that a radiologist might not notice.
Ralph Buchert presented a “Preliminary report from a real world implementation of clinical
decoding for the diagnosis of dementing diseases.” The development of Alzheimer’s disease can
occur over several years, and early diagnosis, along with proper intervention, can provide the
patient with a significantly improved quality of life. He is currently preparing the integrative
Decision Support System (iDSS) for the diagnosis of dementia in hospitalized geriatric patients to
improve diagnosis without significant increase in cost by using smart acquisition and analysis of
imaging data combined with integrative analysis of all available data (multimodal decoding).
TRANSLATION
One clinical application of the group’s research is trying to understand the basis for stroke,
including the use of flow imaging, and determining whether or not to administer certain drugs to
remove blood clots. The research attempting to decode mental states from activation patterns using
machine learning also has clinical applications.
Another clinically important application is the development of diagnostic support systems.
Typically an expert radiologist tries to see if there is anything “salient” in brain images; research
efforts are trying to move beyond using the human visual system to recognize abnormalities and to
automate this process in order to optimally identify diseases based on image databases. This
automated process will probably never replace a radiologist, but could be a valuable tool to support
radiologists.
One of the most important take-home messages regarding this research effort is that the algorithms
are not necessarily that complicated, but access to good databases is critical. Currently there are
efforts under way in Germany to establish such large databases, although technical and ethical
challenges still remain.
SOURCES OF SUPPORT
Most universities in Germany are public, so the primary source of funding is ultimately public
taxes. Through a number of funding initiatives in the past few decades, there has been a boost in
neuroscience in Berlin, although with several different centers all working closely together, it can
be difficult to unravel the sources of support. About fifteen years ago, the Institute of Theoretical
Biology, of which the Bernstein Center is one of the hubs, was established in order to bring
mathematics into the biological sciences. In the early 2000s, there was a move from the federal
ministry to find new funding areas, and the decision was made to fund four dedicated centers of
computational neuroscience (Berlin, Munich, Freiburg, and Göttingen). Prior to this, there was no
core infrastructure, no dedicated departments, and neuroscience researchers, while reasonably
numerous, were scattered all across Germany.
Another major initiative of the German government, involving the German Research Foundation
and the German Council of Science and Humanities, is the “excellence initiative,” which aims to
promote cutting-edge research and to create outstanding conditions for young scientists at
universities, to deepen cooperation between disciplines and institutions, to strengthen international
cooperation of research, and to enhance the international appeal of excellent German universities.
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The NeuroCure Cluster of Excellence is part of this initiative. Charité, with 13,000 employees,
generates about €1.2 billion in sales per year and is one of the largest employers in Berlin.
ASSESSMENT
More than half of the German Nobel Prize winners in medicine and physiology come from the
Charité, among them Emil von Behring, Robert Koch, and Paul Ehrlich. The Charité also has an
international reputation for excellence in training. In the thirty-six months prior to May 2013, the
BCAN provided 11,300 regular scanning hours, involving 6300 human subjects as part of 115
studies under the supervision of 30 principal investigators, and the scanner is currently booked
several months ahead. They have approximately 60 advanced users and approximately 300 total
users. Clearly this center is very active and important in the neuroimaging field.
SELECTED REFERENCES
Charité
Chen, Y., P. Namburi, L.T. Elliott, J. Heinzle, C.S. Soon, M.W. Chee, and J.D. Haynes. 2011. Cortical surface-based
searchlight decoding. NeuroImage 56(2):582-592.
Hackmack, K., F. Paul, M. Weygandt, C. Allefeld, and J.D. Haynes. 2012. Multi-scale classification of disease using
structural MRI and wavelet transform. NeuroImage 62(1):48-58.
Haynes, J.D., and G. Rees. 2006. Decoding mental states from brain activity in humans. Nat. Rev. Neurosci. (7):523-534.
Heinzle, J., M.A. Wenzel, and J.D. Haynes. 2012. Visuomotor functional network topology predicts upcoming tasks. J.
Neurosci. 32(29):9960-9968.
Heinzle, J., T. Kahnt, and J.D. Haynes. 2011. Topographically specific functional connectivity between visual field maps
in the human brain. NeuroImage 56(3):1426-1436.
Kahnt, T., L.J. Chang, S.Q. Park, J. Heinzle, and J.D. Haynes. 2012. Connectivity-based parcellation of the human
orbitofrontal cortex. J. Neurosci. 32(18):6240-6250.
Kahnt, T., M. Grueschow, O. Speck, and J.D. Haynes. 2011. Perceptual learning and decision-making in human medial
frontal cortex. Neuron 70(3):549-559.
Soon, C.S., M. Brass, H.J. Heinze, and J.D. Haynes. 2008. Unconscious determinants of free decisions in the human
brain. Nat. Neurosci. 11(5):543-545.
Weygandt, M., K. Hackmack, C. Pfüller, J. Bellmann-Strobl, F. Paul, F. Zipp, and J.D. Haynes. 2011. MRI pattern
recognition in multiple sclerosis normal-appearing brain areas. PLoS One 6(6):e21138.

Other Research Groups
Arlt, S., S. Brassen, H. Jahn, F. Wilke, M. Eichenlaub, I. Apostolova, F. Wenzel, F. Thiele, S. Young, and R. Buchert.
2009. Association between FDG uptake, CSF biomarkers and cognitive performance in patients with probable
Alzheimer’s disease. Eur. J. Nucl. Med. Mol. Imaging 36(7):1090-1100.
Becker, R., M. Reinacher, F. Freyer, A. Villringer, and P. Ritter. 2011. How ongoing neuronal oscillations account for
variability of evoked fMRI responses. J. Neuroscience 31(30):11016-11027.
Freyer, F., R. Becker, H. Dinse, and P. Ritter. 2013. State-dependent perceptual learning. J. Neuroscience 33(7):2900-2907.
Hirsch, S., D. Klatt, F. Freimann, M. Scheel, J. Braun, and I. Sack. 2012. In vivo measurement of volumetric strain in the
human brain induced by arterial pulsation and harmonic waves. Magn. Reson. Med. 70(3):671-683,
doi:10.1002/mrm.24499. [Epub ahead of print 24 Sept 2012]
Krauledat, M., M. Tangermann, B. Blankertz, and K.R. Müller. 2008. Towards zero training for brain-computer
interfacing. PLoS One 3(8):e2967.
Müller, K.R., M. Tangermann, G. Dornhege, M. Krauledat, G. Curio, and B. Blankertz. 2008. Machine learning for realtime single-trial EEG-analysis: from brain-computer interfacing to mental state monitoring. J. Neurosci. Methods
167(1):82-90.
Ostwald, D., B. Spitzer, M. Guggenmos, T.T. Schmidt, S.J. Kiebel, and F. Blankenburg. 2012. Evidence for neural
encoding of Bayesian surprise in human somatosensation. NeuroImage 62(1):177-188.
Sack, I., K. Joehrens, E. Wuerfel, and J. Braun. 2013. Structure sensitive elastography: on the viscoelastic powerlaw
behavior of in vivo human tissue in health and disease. Soft Matter 9(24):5672-5680.
Spitzer, B., and F. Blankenburg. 2011. Stimulus-dependent EEG activity reflects internal updating of tactile working
memory in humans. Proc. Natl. Acad. Sci. USA 108(20):8444-8449.
Wenzel, F., S. Young, F. Wilke, I. Apostolova, S. Arlt, H. Jahn, F. Thiele, and R. Buchert. 2010. B-spline-based
stereotactical normalization of brain FDG PET scans in suspected neurodegenerative disease: impact on voxel-based
statistical single-subject analysis. NeuroImage 50(3):994-1003.

Appendix B. Site Visit Reports

107

Chinese Academy of Sciences: Institute of Biophysics
Site Address:

15 Datun Road, Chaoyang District
Beijing 100101
China
Tel.: + 86 10 6486 1049

Date Visited:

March 31, 2014

WTEC Attendees:

G. Glover, B. He (report author), T. Cortese, C. Stewart

Host(s):

Professor Sheng He
Director, State Key Laboratory of Brain & Cognitive Sciences
shenghemn@gmail.com
Dr. Lin Chen
Director, Imaging Center
linchen@bcslab.ibp.ac.cn
Tel.: + 86 010-64888565
Professor Rong Xue
rxue@bcslab.ibp.ac.cn
Tel.: +86 10 6488 8462
Professor Bo Wang
bwang@bcslab.ibp.ac.cn
Tel.: +86 010-64888565-809

OVERVIEW
This State Key Laboratory is one of the two state key labs in cognitive sciences and housed within
the Institute for Biophysics, Chinese Academy of Sciences. The State Key Lab is directed by Sheng
He and has about 20 PIs focusing on the following three thrust areas: (1) Human vision/cognitive
research; (2) Basic cognitive sciences research on memory, decision making using intracellular
recordings in animal models; and (3) molecular approaches to cognitive research. Animal facilities
include mice and monkey models. The Beijing MRI Center of Brain Research is housed within the
structure of the State Key Lab, which is one of 15 imaging facilities in the country. It is co-founded
by the Ministry of Science and Technology, Chinese Academy of Sciences and Ministry of Health.
Prof. Lin Chen serves as the Center Director, and Prof. Yan Zhuo is associate director. The center
has 3 PIs, 9 associate professors, 3 postdocs, and 17 Ph.D. students. This center installed the first
research only 3 T MRI scanner in China, and installed the first 7 T MRI scanner in China. The
center has also TMS, optogenetics, and EEG (22-channel, 128-channel, and 4-ch MR compatible)
facilities. Under construction is the facility for a 275 channel CTF MEG system that would be
completed later this year.
FUNCTIONAL FOCUS
The major activities are cognitive research using imaging (especially MRI imaging) approaches.
The center is aimed at being an influential center in the world with “Global First Goal.” Research
activities include both basic cognitive research and clinical translation by collaborating with local
hospitals.
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RESEARCH & DEVELOPMENT ACTIVITIES
Research activities include application guided, cognitive research and clinical research guided, and
technology guided (7 T, sequence, coils). fMRI is a major imaging modality being used and
developed. A focus is on human brain mapping bridging across different levels, from gene (fly),
cell (monkey), system to behaviors (humans).
The major activities are cognitive research using imaging (especially MRI imaging) approaches.
The center is aimed at being an influential center in the world with “Global First Goal.” Research
activities include both basic cognitive research and clinical translation by collaborating with local
hospitals.
One thrust of research is on testing the hypothesis that a basic and general function of the visual
system is the perception of topological properties. The time dependence of perceiving form
properties is considered to be systematically related to their structural stability under change, in a
manner similar to the Klein’s hierarchy of geometries; in particular, topological perception (based
on physical connectivity) is considered to be prior to the perception of other geometrical properties.
The center published a number of articles on this research in well circulated journals including
Science and PNAS.
Research has been carried out to image subcortical pathways including ATL, limbic system, and
subcortical nucleus, which is a challenge for ultra-high-filed MR because of susceptibility,
distortion, and inhomogeneity problems. Multiple research efforts are being made to carry on many
topics of development of MRI, especially at 7 T, combined with other imaging techniques, trying
to find out what happened in the subcortical pathway of visual early stage. These include
multichannel RF system, high resolution and high contrast anatomic MRI, high resolution and low
artifacts fMRI, ASL and DWI fMRI, EEG (and planned MEG), TMS, in monkeys and human
subjects.
MRI hardware research includes developing coils for human cognitive study, and animal studies;
developing of pulse sequence and software for multi-echo BOLD EPI, VASO imaging (Figure
B.6), multi-phase Passband Cine SSFP at 7 T, and Turbo-FLASH based ASL at 7 T. Coil
development includes 2, 4, 8, 24, and 30-channel Rx coils and 8-channel Tx/Rx coil.
Research is also carried out on MR physics, including SAR measurement by MR thermometry at
7 T. Such real time temperature mapping could monitor SAR distribution for improving safety in
ultra-high-field MRI.
TRANSLATION
The center is well involved in translational research through collaborations with local hospitals.
These include functional mapping for presurgical planning, brain mapping in impairments of
primary visual cortex in glaucoma, and multi-delay ASL perfusion MRI in Moyamoya patients.
The MRI scanners are used by both internal PIs for cognitive and MRI research and external
collaborators for translational research.
SOURCES OF SUPPORT
The State Key Lab has a government annual budget allocation. Both the Key Lab and the MRI
Center are well funded by the government, mainly the Ministry of Science and Technology,
Chinese Academy of Sciences, and Ministry of Health. In addition, individual PIs apply for
research grants. The group is very well funded and the funding was not considered to be a
challenge for the PIs.
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Figure B.6. Brain resting networks detected by VASO (a) and BOLD (b) data, including sensorimotor,
auditory, primary visual, default mode, salience and executive control networks (courtesy of the
Brain Imaging Center at the IBP, CAS).

ASSESSMENT
This is a leading basic research center with a good balance of cognitive/clinical research
investigation and MRI technology/physics research all in a single platform. The directors of the
State Key Lab and MRI Center are pioneers in cognitive research and the group has made
pioneering contributions in both cognitive sciences and in MRI research, including having the first
7 T MRI in China. The basic research works conducted are of very high quality at an international
level, representing one of the best neuroimaging centers in China.
SELECTED REFERENCES
Gong, Z.F., J.Q. Liu, C. Guo, Y.Q. Zhou, Y. Teng, and L. Liu. 2010. Two pairs of neurons in central brain control
Drosophila innate light preference. Science 330:499-502.
Wang, B., T.G. Zhou, Y. Zhuo, and L. Chen. 2007. Global topological dominance in the left hemisphere. Proc Nat Acad
Sci USA 104:21014-21019.
Zhou, K., L. Huan, T.G. Zhou, Y. Zhuo, and L. Chen. 2010. Topological change disturbs object continuity in attentive
tracking. Proc Nat Acad Sci USA 107(50):21920-21924.
Zhuo, Y., T.G. Zhou, H.Y. Rao, J.J. Wang, M. Meng, M. Chen, C. Zhou, and L. Chen. 2003. Contributions of the visual
ventral pathway to long-range apparent motion. Science 299:417-420.
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Chinese Academy of Sciences: Institute of Neuroscience
Site Address:

320 Yue Yang Road
Shanghai 200031
China

Date Visited:

April 2, 2014

WTEC Attendees:

G. Glover, B. He (report author), T. Cortese, C. Stewart

Host(s):

Dr. Zheng Wang
Lab of Brain Imaging
Institute of Neuroscience
zheng.wang@ion.ac.cn
Tel.: +86 21 5492 1713

OVERVIEW
The Institute of Neuroscience of the Chinese Academy of Sciences (CAS) has 29 PIs, 14
administrative staff, 214 lab staff, and 219 Ph.D. students. It is funded under two major program
grants entitled “Neural Basis of Human Intelligence” and “Brain Connectome (CAS).” Dr.
Mu-ming Poo is the Director of the Institute. The Institute is known for a unique system enabling
its investigators to focus on producing science instead of applying for individual external grants. Of
note is the institutional policy that investigators are strongly encouraged to target some vital
neuroscience questions as a team and publish influential work in high-impact journals of the
neuroscience field, mainly Nature, Science, Neuron, Nature Neuroscience, and Journal of
Neurosciences. Dr. Zheng Wang is an expert in MRI imaging and heads the Functional Brain
Imaging Platform with Siemens Trio 3.0 T and an enhanced gradient insert system (AC88).
FUNCTIONAL FOCUS
The Institute of Neuroscience is focused on basic neuroscience research. The Functional Brain
Imaging Platform is mainly serving as an imaging platform for all the PIs of CAS for non-human
primate research and human research, as well as investigations in collaborations with local
hospitals and universities. Dr. Wang is also conducting neuroimaging research in his own lab.
RESEARCH & DEVELOPMENT ACTIVITIES
There are two lines of research on neuroimaging at the Institute of Neuroscience. The first is to
investigate brain functions in normal non-human primates and human subjects such as visual
motion perception, capacity of working memory, and reward-based decision making. Another is to
characterize structural and functional architectures of diseased nonhuman primates and clinical
patients with MRI-based brain connectome. The imaging paradigms of higher cognitive functions
on healthy subjects will also be adapted onto the subjects affected by various kinds of neurological
and psychiatric diseases. Research at the Institute has compared the structural connectivity between
monkey and human using diffusion spectrum imaging (DSI, Figure B.7).
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Figure B.7. Whole-brain axon fiber tractography of monkey and human subjects obtained by DSI technique
(unpublished data courtesy of CAS Institute of Neuroscience).

There is a strong team of PIs working on non-human primates in the Institute, including spatial
perception (Yong Gu), neurobiology of disease (Zhi-Qi Xiong, decision-making (Michael Dorris),
neural mechanism of decision making (Tian-Ming Yang), functional neural circuits (Cheng-Yu Li),
visual perceptional mechanism (Wei Wang), neural plasticity (Mu-Ming Poo), molecular basis of
neural plasticity (Zi-Long Qiu), disease models in non-human primates (Hui Yang), and brain
imaging (Zheng Wang).
TRANSLATION
The imaging platform is being used in collaboration with local hospitals to conduct translational
and clinical investigations, including motor network reorganization after surgical removal of brain
tumor (with Huashan Hospital) and deep brain stimulation for anorexia/bulimia nervosa obsessivecompulsive disorder (with Ruijin Hospital).
SOURCES OF SUPPORT
The Institute is extremely well funded through major program grants from the Chinese
government. It benefits from a stable funding program of approximately $186,000 per investigator;
stable funding accounts for about 40–50% of the budget (Cyranoski 2011). In addition, the CAS
has committed to a 10-year funding program for expanding the Institute.
ASSESSMENT
The Institute of Neuroscience is a basic neuroscience research institute. The brain imaging platform
was established in the past 2 years and is fully functioning, currently serving as an imaging
platform for PIs engaging in neuroscience research. It is of particular interest that the PIs do not
need to worry about applying for external grants, but justify their research needs to the Institute’s
administration for annual funding. The expectation is that researchers will publish their results in a
handful of highly influential journals, thereby ensuring its international recognition and elevating
the worldwide reputation of the Institute.
SELECTED REFERENCES
Cyranoski, D. 2011. Neuroscience in China: Growth factor. Nature 476:22-24, doi:10.1038/476022a.
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Commissariat a l’Energie Atomique (CEA) NeuroSpin
Site Address:

NeuroSpin
Bâtiment 145, Point Courrier 156
CEA-Saclay Center
F91191 Gif-sur-Yvette Cedex
France
http://neurospin.org

Date Visited:

May 27, 2013

WTEC Attendees:

L. Wald (report author), L. Mujica-Parodi, P. Bandettini, R. Shelton

Host(s):

Dr. Jean-Robert Deverre
Deputy Director
Tel.: +33-6-86-07-75-86
Jean-robert.deverre@cea.fr
Lucie Hertz-Pannier, M.D.
UNIACT, Neurospin, CEA, Saclay
Tel.: +33 1-69-08-74-83 (Ass: N. Blancho)
lucie.hertz-pannier@cea.fr
Dr. Stanislas Dehaene
Director of the INSERM-CEA Cognitive Neuroimaging Unit
Stanislas.Dehaene@cea.fr
Dr. Alexandre Vignaud
Siemens Healthcare
alexandre.vignaud@siemens.com
Dr. Nicolas Boulant
nicolas.boulant@cea.fr
Dr. Cyril Poupon
cyril.poupon@cea.fr
Dr. Fawzi Boumezbeur
fawzi.boumezbeur@cea.fr
Dr. Jean-Francois Mangin
jfmangin@gmail.com
Dr. Bertrand Thirion
Tel.:+33-1-69-08-79-92
Bertrand.Thirion@inria.fr
Dr. Philippe Ciuciu
Tel.:+33-1-69-08-77-85
philippe.ciuciu@cea.fr

OVERVIEW
The NeuroSpin facility is one of the largest, most ambitious ultra-high field MRI Centers in
Europe. It is funded by the French Atomic Energy Commission, the CEA, and occupies an
impressive building designed for the center’s needs just outside of Saclay, which is in the distant
suburbs of Paris near many other CEA laboratories. The laboratory is led by Denis Le Bihan,
Ph.D., an established MR researcher well known for his role in the development of diffusion tensor
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imaging and diffusion contrast in MRI. The NeuroSpin group has approximately 20 staff scientists
and many students and post-docs (Figure B.8). The group has one of the largest concentrations of
MR methodological research in the world, and this constitutes an important part of the mission of
the center, which is to advance MRI technology to the point where it is capable of studying the next
level of functional organization; that of columns and lamina in the cerebral cortex. The main
technological focus is ultra-high field MRI. The center is in the process of constructing an
11.7 Tesla human instrument in addition to the 3 T and 7 T they employ. They also have one of the
world’s only 16 T animal scanners, the highest field available for preclinical neuroscience.

Figure B.8. WTEC Panel members with researchers at NeuroSpin, May 27, 2013.

FUNCTIONAL FOCUS
The focus of the center is to develop MRI technologies to the point that they are capable of
resolving the next level of functional organization in the cortex, lamina and columns and then
utilize it for this purpose. To achieve this, the Center has primarily focused on ultra-high field
technology due to its well-known increases in sensitivity and specificity for functional brain
imaging as the B0 field is increased. This has included the siting of one of Europe’s first-generation
of 7 T human systems as well as the development of a completely novel design 11.7 T human
magnet. In addition to the big magnets, a large part of the scientific and engineering effort goes into
addressing the technological challenges which accompany the move to higher B0 field; transmit
and receive technology and imaging pulse sequences capable of translating the higher sensitivity
associated with high field detection to improved spatial localization of fMRI signals. Finally,
reflecting Le Bihan’s previous successes in identifying new sources of MR contrast to study the
brain, there is an ever-present focus on developing novel contrast mechanisms for neuroimaging.
RESEARCH & DEVELOPMENT ACTIVITIES
A wide cross-section of the center’s activities was presented. Dr. C. Poupon summarized
NeuroSpin’s work on ultra-high field MRI to bring MRI from the “macro” scale of organs and
lobes to the “meso” scale of cortical lamina and columns and shared the main clinical targets of
their technology; classification, detection, and ultimately prevention of the range of brain disorders
currently not addressed by diagnostic brain imaging (e.g., AD, psychiatric illnesses, and the
guidance of neural plasticity [reprogramming]). The group focuses on the technologies ancillary to
bringing ultra-high field MRI to its full potential such as RF coil development (M. Luong), gradient
technologies (in collaboration with manufacturers), parallel transmit technologies (N. Boulant and
A. Amadon), novel acquisition schemes (P. Ciuciu), and novel contract mechanisms (F.
Boumezbeur) and quantification (A. Vignaud).
Additionally, we were shown work on ultra-high field fMRI, multimodal integration and multi-site
data (J.F. Mangin), fMRI analysis and modeling (B. Thirion and P. Ciuciu) and cognitive
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neuroscience work (S. Dehaene). As such, NeuroSpin covers all the major research areas expected
in a state-of-the-art, ultra-high field research center. A research area that stood out as unique to the
NeuroSpin effort was the very promising attempt to image every neuron in Aplysia californica
using the 16 T small bore system and record neuronal activity in individual neurons using
manganese contrast agents (L. Ciobanu, Figure B.9). Since manganese is taken up through the Ca+
channels, this truly provides the ability to map the microscopic connectome and microscopic
activity pattern of every neuron in the organism, a feat unique to MR—exciting on its own and
potentially scalable to larger nervous systems.

Figure B.9. Visualization of individual neurons in Aplysia californica (courtesy of L. Ciobanu, CEA).

TRANSLATION
The center has impressive facilities for handling patient studies including a nursing staff, doctor on
call, day-beds, examination rooms, and pediatric examination and preparation rooms.
SOURCES OF SUPPORT
The centers primary support is from the CEA.
ASSESSMENT
NeuroSpin is one of the largest of a new wave of European investments in neuroimaging research
facilities. Through its size and scope and continued ability to compete at the state of the art in
nearly every aspect of ultra-high field brain imaging it does not fail to impress. When (and if) its
11.7 T human system comes online, the full power of the center will be felt. In many respects, the
delays in this system’s construction have been useful since the center has been able to coalesce
around the 7 T human and 16 T small bore technology prior to attempting human studies on the
11.7 T.
SELECTED REFERENCES
Jelescu, I.O., R. Nargeot, D. Le Bihan, and L. Ciobanu. 2013. Manganese dynamics in the nervous system of Aplysia
californica using MEMRI at ultra-high field. NeuroImage 76:264-271.
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FMRIB – Centre for Functional MRI of the Brain, University of Oxford
Site Address:

FMRIB Centre
Nuffield Department Clinical
Neurosciences
University of Oxford, John Radcliffe
Hospital
Oxford OX3 9DU
UK
http://www.fmrib.ox.ac.uk

Date Visited:

May 28, 2013

WTEC Attendees:

P. Bandettini (report author), L. Mujica-Parodi, L. Wald, R. Shelton

Host(s):

Prof. Stephen M. Smith
Associate Director
Tel.: +44-1865-222726
steve@fmrib.ox.ac.uk
Dr. Tim Behrens
Tel.: +44-1865-222782
Behrens@fmrib.ox.ac.uk
Prof. Peter Jezzard
Tel.: +44-1865-222727
peterj@fmrib.ox.ac.uk
Dr. Karla Miller
Tel.: +44-1865-222551
karla@fmrib.ox.ac.uk
Prof. Irene Tracey
Director
Irene@fmrib.ox.ac.uk

OVERVIEW
FMRIB (The Oxford Centre for Functional MRI of the Brain) was founded in 1998 and is
recognized as a world-class MR imaging laboratory. FMRIB integrates research into key
neurological and neuroscientific problems with cutting edge developments in MR physics and data
analysis. The center provides the “hub” for neuroimaging within the University of Oxford and is
central in supporting the expansion and success of neuroimaging across the campus. The basic
information on the center:
•

•

Over 110 research staff—including 4 professors (2 in University Statutory Chairs (Jezzard
(Dunhill Chair in Neuroimaging) and Tracey (Nuffield Professor Anesthetic Science and
Director of FMRIB since 2005)), and 18 senior principal investigators (PIs) on independent
fellowships. FMRIB has published over 650 publications and trained over 100 D.Phil. (Ph.D.)
students since its inception.
A cornerstone of FMRIB’s success is an expectation that researchers obtain a broad
understanding of all aspects of neuroimaging: from physics to analysis to neuroscience. The
FMRIB graduate program is a respected course providing rigorous training in neuroimaging.
Although not offering a formal qualification, it is required for all D.Phil. students at FMRIB,
and is increasingly adopted as standard training by neuroimaging groups across Oxford.
FMRIB itself has approximately 10 new graduates per year.
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FMRIB leads internationally in pain, plasticity, computational neuroscience/decision making,
MR physics, and image analysis. Other areas of research focus at FMRIB include: language,
epilepsy, neurodegeneration, vision, multiple sclerosis/neuromyelitis optica (MS/NMO),
cognitive affective neuroscience, and cognition.
FMRIB is leading the brain imaging component of UK Biobank—a £36 million
MRC/Wellcome-funded epidemiological imaging study, acquiring multimodal imaging on
100,000 subjects—the largest imaging study ever carried out (see below for more information).
FMRIB is one of the three primary labs in the Human Connectome Project (HCP)—a high
profile $30 million NIH-funded effort designed to generate the first comprehensive map of
human brain circuitry in 1,200 healthy adults using cutting-edge methods of in vivo noninvasive neuroimaging. FMRIB is leading most of the connectome analysis research.
FMRIB and the image analysis team are also major partners in the €15m EU-funded
“Developing Human Connectome Project,” which will map human brain circuitry in 1000
babies (in utero and in vivo, from 20 to 44 weeks post-conceptional age), using cutting-edge
methods of noninvasive neuroimaging.
The FMRIB Analysis Group is a leader in the automated processing of raw imaging data in
order to extract useful information. The group has produced FMRIB Software Library (FSL), a
comprehensive software package for analysis of MRI data. FSL is used in hundreds of
institutions worldwide, being the most widely-used software package in the world that covers
all 3 main MRI modalities (structural, functional and diffusion). FSL is freely available to
academic institutions, and each year for the past decade FMRIB has run a highly successful
international 1-week intensive course to teach the basics of FSL to over 150 participants.
FMRIB has a long tradition of public engagement and is extremely active in this domain.

Physical Resources
Major components of the FMRIB infrastructure are:
•
•
•

2 Siemens MRI scanners (3T Verio and 7T), plus interacting with at least 4 other Siemens
research scanners across the city (3/3/3/1.5) that investigate the brain, brainstem, and spinal
cord
TMS, tDCS, MRI-EEG
Compute cluster: 400 cores, 16GB RAM per core; also a 1.25 TB RAM compute server

FUNCTIONAL FOCUS
The focus of FMRIB is determined by the expertise of each principal investigator, with the core six
PIs research described as follows:
•
•
•
•
•

Pain and anesthesia (Irene Tracey)
Computational euroscience and structural connectomics (Tim Behrens)
Image analysis and functional connectomics (Steve Smith)
Plasticity (Heidi Johansen-Berg)
MRI Physics (Peter Jezzard and Karla Miller)

RESEARCH & DEVELOPMENT ACTIVITIES
Physics
The FMRIB Physics Group is a world-leader in the development of novel MRI acquisition
techniques for studying the brain. Since 2008, Prof. Jezzard’s group has pioneered advances in
neurovascular imaging that address unmet needs in clinical practice, including new methods for
quantifying blood delivery and vessel visualization. Dr. Miller’s group has produced innovative
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methods for improving image quality in functional and diffusion imaging, as well as novel
techniques for detecting microstructural properties of white matter and the validation of diffusion
imaging methods against histology. Finally, the group is actively developing techniques for
quantifying brain chemistry and metabolism.
Plasticity
The FMRIB Plasticity Group has produced the first evidence of learning-related white matter
structural plasticity in healthy human adults and continues to lead the field in this area. They have
published a series of studies elucidating the basic physiological and neurochemical effects of
transcranial direct current stimulation (tDCS). These studies provide empirical support for the
notion that tDCS can alter neuronal activity and neurochemistry in such a way that plasticity, and
therefore learning, is more likely to occur. This provides a rationale for using tDCS as an
adjunctive therapy in stroke rehabilitation and they recently published evidence demonstrating the
cortical activation changes that underlie behavioral gains elicited by tDCS after stroke. Another
major project within the Oxford National Institute for Health Research Biomedical Research
Center (NIHR BRC) falls within the Cognitive Health Program. Here the Plasticity Group and
colleagues are testing the potential for physical exercise as an intervention to slow cognitive
decline in healthy ageing and in dementia. They are using neuroimaging assessments to determine
the underlying biological basis for any cognitive gains with exercise and to test whether it is
possible to predict who is most likely to benefit.
Image Analysis
FMRIB continues to generate world-leading new approaches for neuroimaging data analysis, even
in terms of fundamental building blocks. For example, they developed a novel methodology for
inference on spatial statistic maps, optimizing for both spatial extent and statistical strength of the
signal of interest. More recently, they published the first paper to identify resting-state networks on
the basis of temporal independence, a new approach that separates brain networks involving
significant amounts of shared structure (Smith et al. 2012).
Connectomics
The connectomics research has resulted in the world’s most popular and cited tools for estimating
anatomical brain connections in humans. These tools are used in hundreds of laboratories
worldwide. Over the past five years FMRIB has taken on the lead role in the anatomical
connectivity section of the NIH-sponsored Human Connectome Project (HCP). They have
developed a suite of new tools that estimate anatomical connections and relate them to brain
function. These tools will be applied to all anatomical data in the HCP.
Computational Neuroscience and Decision Making
The Computational Neuroscience and Decision Making group investigates the mechanisms
underlying cortical computations that guide human behavior. By combining formal models with
innovative experimental design, this group has been able to relate precise recordings and
interventions that can be made in animal models to the broad-scale measurements that can be made
in humans. With this approach, they have been able to investigate, at a truly mechanistic level, the
computations that underlie complex human behavior, such as free choice.
Anesthesia and Pain Imaging
The anesthesia, pain and analgesia group has pioneered over the past decade the use of noninvasive imaging tools to determine how nociceptive inputs are processed to produce perceptual
experiences of pain. Further, they have provided some of the first mechanistic descriptions
regarding how mood, context, cognition, and physical injury alters peripheral nociceptive inputs in
the spinal cord, brainstem, and brain to influence the resultant subjective pain experience. They
work in a forward and reverse translational manner between healthy subjects and chronic pain
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patients, with a particular focus on and expertise regarding the brainstem’s descending pain
modulatory system. They have been a key group developing functional imaging of the human
spinal cord and translating arterial spin labeling quantitative perfusion imaging for neuroscience
applications requiring exploration of tonic neural states.
They also explore the neural basis of altered states of consciousness induced by anesthetic agents,
and have recently identified a key transitional point regarding perception loss and thalamocortical
isolation.
Supplementary Information
The University of Oxford is home to several world-leading clinical research and basic science
imaging facilities focusing on brain and cardiovascular imaging. They have five research-dedicated
human MRI scanners across the three imaging research centers at the John Radcliffe Hospital site:
FMRIB, Oxford Centre for Clinical Magnetic Resonance Research (OCMR) and Acute Vascular
Imaging Centre (AVIC). FMRIB’s high-field 7 T human scanner is one of only two in the UK (and
the only whole-body-capable one), and is used for both brain and cardiac clinical research. AVIC
houses a 3 T MRI scanner dedicated to acute vascular imaging. This scanner is functionally
conjoined to an interventional angiography suite, creating a unique facility in the UK. Also, OCMR
has recently installed the first clinical imaging-capable 13C hyperpolarizer system in the world;
this system will allow 13C-imaging with nearly the sensitivity of conventional 1H-imaging. Oxford
has also invested in cutting-edge animal imaging facilities, including pre-clinical rodent scanners
(4.7, 7, and 7T) at the Churchill Hospital site and primate imaging in the Biomedical Sciences
facility. The latter facilities are managed independently but in close consultation and collaboration
with FMRIB. Finally, Oxford has recently substantially invested in a state-of-the-art MEG facility
(Director, Kia Nobre) at the Warneford Psychiatry hospital site. This center is being strongly
supported by researchers at FMRIB with the vision to run the two centers in close coordination and
synergy. Imaging efforts are well coordinated and synergies are sought where possible so that there
is much collaboration between centers and facilities. An Imaging Management Board chaired by
Professor Peter Jezzard from FMRIB oversees Oxford’s imaging infrastructure and long-term
strategic goals.
UK Biobank
UK Biobank is a long-term, prospective epidemiological study that has already collected genetics,
blood samples, lifestyle information and other data from a cohort of 500,000 subjects, to be
followed clinically over coming decades. Biobank’s imaging enhancement has just been given the
go-ahead by the Medical Research Council (MRC) and the Wellcome Trust, and will be the largest
imaging-phenotype study to date. It is planned to perform MR imaging on 100,000 of the original
cohort for multimodal neuroimaging and cardiac MRI (among other measures). Such large
numbers are required in order to be powered for nested case-control studies, which will
prospectively identify the phenotypical predictors of major clinical events. The Oxford imaging
research groups are co-leading the brain (FMRIB) and cardiovascular (Oxford Centre for Clinical
Magnetic Resonance Research, OCMR) imaging components of UK Biobank. As well as coleading the acquisition of this unprecedented imaging dataset, FMRIB will lead the analysis of the
brain data and aims to also take a leading role in the analysis of the cardiovascular data. They have
created a 35-minute scanning protocol that results in structural images (showing different tissue
types), functional images (showing brain activity and networks), diffusion images (showing white
matter connectivity), as well as several other image types of clinical importance. With such data,
acquired on 100,000 subjects, this will be the largest neuroimaging dataset ever generated.
TRANSLATION
The neuroscience groups at FMRIB have a primary research focus that is translational and builds
on their basic science observations. In addition, they have some programs of research that are
predominantly clinical in their focus (e.g., Motor neuron disease, dementia and epilepsy/presurgical
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planning), alongside the previously mentioned basic methods developments in physics and
analysis. Working with industry provides opportunities for translation of neuroimaging in drug
development (e.g., analgesics). The anesthesia work has led to the identification of a potential
individualized “biomarker” for the transition when a subject loses true perceptual awareness post
loss of behavioral responsiveness to an anesthetic agent. Two patents have been filed on this novel
observation, and a manuscript is in press in Science Translational Medicine. This result obtained
due to the insight from a multimodal EEG/FMRI approach could have far-reaching impact, as to
date no such individualized biomarker exists. In addition, over the last ≈10 years the FMRIB
analysis group has brought in significant revenue from FSL licensing. At least 10 pharmaceutical
and imaging contract research organization (CRO) companies have licensed and are using FSL.
Since 2010, the FMRIB Physics group has applied for 6 patents on methods that may be of interest
to scanner manufacturers, including 2 that have been licensed by Siemens.
SOURCES OF SUPPORT
The main sources of support for FMRIB are the Wellcome Trust and the UK Medical Research
Council (MRC). Additional support comes from the UK Engineering and Physical Sciences
Research Council (EPSRC), NIH, the European Research Council (ERC), several medical research
charities, the National Institute for Health Research (NIHR, which is related to the National Health
Service (NHS) rather than to the research councils), and the pharmaceutical industry.
ASSESSMENT
The FMRIB center leads the world in many of the areas of fMRI that are needed the most. They
focus on bringing together cutting edge physics, analysis, and applications, as well as multimodal
integration to most effectively understand and implement fMRI for an improved neuroscientific
understanding of biological mechanisms relevant to clinical disease and application.
SELECTED REFERENCES
Behrens, T.E.J., L.T. Hunt, and M.F.S. Rushworth. 2009. The computation of social behavior. Science 324(5931):11601164.
Behrens, T.E.J., L.T. Hunt, M.W. Woolrich, and M.F.S. Rushworth. 2008. Associative learning of social value. Nature
456(7219):245-249.
Bingel, U., V. Wanigasekera, K. Wiech, R. Ní Mhuircheartaigh M.C. Lee, M. Ploner, and I. Tracey. 2011. The effect of
treatment expectation on drug efficacy: imaging the analgesic benefit of the opioid remifentanil. Science
Translational Medicine 3(70):70ra14.
Chen, W.C., E.S. Foxley, and K.L. Miller. 2013. Detecting microstructural properties of white matter based on
compartmentalization of magnetic susceptibility. NeuroImage 70:1-9.
Donahue, M.J., J. Near, J.U. Blicher, and P. Jezzard. 2010. Baseline GABA concentration and fMRI response.
NeuroImage 53:392-398.
Jbabdi, S., S.N. Sotiropoulos, A.M. Savio, M. Graña, and T.E. Behrens. 2012. Model-based analysis of multishell
diffusion MR data for tractography. Magn .Reson. Med. 68(6):1846-1855, doi:10.1002/mrm.24204. [Epub 2012 Feb
14]
Makin, T.R., J. Scholz, N. Filippini, D. Henderson Slater, I. Tracey, and H. Johansen-Berg. 2013. Phantom pain is
associated with preserved structure and function in the former hand area. Nature Communications 4:1570.
Ní Mhuircheartaigh, R., C. Warnaby, R. Rogers, S. Jbabdi, and I. Tracey. 2013. Slow wave activity saturation and
thalamocortical isolation during propofol anesthesia in humans. Science Translational Medicine (in press)
Ploner, M., M.C. Lee, K. Wiech, U. Bingel, and I. Tracey. 2010. Prestimulus functional connectivity determines pain
perception in humans. Proc. Natl. Acad. Sci. USA 107(1):355-360.
Scholz, J., M.C. Klein, T.E. Behrens, and H. Johansen-Berg. 2009. Training induces changes in white-matter
architecture. Nat. Neurosci. 12:1370-1371.
Smith, S.M., P.T. Fox, K.L. Miller, D.C. Glahn, P.M. Fox, C.E. Mackay, N. Filippini, K.E. Watkins, R. Toro, A.R. Laird,
and C.F. Beckmann. 2009. Correspondence of the brain’s functional architecture during activation and rest. Proc.
Natl. Acad. Sci. USA 106(31):13040-13045.
Smith, S.M., and T.E. Nichols. 2009. Threshold-free cluster enhancement: addressing problems of smoothing, threshold
dependence and localisation in cluster inference. NeuroImage 44(1):83-98.
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Smith, S.M., K.L. Miller, S. Moeller, J. Xu, E.J. Auerbach, M.W. Woolrich, C.F. Beckmann, M. Jenkinson, J.
Andersson, M.F. Glasser, D.C. Van Essen, D.A. Feinberg, E.S. Yacoub, and K. Ugurbil. 2012. Temporallyindependent functional modes of spontaneous brain activity. Proc. Natl. Acad. Sci. USA 109(8):3131-3136,
doi:10.1073/pnas.1121329109.
Sotiropoulos, S., S. Jbabdi, J. Andersson, M. Woolrich, K. Ugurbil, and T. Behrens. 2013. RubiX: Combining spatial
resolutions for Bayesian inference of crossing fibres in diffusion MRI. IEEE Trans. Med. Imaging 32(6):969-982,
doi:10.1109/TMI.2012.2231873.
Stagg, C.J., V. Bachtiar, and H. Johansen-Berg. 2011. The role of GABA in human motor learning. Curr. Biol. 21:480484.
Tracey I. 2010. Getting the pain you expect: mechanisms of placebo, nocebo and reappraisal effects in humans. Nat Med.
16(11):1277-83.
Wanigasekera, V., M.C. Lee, R. Rogers, Y. Kong, S. Leknes, J. Andersson, and I. Tracey. 2012. Baseline reward
circuitry activity and trait reward responsiveness predict expression of opioid analgesia in healthy subjects. Proc.
Natl. Acad. Sci. USA 109(43):17705-17710.
Wise, R.G., K.T. Pattinson, D.P. Bulte, R. Rogers, I. Tracey, P.M. Matthews, and P. Jezzard. 2010. Measurement of
relative cerebral blood volume using BOLD contrast and mild hypoxic hypoxia. Magn. Reson. Imaging 28:11291134.
Xie, J., D. Gallichan, R.N. Gunn, and P. Jezzard. 2008. Optimal design of pulsed arterial spin labelling MRI experiments.
Magn. Reson. Med. 59:826-834.
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Gachon University: Neuroscience Research Institute (NRI)
Site Address:

1198 Guwol-Dong, Namdong-Gu Incheon
Republic of Korea 405-760
Tel.: 032-820-4000
Fax: 032-820-4049
http://nri.gachon.ac.kr/a_02_e.html

Date Visited:

April 3, 2014

WTEC Attendees:

T. Cortese (report author), G. Glover, B. He, C. Stewart

Host(s):

Dr. Zang-Hee Cho
University Professor & Director Neuroscience Research
zcho@gachon.ac.kr
Tel. +82 32 460 2083
Kim Woo-Kyung
Vice President Professor, and Chairman of Neurosurgery
wkkim@gilhospital.com
Tel. +82 1577 2299
Kim Young-Bo
Professor, Neuroscience Research Institute
neurokim@gachon.ac.kr
Tel. +82 32 460 8229
Yun-Hong Noh, Ph.D.
Vice President, Neuroscience Research Institute
Yhnoh33@gachon.ac.kr
Tel. +82 32 820 4020

OVERVIEW
The present-day Gachon University is the result of a merger between the former Gachon Medical
School and Kyungwon University in 2011. The Neuroscience Research Institute (NRI), at the
Gachon University of Medicine and Science in Incheon, Republic of Korea, was originally founded
in September 2004 by the Incheon Gil Medical Center as part of the former Gachon Medical
School. At the beginning of 2014, roughly three months before our visit, Dr. Gil-Ya Lee,
chairwoman of the Gachon Gil Foundation, announced that the NRI would be closing in six
months; thus the fate of the impressive array of researchers, facilities and equipment that we were
shown is currently unknown.
The NRI believes international collaboration is extremely important, and has established joint
collaborations with Harvard Medical School, Brigham and Women’s in Boston, the Mayo Clinic,
the University of Magdeburg, and the University of Melbourne, Australia, as well as collaborative
research and development of 7.0T MRI technology with Siemens in Germany. In 2006, they began
preliminary multimodal tests and experiments, combining high-resolution research positron
emission tomography (HRRT-PET) with 7.0T MRI. Although others have designed and built
various multimodal imaging technologies, the combination of NRI’s state-of-the-art, researchoriented PET along with ultra-high-field 7.0T MRI is unique. They hope that by using this
technology they will open new avenues of research in behavior, cognitive neuroscience, and
diagnosis of brain diseases in the early molecular stages. One of the interesting features of this
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technology is a high-precision moving and rotating table and railway system that slides the patient
first into a MRI machine and then shuttles across a hallway and into a PET machine.
FUNCTIONAL FOCUS
Neuroscience through advanced neuroimaging, particularly the combination of PET and MRI,
under the leadership of Dr. Zang-Hee Cho, is clearly one of NRI’s principal focal areas, as well as
being a center of higher education for the next generation of scientists and engineers in the fields of
neuroscience and neurotechnology (Figure B.10). Dr. Cho has a long history of working with PET
technology, having built the world’s first circular ring PET scanner at Stockholm University in
1971, with 8 scintillation crystals (Gerholm et al.1972), followed by a 64-crystal ring PET scanner
in 1975 at UCLA (Cho et al. 1976), and he is now working with systems that have on the order of
120,000 detectors (Bear, Connors, and Paradiso 2007).

Figure B.10. Dr. Cho’s research group and visiting NSF/WTEC panelists, Neuroscience Research Institute,
Gachon University of Medicine and Science, Republic of Korea.

RESEARCH & DEVELOPMENT ACTIVITIES
After a brief introduction by Dr. Yun-Hong Noh, vice-president of Gachon University, the
highlight of which was passing around copies of Dr. Cho’s “7.0 T MRI Brain Atlas” (Cho et al.
2009) and forthcoming “7.0 Tesla MRI Brain White Matter Atlas” (Cho, Calamante, and Chi, in
press), we settled in for a presentation and facility tour by Dr. Cho, during which he highlighted
many of the group’s research activities, along with possible directions for future research.
Overcoming the relatively limited spatial resolution of PET and the inability of MRI to image
biochemical changes by creating a hybrid PET-MRI scanner allows for unprecedented
neuroimaging capability. Since PET machinery is extremely sensitive to magnetic fields, and
cannot easily be placed near the MRI, they have developed a high-precision shuttle mechanism that
allows the two machines to be shielded (with a 500-ton magnetic shield!) from each other and
operated separately. In addition to the pure research aspect of developing this technology, they are
also hoping that it will prove useful in the early diagnosis of diseases such as Alzheimer’s (e.g., by
detailed hippocampal examination) and Parkinson’s (e.g., via direct examination of nigrosomes), as
well as providing a better understanding of the mechanisms of learning and memory.
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Figure B.11. One of the MRI control rooms at the Neuroscience Research Institute, Gachon University of
Medicine and Science, Republic of Korea.

Dr. Cho was instrumental in some of the early development of MRI technology, and produced the
first 0.1T brain images in Korea while he was at KAIST in the early 1980s. At that stage of
technology development, many of the associated electronics and coils were hand-made. This
innovation continues to the present day, with a hand-made monopole antenna designed and built by
a NRI student using about two hundred dollars’ worth of material, and which Dr. Cho claims is
more sensitive than similar coils costing up to fifty thousand dollars (Hong et al. 2013).
Non-invasive in-vivo visualization of lenticulostriate arteries using MR Angiography is another
area of research at NRI. These sub-millimeter vessels are often occluded during stroke. Highresolution neuroimaging is also being used to investigate differences between healthy controls and
patients with Parkinson’s disease.
As we toured through Dr. Cho’s lab, we were able to see the PET-MRI shuttle system, a cyclotron
that was installed in 2006, animal PET and computed tomography (CT) systems, the RF coil lab,
and the super-resolution display, occupying an entire wall (Figure B.12).
Looking to the future, Dr. Cho believes that Deep Brain Stimulation (DBS), is the 21st century’s
“hope and blessing” for neuroscience and neurosurgery. Direct targeting of the subthalamic nucleus
(STN), which has been shown to reduce symptoms of Parkinsonism in humans, is not possible with
the 1.5T MRI scanners that many surgeons are using, but 7 T scanners allow direct visualization of
the STN (Figure B.13). He also has been striving towards creating a 14T MRI scanner, which
would provide unprecedented resolution capability, and is interested in using ultra-high resolution
imaging technology to understand functional connectivity in the human brain.
TRANSLATION
The NRI has an established collaboration with Siemens in Germany, working to advance MRI
technology.
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Figure B.12. Super-resolution display occupying an entire wall at the Neuroscience Research Institute,
Gachon University of Medicine and Science, Republic of Korea.

Figure B.13. 7.0 Tesla MRI scan of the human brain, showing details of many small localized structures
(courtesy of Dr. Z.-H. Cho, Neuroscience Research Institute, Gachon University of Medicine
and Science, Republic of Korea).
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SOURCES OF SUPPORT
Perhaps in no other site we visited were the vagaries of funding so vividly displayed. For as long as
the chairwoman of the Gachon Gil Foundation was willing to provide funding, Dr. Cho and his
group were able to establish a world-class neuroscience research center and make fundamental
advances in neuroimaging, especially in the multimodal PET/fMRI combination. However, after
she apparently changed her mind, it is unclear to us, and possibly even to Dr. Cho and his staff,
what the future holds for all of these scientists and their equipment.
ASSESSMENT
Dr. Cho has clearly been in this field for a long time, is passionate about his work, and brings a
great deal of experience and knowledge to the table. The panel was very much saddened to learn
that the NRI, with all of its researchers and equipment, will soon be dismantled.
SELECTED REFERENCES
Bear, M.F., B.W. Connors, and M.A. Paradiso (eds.) 2007. Functional imaging of brain activity: PET and MRI. In
Neuroscience: exploring the brain, 3rd Ed. Philadelphia: Lippincott Williams & Wilkins.
Cho, Z.-H., F. Calamante, and J.-G. Chi (eds.). In press. 7.0 Tesla MRI brain white matter atlas: In vivo human brain
white matter atlas with 7.0T MRI super resolution track density imaging, 2nd ed. Springer.
Cho, Z.-H. (editor), M.S. Chung, J.G. Chi, and D.L. Na (co-editors), et al. 2009. 7.0 Tesla MRI brain atlas: in vivo atlas
with cryomacrotome correlation. New York: Springer-Verlag. 557 pp.
Cho, Z.H., J.K. Chan, and L. Eriksson. 1976. Circular ring transverse axial positron camera for 3-dimensional
reconstruction of radionuclides distribution. IEEE Trans. Nucl. Sci 23(1):23:613–622.
Cho, Z.H., M. Law, J.G. Chi, S.H. Choi, S.Y. Park, A. Kammen, C.W. Park, S.H. Oh, and Y.B. Kim. 2013. An anatomic
review of thalamolimbic fiber tractography: ultra-high resolution direct visualization of thalamolimbic fibers
anterior thalamic radiation, superolateral and inferomedial medial forebrain bundles, and newly identified septum
pellucidum tract. World Neurosurg 26 August 2013, (10.1016/j.wneu.2013.08.022).
Gerholm, T.R., Z.H. Cho, L. Eriksson, L. Gidefeldt, and B.G. Petterson. 1972. A 56-channel goniometer for gammagamma directional correlation studies. Nuclear Instruments and Methods 100(1):33-43.
Hong, S.M., J.H. Park, W.K. Woo, Y.B. Kim, and Z.H. Cho. 2013. New design concept of monopole antenna array for
UHF 7T MRI. Magn Reson Med 71(5):1944-1952, 10.1002/mrm.24844.
Kim, K.S., Y.D. Son, Z.H. Cho, J.B. Ra, and J.C. Ye. 2014. Ultra-fast hybrid CPU-GPU multiple scatter simulation for 3D PET. IEEE J Biomed Health Inform 18(1):148-156.
Kim, M.-J., K.-M. Lee, Y.-D. Son, H.-A. Jeon, Y.-B., and Z.-H. Cho. 2012. Increased basal forebrain metabolism in mild
cognitive impairment: an evidence for brain reserve in incipient dementia. Journal of Alzheimer’s Disease 32:927–
938.
Kwon, D.-H., J.-M. Kim, S.-H. Oh, H.-J. Jeong, S.-Y. Park, E.-S. Oh, J.-G. Chi, Y.-B. Kim, B.S. Jeon, Z.-H. Cho. 2012.
Seven-Tesla magnetic resonance images of the substantia nigra in Parkinson disease. Ann Neurol 72(2):267-277.
Son, Y.D., Z.H. Cho, E.J. Choi, J.H. Kim, H.K. Kim, S.Y. Lee, J.G. Chi, C.W. Park, J.H. Kim, and Y.B. Kim. 2014.
Individual differentiated serotonergic raphe nuclei measured with brain PET/MR imaging. Radiology 21:131547.
Torigian, D.A., H. Zaidi, T.C. Kwee, B. Saboury, J.K. Udupa, Z.-H. Cho, and A. Alavi. 2013. PET/MR imaging:
technical aspects and potential clinical applications. Radiology 267(1):26-44. http://pubs.rsna.org/journal/radiology
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Hitachi
Site Address:

Akanuma 2520
Hayoyama-machi, Hiki-gun
Saitama 350-0395
Japan

Tel.: +81 49 296 6111
http://www.hitachi.com/rd/portal/research/brain.html
Date Visited:

April 3, 2014

WTEC Attendees:

P. Bandettini, L. Mujica-Parodi (report author), A. Leonessa, L. Wald, P. Foland

Host(s):

Hideaki Koizumi, Ph.D.
Hitachi Fellow
Hideaki.koizumi.kd@hitachi.com
Atsushi Maki, Ph.D.
Chief Researcher, Life Science Research Laboratory
Atsushi.maki.nn@hitachi.com
Shizu Takeda, Ph.D.
Department Manager
Advanced Research Department
Shizu.takeda.me@hitachi.com
Kazuo Saitoh, Ph.D.
General Manager
Life Science Research Center
Prof. Graduate School of Eng. Gunma University
Kazuo.saito.wk@hitachi.com
Michiyuki Fujiwara
Section Manager
Applied Systems Marketing Division
Michiyuki.fujiwara.pz@hitachi.com
Joerg Schnackenberg, Ph.D.
Section Manager
X-Ray International Sales Department
X-Ray Sales Division
schnack@kf.hitachi-medical.co.jp

OVERVIEW
Hitachi Medical Systems specializes in a wide variety of imaging modalities, including ultrasound,
magnetic resonance imaging, computer tomography, and optical topography.
FUNCTIONAL FOCUS
For our site visit, we focused on one area in which Hitachi dominates the market: the development
and validation of near-infrared spectroscopy as a clinical neurodiagnostic tool.
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RESEARCH & DEVELOPMENT ACTIVITIES
Research has focused on several different areas:
•
•

•
•

Achieving the 15 mm upper limit on spatial resolution, including the development of newer
software fiber holder to achieve this spatial resolution.
Simultaneous NIRS-fMRI, in order to cross-validate both NIRS and fMRI: validating NIRS
results using another hemodynamic technology that has subcortical access, as well as to
validating fMRI results using another hemodynamic technology that has improved temporal
resolution.
Development of ambulatory NIRS (see Figure B.14), including the use of simultaneous
ambulatory NIRS in order to assess interface between brain activity and group dynamics.
Large-scale clinical validation of NIRS neurodiagnostics not only for psychiatric disorders, but
also for stroke, hematoma, during surgery, and for Alzheimer’s disease and dementia.

Figure B.14. Hitachi Ambulatory NIRS Cap (courtesy of Hitachi).

TRANSLATION
Since April 2009, Japan is one of very few countries globally that has approved a neuroimaging
technology, NIRS, as a psychiatric diagnostic tool by their Ministry of Health. This means that
NIRS scans can be obtained as part of normal diagnostic procedures in hospitals, and that insurance
will reimburse for its use. This engagement by the medical profession has meant that it is possible
to conduct large-scale validation studies. For example, in one study of 1600 patients, diagnosis of
depression coincided with clinical assessment 76%, and bipolar disorder and schizophrenia greater
than 80%.
SOURCES OF SUPPORT
Industry
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ASSESSMENT
Hitachi has positioned itself as a leader in the field of neurodiagnostics, both in terms of product
innovation of an emerging neuroimaging technology, as well as by effecting a national policy shift
that permits clinical validation of neuroimaging to be acquired as part of normal hospital visits, as
well as being reimbursed by medical insurance. The latter may very well set a precedent for other
countries and neuroimaging tools.
SELECTED REFERENCES
Cyranoski, D. 2011. Neuroscience: thought experiment. Nature 469:148-149.
http://www.nature.com/news/2011/110112/full/469148a.html.
Fukuda, M. 2009. Psychiatric Disorders and NIRS. Bunkyo-ku: Nakayama Shoten Co. Ltd.
Takizawa, R., M. Fukuda, S. Kawasaki, K. Kasai, M. Mimura, S. Pu, T. Noda, S. Niwa, and Y. Okazaki. 2014. Joint
Project for Psychiatric Application of Near-Infrared Spectroscopy (JPSY-NIRS) Group. Neuroimaging-aided
differential diagnosis of the depressive state. Neuroimage 85(Pt 1):498-507.
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IDG/McGovern Institute for Brain Research
(State Key Laboratory of Cognitive Neuroscience and Learning)
Site Address:

Beijing Normal University
No. 19 Xin Jie Kou Wai Street
Beijing, China 100875

Date Visited:

March 31, 2014

WTEC Attendees:

B. He, G. Glover (report author), T. Cortese, C. Stewart

Host(s):

Jia Liu, Ph.D.
Professor
liujia@bnu.edu.cn
Tel.: +86 10 5880 2785
Dr. Litao Zhu was in charge of the site visit. Cell: 13581857191
Gaolang Gong, Ph.D.
Investigator
gaolang.gong@bnu.edu.cn
Tel.: +86 10 5880 4678
Jun Li, Ph.D.
Associate Professor
lijundp@bnu.edu.cn
Tel.: +86 10 5880 1755
Yanchao Bi, Ph.D.
Professor
ybi@bnu.edu.cn
Tel.: +86 10 5880 2911
Yong He, Ph.D.
Professor
yong.he@bnu.edu.cn
Tel.: +86 10 5880 2036
Gui Xue, Ph.D.
Professor
gxue@bnu.edu.cn
Tel.: +86 10 5880 1859

OVERVIEW
This National Key Laboratory was established in 2005, currently comprising 60 faculty and ~300
students. Its development was funded jointly by the Ministry of Science and Technology and the
Ministry of Education. The imaging center is housed within the structure of the Key Lab. The
emphasis is on both basic and applied research in cognition, development and learning in health
and disease, using a multidisciplinary, multimodal approach that includes extensive laboratory
facilities: Child behavior lab, Molecular genetics lab, eyetracking lab, cognitive behavior lab,
separate labs for child and adult EEG/ERP recording, NIRS lab, electrophysiology lab and a human
MRI scanner. The applied research focuses on brain-based learning and education and intervention
for developmental and learning disorders. The imaging center installed a Siemens 3 T scanner in
2008; this machine runs about 2000 hours/year, and there are plans to buy a second instrument.
Notably, the center has developed its own analysis software and disseminates it freely to others
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(Figure B.15). Facilities include a computing center with powerful local capabilities. There are 300
students, 100 of them Ph.D. students; they receive US$200/month given by university
($3000/year).
Dr. Liu presented an overview of the lab, and other investigators provided descriptions of their
work, through well-developed slide presentations.

Figure B.15. IDG/McGovern Institute’s in-house developed fMRI, diffusion tensor, and resting state analysis
and viewing tools (courtesy of IDG/McGovern Institute for Brain Research).
The imaging center has been active in providing these tools to other laboratories. For example,
Pipeline for Analysis of braiN Diffusion imAges (PANDA; upper right) has been disseminated
more than 6000 times.

FUNCTIONAL FOCUS
The overall thrust is on understanding learning, development and cognitive function at the neural,
genetic and molecular levels in adults and children, as well as training for mitigating disorders. The
various PI all use structural and functional MRI in conjunction with their specific interests and
other imaging/behavioral modalities.
RESEARCH & DEVELOPMENT ACTIVITIES
Each PI presented a capsule view of his or her work.
Drs. Yanchao Bi and Zaizhu Han study the neural mechanisms of semantic memory and
provided 3 examples of their research: (1) Shape representation for blind vs. sighted subjects- fMRI
vs. behavioral assessments; (2) Functional connectivity-fMRI vs. semantic task-based fMRI; (3)
white matter damage in the semantic neural system, using DTI tract analysis in patients with
language disorders. They have developed extensive international collaborations: Alfonso
Caramazza, Harvard/CIMeC Italy; Marius Peelen, CIMeC, Italy; Yong He, BNU; Gaolang Gong,
BNU; Luping Song, and Bo Ai Rehab Hospital.
Dr. Gui Xue’s focus is on the interplay of gene-brain-behavior, with an emphasis on human
learning and memory. They use fMRI and EEG to examine the strength and feature models of
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learning and memory. They are also developing EEG-based BCI for monitoring, prediction, and
neurofeedback training, and showed that tDCS enhances memory learning. Dr. Xue has organized
a 4-site gene-brain-behavior study of learning/memory with 500 subjects at each center. This
illustrates the relative ease with which large populations can be studied in China both because of
the availability of funding and availability of subjects with controlled characteristics.
Dr. Yong He has a 4-fold focus in multimodal connectomics using fMRI, ASL, structural MRI,
and DTI: (1) constructing functional/structural networks; (2) studying brain network topology; (3)
studying psychiatric disorders; (4) Developing graph-based network analysis and visualization
tools (Gretna and BrainNet Viewer), which have been disseminated through the NITRC platform.
He is constructing hub maps in Alzheimer’s disease and mild cognitive impairment (Wang et al.
2013) using multimodal MRI. He is also studying dynamic functional connectivity at high temporal
frequency (up to 0.3 Hz). He lists more than 130 publications since 2007.
Dr. Gaolang Gong develops DTI methods to study brain networks. He has (1) proposed a new
diffusion index using Kendal’s coefficient of concordance (Figure B.16) (Gong et al. 2013); (2)
assessed whole-brain network methods; (3). Developed a new pipeline tool (PANDA); and (4)
applied a multivariate classifier to individual classification (e.g., obtaining 94% accuracy in
dyslexia patients).

Figure B.16. Diffusion index LDH in introduced by Gong based on regional homogeneity of DTI metrics.
Shown here are differences in white matter LDH based on age (from Gong 2013, 6).

Dr. Jun Li her recent work on a genetic study of nitric oxide synthase 1 (NOS1). Using 580
patients and 720 controls, she found that the risk allele of SNP rs3782206 was associated with
impaired cognitive functions (N-back task, DPX, ANT, and Stroop). In the followed fMRI studies
of 78 healthy controls during the N-back task and the Stroop task, the risk allele consistently
showed reduced activation at the right IFG with 14 voxels overlapping. She also tested functional
connectivities between the overlapped 14 voxels and other brain regions in three conditions (the Nback task, the Stroop task and the resting-state). The risk allele again consistently showed reduced
functional connectivity with DLPFC.
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TRANSLATION
The lab has strong connections with several hospitals and has excellent access to patients with
various relevant disorders. However, it was not clear of the lab’s impact on patient care, as the
studies were primarily either developing technology or studying basic neural cognition.
SOURCES OF SUPPORT
This Key Laboratory (“Key” is the top level of a 3-level National Lab designation) obtains core
funding from the Ministry of Science and Technology, and each PI has additional grants from the
NSF for their individual research programs, which typically funds 15–20%. For example Dr. Xue
obtains Center as well as his own grant sufficient to fund his multicenter study of 500 subjects. It
was also noted that there is a buffer system for funding—a PI can get translational funding if his or
her grant does not come through.
ASSESSMENT
The lab is a vital, well-functioning and well-supported facility that supports both basic research in
methodological development and cognitive neuroscience studies associated with learning and
memory disorders. Facilities are extensive and complimentary, and multidisciplinary collaborations
are the rule. Several of the PIs develop neuroimaging software that has achieved strong
dissemination statistics. Overall, this Key Laboratory represents an outstanding program achieving
its stated goals.
SELECTED REFERENCES
Gong, G. 2013. Local diffusion homogeneity (LDH): an inter-voxel diffusion MRI metric for assessing inter-subject
white matter variability. PLoS One 8(6):e66366, doi:10.1371/journal.pone.0066366.
Wang, J., X. Zuo, Z. Dai, M. Xia, Z. Zhao, X. Zhao, J. Jia, Y. Han, and Y. He. 2013. Disrupted functional brain
connectome in individuals at risk for Alzheimer’s disease. Biol Psychiatry 73:472-481.
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KAIST fMRI Center
Site Address:

fMRI Lab
291 Daehak-ro (373-1 Guseong-dong)
Yuseong-gu, Daejeon 305-701
Republic of Korea

Date Visited:

April 4, 2014

WTEC Attendees:

B. He, G. Glover (report author), T. Cortese, C. Stewart

Host(s):

Professor HyunWook Park
Director, KAIST FMRI Center
hwpark@kaist.ac.kr
Tel.: +82-42-350-8494

OVERVIEW
Dr. Park presented an extensive overview of his lab’s work, starting with historical context from
the 1980s, when he was Z.H. Cho’s student and early collaborator. Clearly, he is a pioneer in many
aspects of MRI physics. In 2001 the KAIST facility was opened with a Korean company providing
a 3 T scanner (ISO Tech) that is still being used for development of a PET-MRI instrument they
are constructing. A commercial 3 T scanner (Siemens Verio) was added in 2012. The MRI facility
is open 1 day/week to campus researchers, charges are <$100/hour.
KAIST was started in 1990 and currently has 617 faculty, 10,000 students, and 6000 grad students.
Dr. Parks lab has 21 grad students, of which 12 are in MRI, others in image processing, and no
postdocs. Seventy percent of his graduates go to work in industries such as Samsung. Dr. Park is
Dean of faculty affairs.
FUNCTIONAL FOCUS
Imaging technology development is the main thrust of this lab, as it has been for many years. There
is a modest translation/collaboration with several hospitals in Seoul. fMRI represents a small
component of Dr. Park’s research focus.
RESEARCH & DEVELOPMENT ACTIVITIES
Examples of MRI acquisition methods included: DWI sequence for a high-resolution ADC
mapping (see Figure 2.10 in Chapter 2); IVIM-based perfusion weighted imaging sequence using
radial trajectory; SWI with an innovative magnitude of complex filtering (MCF) approach; MRA
with sliding time-of-flight (s-TOF) method (a form of MOTSA); and dynamic CBF (cerebral blood
flow) mapping methods. In fMRI, research includes spatial pattern-based Granger causality
mapping and human visual studies with stereoscopic 3D contents. A third focus is on multimodal
imaging, including EEG-fMRI (artifact reduction using a new filtering approach) and PET-MRI
(constructing an insertable PET system, Figure B.17).
TRANSLATION
Some collaboration on fMRI studies was noted with hospitals in Seoul, but little translation of
basic imaging to industry or others was described. An example of collaboration is a study of BOLD
correlation with concurrently acquired EEG in epileptic patients.
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Figure B.17. KAIST fMRI Center is constructing an insert for acquisition of PET images in the ISOTECH
3 T scanner, with results shown here. This is a technically highly demanding project (courtesy
of KAIST fMRI Center).

SOURCES OF SUPPORT
Three years ago, the Korean government developed 20 new basic/natural science institutes at $10M
per center each year to last for a 10 year period, of which this lab is a recipient. Thus, the funding is
25% from the core government grant, 50% from research grants, and 25% from donations. Grants
are funded at 10–20% levels.
ASSESSMENT
This is a basic science lab that performs MRI physics and technology innovation as well as other
image analysis research (not relevant and not described here). The PI is a pioneer in MRI, with a
modest interest in fMRI despite the title of the lab, and many innovations in general. Little clinical
translation was noted. Most graduates go to industrial positions.
SELECTED REFERENCES
Chung, J.Y., H.W. Yoon, Y.B. Kim, H.W. Park, and Z.H. Cho. 2009. Susceptibility compensated fMRI study using a
tailored RF echo planar imaging sequence. J Magn Reson Imaging 29(1):221-228.
Jang, D.P., H.K. Min, S.Y. Lee, I.Y. Kim, H.W. Park, Y.H. Im, S. Lee S, J. Sim, Y.B. Kim, S.H. Paek, and Z.H. Cho.
2012. Functional neuroimaging of the 6-OHDA lesion rat model of Parkinson’s disease. Neurosci Lett 513(2):187192.
Oh, C.H., H.W. Park, and Z.H. Cho. 1984. Line-integral projection reconstruction (LPR) with slice encoding techniques:
multislice regional imaging in NMR tomography. IEEE Trans Med Imaging 3(4):170-178.
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Karolinska Institutet – Osher Center for Integrative Medicine
Site Address:

Karolinska Institutet MR-Centrum
SE-171 76 Stockholm
Sweden
Tel.: +46 8 517 751 34

Date Visited:

May 29, 2013

WTEC Attendees:

T. Cortese, K. Kiehl, T. Wager (report author), M. Beaudoin, T. Conway, P. Foland

Host(s):

Martin Ingvar, Ph.D.
Barbro and Bernard Osher professorship in integrative medicine
martin.ingvar@ki.se
Peter Fransson, Ph.D.
peter.fransson@ki.se

OVERVIEW
The Karolinska Institute (KI) is the premier medical research institute in Sweden. It was the first
research establishment to focus exclusively on medicine, and is today Sweden’s only purely
medical university. It was founded by King Karl XIII in 1810 as an “academy for the training of
skilled army surgeons” after heavy casualties in field hospitals in the Finnish war against the
Russians.
The Osher Center for Integrative Medicine is one of three centers worldwide established by the
Osher Foundation. Psychobiological perspectives are applied to investigate determinants of
physical and mental well-being. The research is focused on basic science with emphasis on
mechanisms for placebo, pain experience, and self-rated health. The group’s focus is on pain,
placebo, and brain function in adults and infants. These research topics fill gaps in traditional
disease-focused areas of scientific inquiry and aim to provide new models of psychological and
brain processes that govern health and cut across disorders and categories of disability.
This group has been a leader in the area of integrative neuroscience and the study of placebo effects
and emotion, and they are increasingly moving towards larger-scale population based studies to
bring neuroimaging techniques to bear on psychosocial and brain determinants of health and
illness, ability and disability.
FUNCTIONAL FOCUS
Until recently, it was not possible to study the direct brain mechanisms of human emotion and
emotion regulation, pain, and expectancy and placebo effects. With human Positron Emission
Tomography (PET) and functional magnetic resonance imaging (fMRI), it has now become
possible to study these topics from a neuroscientific perspective. This is a major focus of the
group’s work. The group has been a leader in the use of functional neuroimaging to characterize
pain and placebo responses in basic research studies.
Psychosocial aspects of health are critically important for understanding and predicting function vs.
disability across many categories of illness and other idiopathic conditions that are not well
understood by the medical community. They are also important for understanding morbidity and
mortality related to a number of common afflictions of society, including heart disease, diabetes,
obesity, cancer, and pain. The applications of integrative approaches also extends to other
commonly recognized disorders with substantial motivational, cognitive, and emotional
components, including Parkinson’s, Alzheimer’s, depression, post-traumatic stress disorder, and
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anxiety disorders. Integrative neuroscience approaches have the potential to bring a mechanistic,
neuroscientific perspective to the study of these psychosocial factors.
An increasing focus is on integrating neuroimaging into health assessment on a population basis.
The aim is to develop neuroimaging-based biomarkers alongside other clinical, demographic, and
behavioral characteristics in large-scale national studies of heart disease, diabetes, and breast
cancer.
RESEARCH & DEVELOPMENT ACTIVITIES
Functional imaging is performed at the PET center and the MR research center. The PET center is
covered in another site report in this document. The MR research scanner is equipped with a 3 T
General Electric scanner, a standard in the field. It is used by 16 groups, and in 20 randomized
controlled trials of patients. Some innovations in fMRI research include the use of online
prospective motion correction, advanced diffusion imaging, and a trend towards larger-scale
studies (e.g., 250 bipolar patients). Another innovation is the development of silent sequences that
have a low auditory profile, which is useful for studies of neonates and other sensitive groups.
The group will also use the National Magnetoencephalography (MEG) Center, which will have a
new MEG scanner in the next few years. The national MEG unit (NatMEG.se) will have an Elekta
NeuroMag TRIUX (306 channel), with 128 channel EEG. It will be used to study multiple
applications in psychiatry, cognitive science, epilepsy, Alzheimer’s risk, and autism. In each of
these areas, it is hoped that MEG/EEG will provide biomarkers for pathological brain processes
and treatment responses.
A strong feature of the group’s focus is the movement towards large-scale neuroimaging and health
initiatives is the presence in Sweden of numerous population registries with substantial
participation. For example, 97% of Swedish twins are currently enrolled in the national twin
registry. Another resource is the NCHCOA, or National Center for Health Care Outcome
Assessment. This center is multinational and based in Boston, but half the data come from Sweden.
The goal is to pursue neuroimaging-based biomarker development based on well-characterized
populations and careful sampling in sample sizes consistent with other population-based health
studies. A related focus is on increasing use of longitudinal studies, which are often more powerful
than cross-sectional studies and avoid confounds related to demographic and phenotypic
differences.
Another specific focus is on pharmacological fMRI, in which drug delivery is performed during
fMRI imaging. In one example, the group studied the effects of benzodiazepines on performance of
the “Ultimatum Game,” a social economic task in which a participant must typically accept an
unfair offer in order to win money. Benzodiazepines reduced the rejection of unfair offers and
amygdala activity concurrently, but without any change in the subjective feeling of unfairness. This
is an example of how neuroimaging measures can predict outcomes beyond what can be predicted
by self-report.
A second example of potential biomarker development is the group’s ability to predict who will
develop Alzheimer’s dementia (AD) 5 years ahead of clinical diagnosis. Early detection of
Alzheimer’s could dramatically reduce sample sizes needed in clinical trials, in which only a
relatively small proportion of patients convert to AD, as well as provide a platform for testing
early-intervention treatments.
Finally, the group (with Prof. Fransson) is a leader in the imaging of neonates, which has multiple
applications to brain development and early intervention. They have characterized resting-state
networks to assess normal brain development, and have recently extended the characterization to
graph-theoretic measures in order to assess changes in large-scale brain dynamics during
development.
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TRANSLATION
The search for biomarkers based on imaging results has yielded few clinical applications to date,
although the movement towards large-scale population neuroscience and increasingly robust
characterization of fMRI, MEG, and PET data is promising in this regard. FMRI-based biomarkers
do not yet exist as part of clinical use, although multiple pharmaceutical companies have sponsored
developmental studies. The ability to develop biomarkers for stress, inflammation, placebo
responses, and other “integrative” brain-body factors in health would be extremely important.
Two important developments in PET and EEG are worthy of mention in terms of their translational
potential. The first is the development of PET-based markers for neuroinflammation and microglia
activation using peripheral benzodiazepine receptor imaging in the brain ([11-C] PBR28),
translocator protein (TSPO), and PK1195. Neuroinflammation may play a major role in diffuse
brain pathology related to “stress” as well as other health issues (e.g., stroke).
The second is the potential for EEG to be a low-cost alternative to fMRI and PET to provide brain
biomarkers that are scalable to widespread clinical use and large-scale research studies. EEG is a
fraction of the cost of fMRI, which is in turn substantially less expensive and more widely
available than PET. Due in large part to the scalability of EEG, the Stockholm Brain Institute
recently partnered with the EEG company MentisCura (http://www.mentiscura.is), which has
compiled a 5,000 patient database that includes EEG measures on patients with Alzheimer’s,
ADHD, depression-related dementia, and Lewy body dementia. They claim to be able to use a 5minute resting EEG scan, combined with computer algorithms to provide differential diagnosis, to
provide clinically useful information related to diagnosis. However, these claims have not yet been
completely validated in peer-reviewed literature.
SOURCES OF SUPPORT
Sources of support include grant funding (from the Swedish Research Council, National Institutes
of Health, and others), private foundations (including the Osher Foundation), and partnerships with
pharmaceutical and other private companies.
ASSESSMENT
This group has been a leader in the area of integrative neuroscience and the study of placebo effects
and emotion, mainly in smaller-sample, basic neuroscience studies that are transformative in their
provision of a new neuroscience-based understanding of psychosocial processes in health and
disease. They are now moving towards more large-scale integration with public health studies,
using existing national registries, which is a key strength and critical direction for the field.
Many of the broader aims of this group center around the development of neuroimaging-based
patterns as diagnostic and prognostic measures. This approach shows great promise, but has not
been possible until now due to limitations in neuroimaging technology and sample size. Integrating
fMRI and MRI measures into clinical and population studies is extremely important. Use of
existing technologies such as fMRI is just beginning to be explored, and their potential has not
been tapped yet. The development of new measures, such as PET imaging-based markers of
neuroinflammation is potentially groundbreaking. A risky, yet potentially very useful, direction is
towards the use of EEG as a scalable technology for larger-scale brain studies.
SELECTED REFERENCES
Fransson, P., B. Skiöld, S. Horsch, A. Nordell, M. Blennow, H. Lagercrantz, and U. Åden. 2007. Resting-state networks
in the infant brain. Proc. Nat. Acad. Sci. USA 104(39):15531-15536.
Fransson, P., H. Lagercrantz, M. Metsäranta, M. Blennow, U. Åden, and S. Vanhatalo. 2013. Early development of
spatial patterns of power-law frequency scaling in FMRI resting-state and EEG data in the newborn brain. Cerebral
Cortex 23(3):638-646.
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Karolinska Institutet – PET Center
Site Address:

Osher-room, Karolinska Institutet
Scheeles väg 1, plan 3
Sweden

Date Visited:

May 29, 2013

WTEC Attendees:

T. Cortese , K. Kiehl, T. Wager (report author), M. Beaudoin, T. Conway, P. Foland

Host(s):

Edwin C. Johnson, Ph.D.
Senior project and business developer
Tel.: +46 70 745 97 61
edwin.johnson@kiinnovations.se
Christer Halldin, Ph.D.
Professor of Medical Radiochemistry
christer.halldin@ki.se
Andrea Varrone, Ph.D.
Associate Professor/Senior Lecturer in Nuclear Medicine
Tel.: +46 8 5177 1753
andrea.varrone@ki.se
Balázs Gulyás, Ph.D.
Professor of Nuclear Medicine
Tel.: +46 8 5177 1753
Balazs.Gulyas@ki.se
Ricardo Vigário, Ph.D.
Head, Neuroinformatics Research Group
Department of Information and Computer Science
Aalto University
Ricardo.vigario@aalto.fi

OVERVIEW
The Karolinska Institute (KI) is the premier medical research institute in Sweden. It was the first
research establishment to focus exclusively on medicine, and is today Sweden’s only purely
medical university. It was founded by King Karl XIII in 1810 as an “academy for the training of
skilled army surgeons” after heavy casualties in field hospitals in the Finnish war against the
Russians.
The positron emission tomography (PET) Center was founded in the late 1970s, and has over 40
researchers using PET and magnetic resonance imaging (MRI) for basic and translational research.
They are leaders in Europe and world-wide in the development and clinical translation of PET
radioligands.
FUNCTIONAL FOCUS
The Karolinska PET center focuses on multimodal PET imaging for basic research and
pharmaceutical development. The focus is on radioligand development and translational imaging.
This includes preclinical imaging with animal scanners and clinical imaging with human scanners.
Particular emphasis is placed on high-resolution PET and public/private partnerships with
pharmaceutical companies. The PET center has partnerships with over 30 pharmaceutical
companies.
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RESEARCH & DEVELOPMENT ACTIVITIES
Two new cyclotrons are planned for 2016 that would make the Karolinska center the largest PET
center in the world. Activities are divided into radioligand development, animal preclinical
imaging, human clinical imaging, and the development of a brain bank of post-mortem human
brain tissue in order to validate and study tracers.
The radiochemistry group, led by Prof. Halldin, is world-class and has been a leader in the field.
Currently, over 400 plausible ligands have been identified from thousands of compounds, and 120
have been developed into marketable tracers. A substantial proportion of the available ligands have
been developed at the PET Center, including 42 ligands, 22 of which have been shown to be valid
and useful in humans. This represents 1/3–1/4 of all PET ligands used in humans.
Some examples of tracers developed at the site include 11C-raclopride, one of the most commonly
used tracers to image D2 receptor binding in the human brain world-wide. Other, newer
developments include ligands for dopamine, serotonin, amyloid plaques, GABA, and
neuroinflammation. Specifically, some promising tracers currently in use are:
•
•
•
•

Dopamine: [11C] PE2i for dopamine transporter imaging (DAT) in striatum and substantia
nigra, with applications to Parkinson’s disease
Serotonin: 5HT1B receptor imaging, and [11C] MADAM (similar to DASB) for 5-HTtransporter imaging in brainstem nuclei, the ventral tegmental area, substantia nigra, pulvinar,
and raphe system
Novel BAY Abeta imaging for amyloid plaques, particularly useful for Alzheimer’s disease
[11C] flumazenil, for GABA-A, with applications for epilepsy and basic research on human
brain function

There is also an emphasis on developing new ways of labeling molecules that will be useful for
more models.
Animal preclinical imaging focuses on combined rat PET-MR imaging. One particular focus is the
testing across species of drug uptake into the brain, one of the first steps in the development of a
successful radioligand. The group has identified compounds in which rats and humans show
differential rates of uptake, which shows limits of the use of rats to develop drugs in standard
translational neuroscience paradigms. A rat may show uptake of a drug into the brain, but that drug
may not reach the brain in appreciable quantities in humans. The group focuses on more advanced
cross-species translational strategies, as described below.
Human clinical imaging focuses on high-resolution PET imaging using the high-resolution research
tomograph (HRRT), one of six such PET cameras worldwide. It provides receptor imaging at 2.3
mm resolution, and contains 6x more detectors than previous 4th-generation systems. The imaging
is combined with advanced reconstruction algorithms to obtain higher-resolution reconstruction
than has previously been available. The HRRT is currently used for [11C] flumazenil, GABA-A,
[11C] madam, [11C] PE2i, dopamine transporter imaging (DAT) in striatum and substantia nigra,
and other applications.
TRANSLATION
The PET Center is intensely translational and focuses on public/private partnerships with
pharmaceutical companies. The PET center has partnerships with over 30 pharmaceutical
companies. The main strategy is to identify radioligands for clinically useful markers in humans,
with a focus on applications to Alzheimer’s disease, Parkinson’s disease, and depression, among
others.
Preclinical imaging is used to establish safety and study drug uptake into the brain, drug binding in
the brain, and pharmacokinetics and pharmacodynamics. The group is focused on characterizing
inter-species differences and validating across both rats and humans as part of the marker-
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development pipeline. One promising translational approach is to use human imaging to identify
active compounds in the human brain, and to return them to animal models to study the molecular
mechanisms, thereby guiding treatment development, and characterizing the marker in preparation
for use in clinical trials.
Applications of the work being done include novel characterization of human neurotransmitter
systems in many brain/mental health disorders and disabilities, including depression, anxiety,
schizophrenia, Parkinson’s, Alzheimer’s, multiple sclerosis, autism, and others.
SOURCES OF SUPPORT
Support comes from both public sources such as the Swedish Research Council and private
industry. Approximately 80% of funding comes from private, mainly industry, sources.
ASSESSMENT
This is a world-class PET center, likely soon to be the largest in the world, with intense
collaboration and integration with industry pharmaceutical efforts. The focus is on identifying
potential markers and developing the means to obtain high quality maps of receptor imaging. There
is less focus on the analysis of those maps as related to cognitive or emotional function, or clinical
outcomes. Collaborative efforts with other groups in this area would be highly mutually beneficial.
SELECTED REFERENCES
Brockschnieder, D., H. Schmitt-Willich, T. Heinrich, A. Varrone, B. Gulyás, M. Toth, J. Andersson, U. Boemer, S.
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KTH Royal Institute of Technology
Site Address:

Osher-room, Karolinska Institutet
Scheeles väg 1, plan 3
Stockholm
Sweden

Date Visited:

May 29, 2013

WTEC Attendees:

T. Cortese, K. Kiehl, T. Wager (report author), M. Beaudoin, T. Conway, P. Foland,

Host(s):

Professor Anders Lansner, Ph.D.
Affiliated professor
Computational Biology
ala@kth.se
Dr. Pawel Herman
Post-doctoral student
Computational Biology
paherman@kth.se
Simon Benjaminsson
Ph.D. student
simonbe@kth.se

OVERVIEW
Prof. Lansner’s group at the KTH (Kungliga Tekniska Högskolan, eng. Royal Institute of
Technology) is intensively involved in neuromorphic computing and large-scale simulations of
brain and cognition at multiple scales, from single neurons to complex emergent behavior. The
KTH was founded in 1827, and has been located in central Stockholm since 1917. It is the topranking engineering school in Sweden, and ranks very competitively overall. KTH in Stockholm is
the largest, oldest and most international technical university in Sweden. One-third of Sweden’s
technical research and engineering education at the university level is provided by KTH. Education
and research spans from natural sciences to the various branches of engineering and other
programs.
The group collaborates extensively with the Karolinska Institute (KI), the premier medical research
institute in Sweden. KI was the first research establishment to focus exclusively on medicine, and
is today Sweden’s only purely medical university. It was founded by King Karl XIII in 1810 as an
“academy for the training of skilled army surgeons” after heavy casualties in field hospitals in the
Finnish war against the Russians.
FUNCTIONAL FOCUS
The focus of Prof. Lansner’s group is developing a neuroinformatics platform for the large-scale
modeling of brain activity from the level of single cells through behaviors based on large-scale
networks composed of millions of neurons and billions of synapses. This effort is a collaborative
venture between the KTH and the Karolinska Institute in Sweden. This effort is also conducted as
part of the Stockholm Brain Institute (SBI), a research consortium linking KI, KTH, and Stockholm
University, and the Strategic Research Programme in Neuroscience (StratNeuro) at Karolinska
Institutet, a multi-institution strategic effort to integrate research into clinical and basic
neuroscience. The overall goal of the initiative is to reduce the burden of disease from brain
disorders that cause cognitive and motor dysfunctions. The group is establishing a translational
neuroscience milieu that includes academic and industrial partners. Two major areas are:
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Computational neuroscience and brain simulation
Analysis and visualization of neuroimaging data

RESEARCH & DEVELOPMENT ACTIVITIES
Many of the computational neuroscience activities in the KTH Royal Institute of Technology group
are done under the auspices of large-scale initiatives. These include:
•

•

•

The International Neuroinformatics Coordinating Facility (INCF), a Europe-wide multinational
project whose Secretariat is hosted at KI, and which includes 15 member countries in Europe
and the United States. The INCF with European Union funding has recently conducted a largescale structural and functional imaging project with approximately 2,000 participants, with
multiple functional and structural imaging measures. They also host and connect with multiple
computational neuroscience at informatics efforts worldwide. See http://www.incf.org/
resources/research-tools.
FACETS (Fast Analog Computing with Emergent Transient States) and BrainScaleS (Braininspired multiscale computation in neuromorphic hybrid systems), European commission
funded projects to develop brain-inspired computing paradigms. The projects develop novel
computing paradigms that exploit the concepts experimentally observed in biological nervous
systems, and implement them on customized hardware (see Figure 6.3 in Chapter 6). The
hardware is modeled after synapses, with each chip containing 100,000 digital “synapses” and
permitting the construction of configurable, parallel circuits that emulate substantial fractions
of the brain.
The Human Brain Project, a European flagship project that seeks to build a new information
and communications technology infrastructure for future neuroscience, future medicine and
future computing. It aims to provide a unified understanding of the brain that can span its
multiple levels of organization, from genes to cognition and behavior. Efforts include the
development of large-scale platforms for neuroinformatics, brain simulation, high performance
computing, medical informatics, neuromorphic computing, and neurorobotics.

Within these initiatives and independently, Prof. Lansner’s group focuses on multiscale modeling
of neural information, from molecules to cells to large-scale network dynamics, including models
of millions of neurons with billions of synapses. These models are enabled by the use of
supercomputers and the neuromorphic computing efforts of the group. Some areas include:
•
•
•

Advanced data analysis of human fMRI, PET, and MEG data
Brain-inspired computing in the areas of olfactory processing and integration, speech
recognition, and other areas.
A computational model of columns within layers 2 and 3 of the cerebral cortex.

An example of representative work in the group comes from the layer 2/3 cortical column model.
The model’s units are single cells, which have a spiking model based on the Hodgkin-Huxley
equations, with multiple neurochemical currents per cell. The model includes different types of
neurons, and complex emergent dynamics, and it models the operation of one million neurons and
one billion synapses simultaneously. A goal is to couple the models with features of MEG/EEG
data, including gamma and theta frequency band oscillations, and other features. By seeking to
model complex features in MEG at the level of single cells, they aim to enhance the understanding
of the generators of these features at the cellular level. MEG/EEG features can also be linked to
human phenotypic features relevant for performance and health, including memory and the
attentional blink effect, among others. In this way, the group was able to simulate the effects of
application of benzodiazepines to performance on the attentional blink task by simulating effects
on neural integration. Based on low-level effects of the drug, the model predicts the high-level
effects on attention.
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The ambition of these efforts is to model interactions among multiple brain circuits starting with
massively parallel models of individual neurons capable of capturing individual postsynaptic
potentials.
TRANSLATION
The group is currently within the Phase III of Stockholm Brain Institute starting up M/EEG data
analysis jointly with an industrial partner and is further building a partnership with an international
startup company in biosimulation.
SOURCES OF SUPPORT
BrainScaleS is an EU FET-Proactive FP7 funded research project. The project started on 1 January
2011. It is a collaboration including 18 research groups from 10 European countries.
FACETS was funded by the European Commission in the framework of the Information Society
Technologies (IST) programme.
The Human Brain Project is funded by the European Commission as part of its Future and
Emerging Technologies (FET) initiative.
ASSESSMENT
Collaborative neuroinformatics and modeling efforts are now being undertaken on a much more
massive scale than ever before, with major funding (e.g., approximately €1 billion for the Human
Brain Project. although neural networks are now less in vogue than in the past, it is now widely
recognized that researchers have not, collectively, solved many of the fundamental questions about
how the brain computes using massively parallelized networks of billions of neurons in an
incredibly energy efficient and computationally efficient manner (for many tasks). These largescale efforts are aimed at two goals. The first is to revolutionize the understanding of neural
computation using massive, multiscale simulations and neuroinformatics platforms made available
to thousands of researchers worldwide. The second is to revolutionize computing by incorporating
aspects of neural function into hardware and software. These goals are ambitious, but innovative
and ambitious approaches are badly needed. The European projects are a useful funding model
because the initiatives are broad in scope and well funded, but they provide an umbrella for
detailed simulations and projects by individual groups as well as integrated, publically available
neuroinformatics solutions. Another highly promising aspect at this site is the focus on neuralinspired hardware, with 100K parallel circuits integrated into the hardware of each individual chip.
Such hardware innovations could dramatically enhance both computing and neural simulation.
SELECTED REFERENCES
Bruderle, D., M.A. Petrovici, B. Vogginger, M. Ehrlich, T. Pfeil, and 39 others. 2011. A comprehensive workflow for
general-purpose neural modeling with highly configurable neuromorphic hardware systems. Biol. Cybernetics
104(4-5):263-296.
Lundqvist, M., M. Rhen, M. Djurfeldt, and A. Lansner. 2006. Attractor dynamics in a modular network model of
neocortex. Network 17(3):253-276.
Lundqvist, M., P. Herman, and A. Lansner. 2011. Theta and gamma power increases and alpha/beta power decreases
with memory load in an attractor network model. J. Cogn. Neurosci. 23(10):3008-3020.
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Kyoto University Graduate School of Medicine, Brain Research Center
Site Address:

54 Shogoin Kawahara-cho, Sakyo-ku
Kyoto, 606-8507
Japan

http://hbrc.kuhp.kyoto-u.ac.jp/
Date Visited:

April 4, 2014

WTEC Attendees:

P. Bandettini, T. Conway, A. Leonessa, L. Mujica-Parodi, L. Wald (report author),
P. Foland

Host(s):

Professor Hidenao Fukuyama, M.D., Ph.D.
Director, Human Brain Research Center
fukuyama@kuhp.kyoto-u.ac.jp
Tel.: +81 75 751 3687
Shin-ichi Urayama, M.Sc.
Assistant Professor
urayama@kuhp.kyoto-u.ac.jp
Tel.: +81 75 751 4346
Denis Le Bihan, M.D., Ph.D.
Director, Neurospin
Denis.lebihan@gmail.com
Tel.: +33 16 908 8205
Toshihiko Aso, M.D., Ph.D.
Aso.toshihiko@gmail.com
Tel.: +81 (0)75 751 3692

OVERVIEW
The imaging center at Kyoto University was first established for clinical and research
neurophysiology and electrophysiology, then transitioned to neuroimaging though EEG and MEEG
and finally 3 T MRI and fMRI studies. Next year they expect to receive a 7 T human scanner a few
blocks away at the Faculty of Medicine. Compared to other facilities toured, this is a smaller
center, but they have several unique features that distinguish them from much of the “me-too”
research present in neuroimaging. They have an active program attempting to develop an
alternative functional imaging contrast to BOLD through diffusion effects (in collaboration with
Prof. Le Bihan of NeuroSpin, who spends considerable time in Kyoto). They are also attempting to
develop a prototype cryogen-free 3 T scanner for brain imaging.
FUNCTIONAL FOCUS
As mentioned above, they have a considerable focus on MR engineering, having developed a
prototype magnet and gradient set for cryogen-free brain imaging. They also focus on novel
contrast mechanisms (non-hemodynamic) for detecting activation. In addition they showed some
more conventional work comparing brain atlases, and studying Alzheimer’s disease (AD)
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compared to Mild Cognitive Impairment (MCI), but it was their novel, one-of-a-kind projects that
stood out.
RESEARCH & DEVELOPMENT ACTIVITIES
The first presentation outlined the work done to develop a working prototype brain scanner for
neuroimaging research that did not use liquid cryogens. The rationale is based on the recent
worldwide helium shortage and the fact that this hit Japan particularly hard as they have no source
of helium. The prototype was installed in an off-campus facility since there was not room for it in
their current facility. They worked with local companies to develop a 20 K cryogen-free system.
The prototype was a 50 cm-diameter-bore head magnet operated at 3T. The magnet was a 5 coil,
180 amp solenoid design from DI-BSSCCO tape with a critical temperature of 30K at 3T. The spec
field homogeneity was 5 ppm over 25 cm DSV, and stability was ±0.5ppm. The magnet was not
run in persistent mode so they also had to install a stable power supply for it. They also designed
and had produced a head gradient for the system. The system was put together with a home-made
FPGA-based console and used to take some test images in a ex vivo brain. The images were of
impressive quality, even though the SNR was not yet optimized (i.e., somewhat lower than a 1.5 T
comparison). The magnet ultimately broke before much optimization could be performed.
However, this work provided valuable experience and proof of principle for many of the design
attributes and the whole project represents an impressive engineering feat that few centers could
achieve.
The second talk was on the development of a novel diffusion-based, non-hemodynamic contrast for
fMRI. Some of the results of this work are highlighted in Figure B.18.

Figure B.18. Comparison of the diffusion signal to gradient echo (GE) and spin echo (SE) BOLD in a visual
task (from Aso et al. 2013).
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This work represents the sort of high-risk, high reward project that was not seen in many of the
neuroimaging sites visited and directly addresses some of the questions of the panel by trying to
take the next step to allow fMRI to bridge the electrophysical–hemodynamic divide. While the
Kyoto group, together with Prof. Le Bihan, continues to show provocative data, there remains
some concern in the community that the mechanism is still hemodynamic. At the very least, we are
likely to learn something about the hemodynamic neurovascular coupling by examining this signal,
if it is indeed hemodynamic, and at best it will lead us to a new type of functional contrast. As
such, it is important at this stage in MR based functional imaging’s lifetime that someone is
actively exploring these next steps.
TRANSLATION
The main areas of translational research appear to be AD and MCI. The site is on the campus of the
Kyoto University Hospital and is thus well placed to perform patient studies.
SOURCES OF SUPPORT
The center’s researchers are soft money funded from Japanese government grants.
ASSESSMENT
The center is a small center focused on a mixture of “high-risk/high-reward” studies and
conventional neuroimaging projects. They are unique in their willingness to take on highly
challenging engineering problems as well as difficult technique issues (such as attempting to
unravel the diffusion changes accompanying neuronal activation).
SELECTED REFERENCES
Aso, T., S. Urayama, H. Fukuyama, and D. Le Bihan. 2013. Comparison of diffusion-weighted fMRI and BOLD fMRI
responses in a verbal working memory task. Neuroimage 67:25-32.
Le Bihan, D., S. Urayama, T. Aso, T. Hanakawa, H. Fukuyama. 2006. Direct and fast detection of neuronal activation in
the human brain with diffusion MRI. Proc Natl Acad Sci USA 103(21):8263-8268.
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Max Planck Institute for Biological Cybernetics
Site Address:

Spemannstrasse 38
72076 Tübingen
Germany
http://kyb.mpg.de

Date Visited:

May29, 2013

WTEC Attendees:

L. Wald (report author), L. Mujica-Parodi, P. Bandettini, R. Shelton

Host(s):

Prof. Dr. Nikos Logothetis
Tel.: +49-7071-601-651
nikos.logothetis@tuebingen.mpg.de
(Contact via assistant: Conchy.Moya@tuebingen.mpg.de)
Prof. Dr. Klaus Scheffler
Tel.: +49-7071-601-701
klaus.scheffler@tuebingen.mpg.de
(Contact via assistant: tina.schroeder@tuebingen.mpg.de)
Mr. Axel Oeltermann
Tel.: +49-7071-601-679
axel.oeltermann@tuebingen.mpg.de
Dr. Oxana Eschenko
Tel.: +49-7071-601-652
oxana.eschenko@tuebingen.mpg.de
Dr. Theofanis Panagiotaropoulos
Tel.: +49-7071-601-655
theofanis.panagiotaropoulos@tuebingen.mpg.de

OVERVIEW
The Max Planck Institute for Biological Cybernetics is devoted to studying signal and information
processing in the brain. We visited two of its three departments: High Field Magnetic Resonance
(headed by Dr. Klauss Scheffler) and Physiology of Cognitive Processes (headed by Dr. Nikos
Logothetis). These efforts represent sizable investments by Germany’s Max Planck Society, a nonprofit research organization that obtains the majority of its funding through the German state and
federal governments. The Max Planck research philosophy is to back outstanding researchers with
full funding to follow their self-chosen research directions. It has been a successful formula and the
Biological Cybernetics Institute is good example of this philosophy flourishing. Dr. Scheffler’s
research lab is equipped with the latest in ultra-high field MRI, including a 9.4T human system and
a 16T animal scanner. Dr. Scheffler has just started his tenure as a director and is making good
progress applying these instruments. He is well known in the field for his prior accomplishments in
MR technology. Dr. Logothetis’s laboratory focuses on multiscale studies of neural processing in
non-human primates where it successfully bridges the gap between the microscopic (e.g., single
unit recording) and the macroscopic (fMRI activation patterns across the cortex). Since our visit
mainly focused on discussions with Dr. Logothetis, this report focuses primarily on his laboratory.
FUNCTIONAL FOCUS
The Physiology of Cognitive Processes Department, headed by Dr. Logothetis, focuses on primate
models and the technology needed to simultaneously record electrophysiology and fMRI signals
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from non-human “awake-behaving” primates. Dr. Logothetis’s vision has been to develop a
laboratory capable of bridging the gap between the microscopic measurements of
electrophysiologists (among whom he is an expert) and neuroimaging (blood-oxygen level
dependent, i.e., BOLD) approaches capable of mapping indirect measures of brain activity (flow
and oxygenation) by allowing these to be measured simultaneously. To do this, his laboratory has
developed a variety of methodologies, for which nearly all the hardware was developed in-house.
The integrative, scale-bridging approach is unique in the world and after years of effort, bearing
fruit.
RESEARCH & DEVELOPMENT ACTIVITIES
Much of the visit was spent discussing directly the challenges of formulating a “complete” view of
brain activity that integrates spatial scales from single neurons to system-level theories of behavior.
The elementary operational units depend on scale, and both initial conditions and plasticity are
important as well. Together this leads to a complex, dynamical system model (likely non-causal)
spanning the sub-millimeter and sub-second resolution bands to the scales of the lobes and the
week to month long periods of plasticity. To study this, the laboratory has been assembling
imaging platforms that integrate the ability to follow electrophysiological signatures from a few
small areas and use fMRI to correlate these events with broad scale activation patterns and
networks across the cortex. This is only possible with their specialized development of
electrophysiological recording devices capable of operating in the MR scanner and considerable
effort has gone into developing this instrumentation. A good example of this approach is the
experiment in their recently published article (Logothetis et al. 2012; Figures B.19 and B.20).

Figure B.19. Activation maps showing positive BOLD correlations in much of the cerebral cortex and
inhibition in the diencephalon, mesencephalon, and metencephalon (from Logothetis et al.
2012).
From an experiment combining simultaneous electrophysiological recordings in the
hippocampus correlated with BOLD fluctuations in cortical and subcortical regions. See also
Figure B.20.
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Figure B.20. Time courses of each group region of interest (ROI) for the images shown in Figure B.19 (left)
and fractions of activated voxels for each group ROI (right) (from Logothetis et al. 2012).
(Left) In the stacked-bar plot, the lighter color indicates +1 standard deviation. Note the sign
change in the transition from cortical to subcortical areas and the difference in response onset.
(Right) ROIs are listed according to their location within the subdivisions of the standard
developmental anatomical brain characterization, from metencephalon (bottom) to neocortex
(top). Dien = diencephalon; mesen = mesencephalon; meten = metencephalon.

In this work, a recording was made from hippocampal cells to detect episodic, high-frequency field
potential oscillations (“hippocampal ripples”) associated with sleep and calmness. The brain-wide
effects of these ripples were studied by correlating them with the BOLD fluctuations in the resting
state for all voxels in the brain (ripple-triggered fMRI). They showed that most of the cerebral
cortex is selectively activated during the ripples, whereas most of the diencephalic, mid-brain, and
brainstem regions are strongly inhibited suggesting a thalamic and mid-brain orchestration of offline memory consolidation.
TRANSLATION
The laboratory is not directly focused on clinical research.
SOURCES OF SUPPORT
Max Planck Society
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ASSESSMENT
This laboratory is in the process of defining how the next century of neuroimaging can bridge the
existing gaps between spatial and temporal scales inbred into the electrophysiology and functional
MRI communities to achieve a testable, hypothesis generating model of brain neuronal processing.
While we know intuitively that studies at either scale alone cannot achieve this, there has been little
headway into scale-bridging methodology. While the investment to get there was clearly
formidable, the members of the Department of Physiology of Cognitive Processes have clearly
succeeded in beginning these experiments and currently have this exciting direction to themselves.
SELECTED REFERENCES
Logothetis, N.K., O. Eschenko, Y. Murayama, M. Augath, T. Steudel, H.C. Evrard, M. Besserve, and A. Oeltermann.
2012. Hippocampal-cortical interaction during periods of subcortical silence. Nature 491:547-553,
doi:10.1038/nature11618.
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Max Planck Institute for Human Cognitive and Brain Sciences
Site Address:

Stephanstraße 1a
04103 Leipzig
Germany
http://www.cbs.mpg.de/index.html

Date Visited:

May 31, 2013

WTEC Attendees:

P. Bandettini (report author), L. Mujica-Parodi, L. Wald, R. Shelton

Host(s):

Prof. Dr. Arno Villringer
Chair, Dept. of Cognitive Neurology
Tel.: +49-341-9440-2220
villringer@cbs.mpg.de
Dr. Alfred Anwander
Research Staff
Tel.: +49-341-9940-2626
anwander@cbs.mpg.de
Dr. Pierre-Louis Bazin
Tel.: +49-341-9940-2445
bazin@cbs.mpg.de
Mr. Matthias Bolz
Tel.: +49-341-9940-2685
bolz@cbs.mpg.de
Prof. Dr. Angela Friederici
Managing Director
Dept. of Neuropsychology
Tel.: +49-341-9940-112
angelafr@cbs.mpg.de
Dr. Stefan Geyer
Neuroanatomy Group
Tel.: +49-341-9940-2448
sgeyer@cbs.mpg.de
Prof. Dr. Harald Möller
Nuclear Magnetic Resonance Unit
Tel.: +49-341-9940-2212
moeller@cbs.mpg.de
Dr. Burkhard Pleger
Department of Neurology
Tel.: +49-341-9940-135
bpleger@cbs.mpg.de
Dr. Julia Sacher
Tel.: +49-341-9940-2409
sacher@cbs.mpg.de
Prof. Dr. Matthias Schroeter
Tel.: +49-341-9724-962
schroet@cbs.mpg.de
Dr. Michael Skeide
Tel.: +49-341-9940-129
skeide@cbs.mpg.de
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Prof. Dr. Michael Stumvoll
Tel.: +49-341-9713-380
Michael.stumvoll@medizin.uni-leipzig.de
Dr. Angelika Thöne-Otto
Tel.: +49-341-9724-992
Angelika.thoene@medizin.uni-leipzig.de
Prof. Dr. Robert Turner
Director of Neurophysics
Tel.: +49-341-9940-2242
turner@cbs.mpg.de

OVERVIEW
The Max Planck Institute for Human Cognitive and Brain Sciences was established in 2004 as a
merger between the former Leipzig Max Planck Institute of Cognitive NeuroScience and the
Munich Max Planck Institute for Psychological Research. The merger was motivated by the desire
to have psychological and neuroscientific research conducted in closer proximity. The institute
consists of four departments: Neurology (headed by Arno Villringer), Neurophysics (headed by
Robert Turner), Neuropsychology (headed by Angela Friederici), and Social Neuroscience (headed
by Tania Singer). Currently the institute has two open departments: Neuromodeling and Cognitive
Psychology. The Institute also fosters independent research groups with a more specific focus and
headed by more junior scientists. Overall, these labs are all fully funded, allowing for complete
focus on cutting edge research. The philosophy is to foster collaboration between the various
departments and research groups, with MRI, diffusion tensor imaging (DTI), and fMRI being the
unifying technology.
The research here is supported by a state-of-the-art Siemens 7 T scanner and four 3 T scanners.
One 3 T is for high throughput genotype and longitudinal studies. Also, the institute has a 306
channel whole head magnetoencephalography (MEG), and eight MEG suites with up to 128
channels and up-to-date head digitization systems. The 7 T scanner is mostly for method
development but has been including more of the studies of cognition. The 3 T scanners have been
used for clinical population and longitudinal studies. The building itself is new and state of the art.
The institute has a total of 329 staff, of whom 108 have doctoral degrees. There are also 72 Ph.D.
students, 102 guest contracts, and 48 interns and MA students. 32% of all are international and
57% are female.
FUNCTIONAL FOCUS
The research emphasizes human cognitive abilities and cerebral processes, with a focus on the
neural basis of functions such as language, emotion, social behavior, music, and action. We were
presented mostly with work involving novel applications of MRI and fMRI to understanding
physiology as well as technical developments of MRI, DTI, and fMRI. From the presentations, and
from the predominant publications coming from this center, the focus is MRI acquisition, contrast
mechanism and processing development, neurophysiology or brain activity and plasticity, and
language. This group, in particular the group led by Robert Turner, has pioneered methods for high
resolution fMRI, high resolution and high sensitivity DTI, and assessment of susceptibility and
myelin contrast.
In terms of technology development, one aspect was emphasized as being relevant in the future:
bringing together macro- and micro-scale analysis (information transfer from microcircuits and
microcircuits).
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RESEARCH & DEVELOPMENT ACTIVITIES
A wide range of research, representing most of the departments and their interaction was presented.
The presentations started with an overview by Dr. Friederici. Dr. Villringer discussed translational
neuroscience. Dr. Matthias Boltz presented a “ReSource” model of compassion training and
corresponding measures of the effectiveness of this. Dr. Michael Skeide discussed an early
diagnostic test of dyslexia. Dr. Stefan Geyer discussed a multimodal study of the hypothalamus in
relation to mood disorder and utilized diffusion weighted MRI to delineate hypothalamus
subdivisions. Dr. Burkhard Pleger discussed their MRI-based lesion mapping. In addition, they
demonstrated that cognitive deficits could be predicted by prefrontal activation classification.
Harald Moller discussed issues of clinical translation—with specific focus on their kinematic glove
results.
Dr. Alfred Anwander discussed their cutting edge work on 7 T diffusion MRI and its relation to
tractography and connectivity-based parcellation in the whole brain. They are part of a European
consortium called Connect (http://www.brain-connect.eu). Pierre-Louis Bazin discussed the issues
involved with high resolution imaging and processing, including some ideas on how the problem of
high resolution group averaging might be solved. A novel idea was proposed that principles of
brain structure randomness could be revealed by how well registration works across spatial scales.
Dr. Robert Turner discussed the cutting edge results of their 7 T system and novel pulse sequences.
They can collect structural images with 0.35 mm isotropic voxels, functional images with 0.65 mm
isotropic voxels, and connectivity maps at 0.88 mm isotropic voxels. Doing this, they can start to
use fMRI to address questions of directionality and causality by separating activation across
cortical layers, thus determining whether they are output activations or input activations.
Dr. Matthias Schroeter discussed dementia and the study of individual subjects with deep brain
stimulations. Dr. Thone-Otto discussed results of training working memory in elderly and patients
with brain injuries as working memory is central to cognitive rehabilitation.
Dr. Arno Villringer discussed obesity and decision making as well as their assessment of networks
associated with stroke and recovery.
TRANSLATION
A large fraction of the research is on clinical populations. Most of the testing of direct clinical
impact on individual patients is behavioral and not imaging-based. The exceptions are deep brain
stimulation and ECoG. The bulk of the clinical research is devoted to understanding systems level
to molecular level mechanism of disease so that more effective treatments could be developed in
the long run.
SOURCES OF SUPPORT
Max Planck Society
ASSESSMENT
The scope of the research here is wide ranging and cutting edge. There is less focus on cognitive
modeling or pursuit of single subject classification, but the strong technical developments and high
level of integration across departments is a strong point. All the primary researchers here have
absolutely outstanding international reputations and the work being carried out in imaging is
among the very best in the world as the center has cutting edge resources in MRI and MEG.
SELECTED REFERENCES
Dukart, J., K. Mueller, A. Horstmann, H. Barthel, H.E. Möller, A. Villringer, O. Sabri, and M.L. Schroeter. 2011.
Combined evaluation of FDG-PET and MRI improves detection and differentiation of dementia. PLoS ONE
6(3):e18111, doi:10.1371/journal.pone.001811.
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Liu, Y., L.F. Lopez-Santiago, Y. Yuan, J.M. Jones, H. Zhang, H.A. O’Malley, G.A. Patino, J.E. O’Brien, R. Rusconi, A.
Gupta, R.C. Thompson, M.R. Natowicz, M.H. Meisler, L.L. Isom, and J.M. Parent. 2013. Dravet syndrome patientderived neurons suggest a novel epilepsy mechanism. Ann. Neurol. 74(1):128-139, doi:10.1002/ana.23897. [First
published online 2 July 2013]
Ovadia-Caro, S., K. Villringer, J. Fiebach, G.J. Jungehulsing, E. van der Meer, D.S. Margulies, and A. Villringer. 2013.
Longitudinal effects of lesions on functional networks after stroke. J. Cereb. Blood Flow Metab. 33(8):1279-1285,
doi:10.1038/jcbfm.2013.80.
Xu, C., V. G. Kiselev, H.E. Moller, and J.B. Fiebach. 2013. Dynamic hysteresis between gradient echo and spin echo
attenuations in dynamic susceptibility contrast imaging. Magn. Reson. Med. 69(4):981–991,
doi:10.1002/mrm.24326.

156

Appendix B. Site Visit Reports

Monash University
Site Address:

Bldg. 220, 770 Blackburn Rd.
Clayton 3800
Victoria, Australia

Date Visited:

March 31, 2014

WTEC Attendees:

T. Conway, P. Bandettini (report author), L. Mujica-Parodi, A. Leonessa, L. Wald

Host(s):

Professor Gary Egan
Director, ARC Centre of Excellence for Integrative Brain Function
Gary.egan@monash.edu
Tel.: +613 9902 9750
Professor Marcello Rosa
Department of Physiology, Deputy Director, ARC
Marcello.rosa@monash.edu
Tel.: +61 3 990 52522
Professor Ian Smith
Chief investigator
Ian.smith@monash.edu
Tel.: +61 3 9902 4050
Professor Paul Bonnington
Director of the Monash e-Research Centre
Tel.: +61 (3) 9902 0711
Professor John Carroll
Dean of Biomedical and Psychological Sciences
j.carroll@monash.edu
Professor George Simon
Deputy Dean, Engineering & Professor, Materials Engineering
George.simon@monash.edu
Professor Arthur Lowery
Director, Monash Vision Group
Arthur.lowery@monash.edu
Professor Murat Yücel
Director, Monash Clinical & Imaging Neuroscience

OVERVIEW
Only four years ago, Monash University, as part of a Victoria wide consortium, was awarded a
grant from the Victorian State Government to support the establishment of a state-of-the art
multimodal, biomedical imaging facility at Clayton. Monash University is one of Australia’s
leading institutes for biomedical research and has recently established new biomedical imaging
capabilities (MBI: Monash biomedical imaging) to further its research and development activities
in neurosciences, oncology, cardiovascular health, musculoskeletal disorders and developmental
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biology. An Aus$15 million investment by Monash University and its partners has led to the
establishment of a unique bioimaging facility that includes a synchrotron biomedical imaging
device and also MRI, PET, X-ray computed tomography (CT), and fluorescence imaging. We
toured the Clayton node (housing MRI and including about 5000 m2) of space. We also toured the
New Horizons building, which housed the Monash University CAVE2 facility, a large-scale
immersive visualization facility for exploration of research data, such as connectomics data created
through DTI. The CAVE2 provides a physical environment to explore data that has been processed
on the “MASSIVE” facility (Multimodal Australian ScienceS Imaging and Visualization
Environment), an HPC facility dedicated to imaging and visualization.
FUNCTIONAL FOCUS
Under the leadership of Dr. Gary Egan, the focus of MBI is to deliver the next generation of
biomedical research discoveries and to enhance excellence in biomedical imaging to benefit
translational research. Specific priorities include: providing the best, most cutting imaging
equipment and expertise, encouraging multidisciplinary collaborations, organizing workshops and
educational opportunities, linking imaging resources throughout the university.
RESEARCH & DEVELOPMENT ACTIVITIES
Resources include the following:
•
•
•
•
•

3 tesla human MRI (Siemens Skyra) & simultaneous EEG and fMRI and eye-tracking
9.4 Tesla small animal MRI (Agilent 20 cm bore)
PET-SPECT-CT small animal scanner (Siemens)
PET-CT small animal scanner
FLECT-CT small animal scanner.

For microscopy they use an X-ray beam line and phase contrast CT, delivering extremely high
resolution and surprisingly high contrast images.
Several research teams are assembled to make the best use of these facilities. These include: a
cognitive neuroimaging team that uses the simultaneous EEG and MRI and fMRI systems towards
the study of oculo-motor activity. A novel complement to the MRI systems at the center is the XRay and CT imaging. The center has synchrotron imaging to investigate biomedical processes in
living systems—with focus on lung and cardiovascular disease. With the use of synchrotron
imaging and diffraction techniques, they can study systems in real time at high resolution.
Approximately 50 projects are being carried out on the human scanners. They are at capacity. The
areas of greatest innovation include: structural biology, microscopy, high performance CPU
(MASSIVE), and immersive visualization (CAVE2; Figure B.21).
MRI of kidney function with new types of contrast helps to advance understanding of renal disease.
Specifically, MR susceptibility contrast is being used here. MRI connectivity assessment using
diffusion tensor imaging and fMRI connectivity is being developed. Another study is focused on
the human loss of consciousness. Another area of interest is Huntington’s disease. A longitudinal
study to develop biomarkers is being carried out.
TRANSLATION
Mostly, this institute is interested in establishing a center of excellence where novel technology and
methodology are developed, novel questions are being addressed in biologic systems, and novel
translational applications will grow. Other translational research involves looking at Williams
Syndrome, Fragile X, autism, ADHD, and Friedreich’s Ataxia (assessing hypomyelination of the
superior cerebellar peduncle using magnetization transfer pulses). The center also studies lung and
cardiovascular disease.
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Figure B.21. Molecular structures as shown in the Monash University CAVE2, which is used to visualize a
wide variety of different data (courtesy of Monash University).

SOURCES OF SUPPORT
Monash University provided 15 million dollars four years ago to establish the imaging facility. The
sources of funding are national government, state, and home institute, equally divided. They charge
for scanning on the MR system at a rate of $600/hour.
ASSESSMENT
Overall, we were very impressed with the basic facilities as well as the expertise and vision. The
focus is on advancing cutting edge methodology and directly translating to clinical research. The
expertise and infrastructure are outstanding.
SELECTED REFERENCES
Bohanna, I., N. Georgiou-Karistianis, and G.F. Egan. 2011. Connectivity-based segmentation of the striatum in
Huntington’s disease: vulnerability of motor pathways. Neurobiology of Diseases 42:475-481.
Cole, L.J., M. Gavrilescu, L.A. Johnston, S.J. Gibson, M.J. Farrell, and G.F. Egan. 2011. The impact of Alzheimer’s
disease on the functional connectivity between brain regions underlying pain perception. Eur J Pain 15(568):e1-e11.
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Otto-von-Guericke University Magdeburg
Site Address:

Faculty of Natural Sciences
Department of Biomedical Magnetic Resonance
Leipziger Strasse 44, H65-393
39120 Magdeburg
Germany

Date Visited:

May 27, 2013

WTEC Attendees:

T. Cortese, K. Kiehl (report author), T. Wager, T. Conway, M. Beaudoin, P. Foland

Host(s):

Prof. Oliver Speck, Ph.D.
Faculty of Natural Sciences
Tel.: +49-391-6117-113
oliver.speck@ovgu.de
Prof. Peter Nestor, Ph.D.
German Center for Neurodegenerative Diseases
Tel.: +49-391-67-24513
peter.nestor@dzne.de
Prof. Stefan Pollmann
Faculty of Natural Sciences
Institute for Psychology II
Tel.: +49-391-67-18474
stefan.pollmann@ovgu.de
André Brechmann, Ph.D.
Leibniz Institute for Neurobiology
Special Lab Non-Invasive Imaging
Tel.: +49-391-6263-92161
andre.brechmann@lin-magdeburg.de
Martin Walter, M.D., Ph.D.
Head, Clinical Affective Neuroimaging Laboratory
Leibniz Institute for Neurobiology & Medical Faculty
martin.walter@med.ovgu.de

OVERVIEW
The Leibniz Institute for Neurobiology (LIN) in Magdeburg is the home of the first 7 Tesla human
MRI installed in Europe. The 7 T has been operational since 2005. The MR facility, which is
jointly used by LIN, the Otto-von-Guericke University, and the German Center for
Neurodegenerative Diseases, is one of the leading sites in the world for high-field imaging. The
program has a very strong translational focus for developing novel MR based procedures for
neuroscientific applications and to inform psychiatric diagnosis and treatment. There is a strong
focus on method development, led by Professor Oliver Speck, and on neuroscientific applications
in the Leibniz Institute departments of Neurology, Psychology, and Psychiatry led by Professor
Walter. The team we met with included representatives from psychology, psychiatry, neurology,
neurobiology, and physics.
FUNCTIONAL FOCUS
One of the main clinical research focuses of the Magdeburg team is using measures of functional
connectivity to examine predictors of antidepressant drug response, including selective serotonin
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reuptake inhibitors (SSRI), in patients with refractory treatment resistant depression. In addition,
spectroscopic measures at 7 T, which is a significant advantage over 3 T for characterizing
subcortical concentrations of metabolites, are being used to predict treatment outcome or treatment
path for various antidepressants with different pharmacokinetic properties. According to team
members the group plans to use MR based methods to help determine treatment options for inpatients with treatment-resistant depression. This work represents true translational neuroscience
with direct clinical benefit to the patient.
This translational aspect of this work is seen as being facilitated due to upcoming changes in the
German medical model. In this model the hospital is fully reimbursed for patient care for some 2.5
weeks. If patients are unable to leave in-patient care after such a short diagnosis-specific time, the
burden for their care increasingly falls to the hospital. On the other hand if the patient is timeefficiently treated, then the hospital may free up bed space, enabling higher revenue. This model
has the potential benefit of facilitating the implementation of novel procedures (i.e., MRI based)
that improve speedy diagnosis and treatment paths for patients. This benefits both the patient and
the revenue for the hospital.
At Magdeburg the basic costs for operating the 7 T scanner are covered by the government through
funding to the Leibniz Institute for Neurobiology. The system is not FDA or CE certified. Thus, it
is a pure research system. While they do request some contribution by the researchers to cover
running costs, members of the institutions that operate the system can use it for free.
RESEARCH & DEVELOPMENT ACTIVITIES
Magdeburg is a center for the improvement of image quality and pressing the frontiers of highspeed, high-quality fMRI. For example, Professor Speck illustrated for us a new method for
reducing distortions in echo-planar imaging (EPI) that is commonly used for measurement of blood
oxygen level-dependent (BOLD) imaging. Speck stated that the distortions are now less than 1
voxel—a critical development for high-resolution mapping of BOLD activity—particularly useful
for presurgical mapping cases where surgeons cannot tolerate any deviations.
There is a strong focus on examining biomarkers for mild cognitive impairments (MCI). The team
is working on novel interventions (exercise, navigation tasks) to try to reduce the rate of decline of
memory and other performance characteristics. By understanding the pathophysiology, the group
hopes to determine which patients will likely benefit from medications.
Dr. Brechmann is using high resolution fMRI to do auditory cortex parcellation in both animal and
human models.
Professor Pollmann is doing unique work integrating eye tracking and fMRI. His work spans basic
research examining visual attention alterations in simulated scotomata to clinical work examining
whether patients are using the same information in realistic pictures as are healthy controls.
Professor Walter studies affective disorders and he is actively using spectroscopic glutamatergic
measures to help identify problems in melancholic depression. He is also doing studies with
ketamine which is believed to be a potential treatment for depression. This work has translated into
a clinical treatment.
Other questions the group is examining include:
Do GABA spectra predict negative bold response in the anterior cingulate cortex? Can MR spectra
be linked with BOLD measurements? Do glutamate levels predict anterior cingulate connectivity?
Do these measures help to understand patients with treatment resistant depression?
Also, can ketamine be used to break up increased functional connectivity between the anterior
cingulate and posterior regions? If so will this be an effective treatment for depression?
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Professor Walter is also pioneering studies of paraphilias. In particular his group has published
studies examining neuroscience of pedophilia. With the goal towards developing novel
interventions for paraphilias this work has enormous potential impact on medicine and policy.
TRANSLATION
The team collaborates with some industry partners, but the true innovation is in developing
methods that are being used in research and clinical diagnosis to improve patient health. In addition
the methodological developments in improved imaging quality and speed are of enormous benefit
to the larger imaging community.
SOURCES OF SUPPORT
The Magdeburg team partners with Siemens and with some industry (approximately one-sixth of
funding); but the majority of funding comes from EU, national, and regional grants and from
institutional resources.
ASSESSMENT
The team takes excellent advantage of the uniqueness of the 7 T scanner; they are a great example
of collaboration across disciplines and are making a true translational impact in patient care and
treatment delivery.
SELECTED REFERENCES
Abler, B., G. Grön, A. Hartmann, C. Metzger, and M. Walter. 2012. Modulation of frontostriatal interaction aligns with
reduced primary reward processing under serotonergic drug. Journal of Neuroscience 32(4):1329-1335.
Chang, C., C.D. Metzger, G.H. Glover, J.H. Duyn, H.-J. Heinze, and M. Walter. 2013. Association between heart rate
variability and fluctuations in resting-state functional connectivity. NeuroImage 68:93-104.
Dou, W., N. Palomero-Gallagher, M.-J. van Tol, J. Kaufmann, K. Zhong, H.-G. Bernstein, H.-J. Heinze, O. Speck, and
M. Walter. 2013. Systematic regional variations of GABA, Gln and Glu concentrations follow receptor fingerprints
of human cingulate cortex. Journal of Neuroscience 33(31):12698-12704.
Lord, A., D. Horn, M. Breakspear, and M. Walter. 2012. Changes in community structure of resting state brain networks
in unipolar depression. PLoS ONE 7(8):e41282.
Lutti, A., J. Stadler, O. Josephs, C. Windischberger, O. Speck, J. Bernarding, C. Hutton, and N. Weiskopf. 2012. Robust
and fast whole brain mapping of the RF transmit field B1 at 7T. PLoS One 7(3):e32379, doi:10.1371
/journal.pone.0032379.one.0032379.
Maclaren, J., B.S.R. Armstrong, R.T. Barrows, K.A. Danishad, T. Ernst, C.L. Foster, K. Gumus, M. Herbst, I.Y.
Kadashevich, T.P. Kusik, Q. Li, C. Lovell-Smith, T. Prieto, P. Schulze, O. Speck, D. Stucht, and M. Zaitsev 2012.
Measurement and correction of microscopic head motion during magnetic resonance imaging of the brain. PLoS
One 7(11):e48088, doi:10.1371/journal.pone.0048088.
Metzger, C.D., M. Walter, H. Graf, and B. Abler. 2013. SSRI-related modulation of sexual functioning is predicted by
pre-treatment resting state functional connectivity in healthy men. Archives of Sexual Behavior 42(6):935-947.
Posse, S., E. Ackley, R. Mutihac, J. Rick, M. Shane, C. Murray-Krezan, M. Zaitsev, and O. Speck. 2013. Enhancement of
temporal resolution and BOLD sensitivity in real-time fMRI using multi-slab echo-volumar imaging. NeuroImage
61(1):115-130, doi:10.1016/j.neuroimage.2012.02.059.
Scheidegger, M., M. Walter, M. Lehmann, C. Metzger, S. Grimm, H. Boecker, P. Boesiger, A. Henning, and E. Seifritz.
2012. Ketamine decreases resting state functional network connectivity in healthy subjects: implications for
antidepressant drug action. PLoS ONE 7(9):e44799.
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Panum Institute, University of Copenhagen
Site Address:

Nørre Alle
DK-2200 Copenhagen N
Denmark

Date Visited:

May 30, 2013

WTEC Attendees:

T. Cortese, K. Kiehl (report author), T. Wager, M. Beaudoin, T. Conway, P. Foland

Host(s):

Professor Martin Lauritzen, M.D., Ph.D.
Department of Clinical Neurophysiology, Glostrup Hospital
Tel. : +45 43232500
martin.johannes.lauritzen@regionh.dk
marl@glostruphosp.kbhamt.dk
Professor Albert Gjedde, M.D., Ph.D.
Head of Department of Neuroscience and Pharmacology
Tel.: +45 3010 4961
gjedde@sund.ku.dk
Professor Gitte Moos Knudsen, M.D., Ph.D.
Tel.: +45 3545 6720
gitte@nru.dk
Professor Henrik Larsson, M.D., Ph.D.
Functional Imaging Unit
henrik.larsson@regionh.dk
Egill Rostrup, M.D., Ph.D.
Chief Physician, Functional Imaging Unit, Glostrup Hospital
Tel.: +45 38 53 38 63
egiros01@glo.regionh.dk
Professor Lars Kai Hansen
Head of Section Cognitive Systems, U Informatics
Tel.: +45 4525 3889
lkh@Timm.dtu.dk
Professor Mads Nielsen, Ph.D.
Department of Computer Science
Tel.: +45 353 21450
mads@diku.dk
Claus Svarer, Ph.D.
Research Associate, Neurobiology Research Unit
Tel.: +45 3545 6716
Claus.svarer@nru.dk
Ellen Garde, M.D., Ph.D.
Consultant, Danish Research Centre for Magnetic Resonance
elleng@drcmr.dk
Alexey Brazhe, Ph.D.
Post-doctoral student
Moscow State University, Russia
brazhe@gmail.com
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OVERVIEW
University of Copenhagen is a thriving research environment with particular expertise in PET
imaging, functional MRI, state-of-the-art image analyses and processing, and unique populationbased samples.
FUNCTIONAL FOCUS
This group spans research programs in cutting edge methods, unique longitudinal samples, and true
translational impact.
RESEARCH & DEVELOPMENT ACTIVITIES
Professor Gjedde reviewed his group’s work on measuring various domains of brain metabolism
using the PET technique. His group examines brain energetic and functional regulation of cerebral
blood flow. In particular, Gjedde’s group examines the interpretation of PIB imaging for detection
of plaques (such as those seen in Alzheimer’s) and in the detection of minimally conscious states
(MCS) in patients in coma or similar states. The latter has significant implications for legal
decisions.
For example, with respect to their washout allometric reference mapping (WARM) procedure, the
group has argued that Alzheimer’s disease (AD) appears to be a metabolic disorder and not a flow
disorder. The WARM technique chronicles the symptoms of metabolism problems. Also, oxygen
15-labeled water is a PET flow measure and is likely to be as discriminating of AD than Pittsburgh
Compound B (PIB) imaging. Flow impairment in AD is a downstream consequence of what
appears to be a metabolic problem. In other work on neurodegeneration they have, with
collaborators in Minnesota, been able to use 7 T to compute ATP turnover in the human brain.
Professor Knudsen has examined individual differences in behavior genes, biochemical measures,
and imaging parameters (functional MR imaging/PET/Diffusion Tensor Imaging, with particular
emphasis on the serotonin system, building a large database of (n≈500) to examine serotonergic
processes. The group has done many radioligand development studies, over 500 compounds have
been narrowed down to 10. Most of the developmental work has been done in swine models.
Obesity research focuses on serotonin; obesity is positively associated with cerebral 5-HT2A
receptors and inversely related with cerebral serotonin transporter binding. Further, 5-HT4R
binding is upregulated in the nucleus accumbens in obese people. Also, they have done studies of
fMRI and PET at the same time (Sander et al. 2013). They use Pittsburgh Compound B (PIB)
imaging routinely in clinical cases with other measures. They also use 99Tc-HMPAO for epilepsy
surgical localization and in the study of movement disorders.
One major recommendation by the group was the creation of a worldwide PET database to
facilitate large scale data analyses and meta analyses.
Professor Larsson examines blood-brain barrier (BBB) permeability using DCE MRI with the aim
of developing methods capable of detecting subtle changes of the BBB permeability in
neurodegenerative diseases. Future directions include moving to higher field strength and
incorporating water exchange, which is directly related to water permeability of the BBB. Clinical
questions under study include what happens in the brain during radiation therapy and during
treatment for MS.
Professor Rostrup, using a Danish cohort of more than 12,000 people born in 1953—Metropolit
cohort—is studying healthy and unhealthy aging. Techniques include using resting state fMRI to
show that normal aging looks good and that unhealthy aging is associated with less deactivation
during tasks. This is a highly unique and valuable longitudinal study. Resting state and perfusion
scans appear to be very sensitive to cognitive decline and perhaps eventually Alzheimer’s disease.
According to Rostrup, the main obstacle to routine clinical use of the latter measures is the need for
standardization of post-processing and perhaps acquisition standards as well.

164

Appendix B. Site Visit Reports

Professor Rostrup is also working with the PECANS Cohort—neuroleptic-naïve, first-episode
psychotic patients. The project uses multimodal imaging (SPECT/fMRI) at baseline and following
six weeks of treatment. They are using a monetary-incentive delay (MID) task to examine
dopamine circuitry. One exciting study found that ventral striatum activity normalized in firstepisode patients with the administration of antipsychotics.
In 1994 Professor Hansen’s group was the first to use PET scans of mind reading. They have since
updated to using real-time fMRI, with 100 s of support vector machines used to process data in real
time. His group is on the cutting edge of the most exciting methods for image processing. They
have has also developed a very practical implementation of an implantable EEG device for
measuring low glucose levels (http://hyposafe.com).
Professor Nielsen is developing novel, more sensitive, methods for the automatic analyses of
structural MRI data. In particular his non-Jacobian cube transformation has shown exquisite
sensitivity to volume loss in Alzheimer’s disease (using the Alzheimer’s Disease Neuroimaging
Initiative (ADNI) data set). Future work is looking to see whether medicine can prevent the decline
in gray matter seen in patients with Alzheimer’s disease.
TRANSLATION
This group of scientists appears to be relatively unique in their ability to translate science into
clinical tools. One example is the implantable EEG system for the detection of low blood glucose,
which is truly innovative.
SOURCES OF SUPPORT
EU, government, university and partnerships with companies.
ASSESSMENT
The work being done at the Panum Institute is truly exciting and groundbreaking.
SELECTED REFERENCES
Aanerud, J., P. Borghammer, M.M. Chakravarty, K. Vang, A.B. Rodell, K.Y. Jónsdottir, A. Møller, M. Ashkanian, M.S.
Vafaee, P. Iversen, P. Johannsen, and A. Gjedde. 2012. Brain energy metabolism and blood flow differences in
healthy aging. J. Cereb. Blood Flow Metab. 32(7):1177-1187, doi:10.1038/jcbfm.2012.18. [Epub 2012 Feb 29.
PubMed PMID: 22373642; PubMed Central PMCID: PMC3390816].
Erritzoe, D., V.G. Frokjaer, M.T. Haahr, J. Kalbitzer, C. Svarer, K.K. Holst, D.L. Hansen, T.L. Jernigan, S. Lehel, and
G.M. Knudsen GM. 2010. Cerebral serotonin transporter binding is inversely related to body mass index.
NeuroImage 52(1):284-289, doi:10.1016/j.neuroimage.2010.03.086.
Nielsen, M.O., E. Rostrup, S. Wulff, N. Bak, B.V. Broberg, H. Lublin, S. Kapur, and B. Glenthoj. 2012. Improvement of
brain reward abnormalities by antipsychotic monotherapy in schizophrenia. Arch. Gen. Psychiatry 69(12):11951204, doi:10.1001/archgenpsychiatry.2012.847.
Sander, C.Y., J.M. Hook, C. Catana, M.D. Normandin, N.M. Alpert, G.M. Knudsen, W. Vanduffel, B.R. Rosen, and J.M.
Mandeville. 2013. Neurovascular coupling to D2/D3 dopamine receptor occupancy using simultaneous
PET/functional MRI. Proc. Natl. Acad. Sci. USA 110(27):11169–11174, doi:10.1073/pnas.1220512110.
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Peking University, Center for MRI Research
Site Address:

Peking University
Integrated Science Research Center Bldg.
5 Yiheyuan Road
Haidan District, Beijing
China 100871

Date Visited:

April 1, 2014

WTEC Attendees:

B. He, G. Glover (report author), T. Cortese, C. Stewart

Host(s):

Professor Jia-Hong Gao
jgao@pku.edu.cn
Tel.: +(86) 10-62753192
Dr. Jianqiao Ge
gejq@pku.edu.cn
Tel.: +(86) 10-62745073

OVERVIEW
Dr. Gao provided a verbal overview of the Center, which began with his recruitment about a year
ago from the University of Chicago. He is in the process of recruiting up to five faculty members, a
MRI physicist and a technical engineer; at present the center has only three faculty members. The
Center is located in a new building of Integrated Science Research, which is just finishing
construction; it will contain two 3 T scanners (Siemens and GE) and a 9.4 T animal magnet. A
fourth 3 T scanner (GE) is to be installed in the affiliated hospital for research only. Thus, strong
clinical translation is envisioned. The facility will be a core resource for the university with user
fees to cover part of the operations costs, and there are already users waiting for its opening,
scheduled for June.
Dr. Gao has developed collaborations with MRI vendors to build an MRI machine, and a post-doc
researcher passed around a beautifully designed and constructed printed circuit board containing an
8 channel receiver. They plan to commercialize this instrument by working with a local company.
They also have plans to install a MEG scanner with potential for technique development. This
partnership with industry is encouraged by the Chinese government as a means of developing
China’s own high-end biomedical imaging industry.
The main issue with research in this center (and apparently all other Chinese universities) is that
senior faculty only receive about one student per year who is supported by the department for
exactly 5 years; Only a small percentage of grant money can be used to pay for personal costs
(post-doc’s salary and student’s stipend). Dr. Gao received three students in the first year as part of
his startup.
FUNCTIONAL FOCUS
Human and animal scanning as core resource; imaging data analysis and model computation;
development of imaging methodology as well as hardware in partnership with industry.
RESEARCH & DEVELOPMENT ACTIVITIES
Because the center is still under construction, no research is being conducted.
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SOURCES OF SUPPORT
The Center was found with support from China’s “211” and “985” projects. Dr. Gao was recruited
with an approximately 100 million RMB package from Peking University for startup.
ASSESSMENT
The Center has not yet begun operation, but Dr. Gao is well known from his years at the University
of Chicago. The environment should support robust research from cognitive neuroscience to basic
technical development.
SELECTED REFERENCES
Luo, Q., X. Jiang, and J.H. Gao. 2011. Detection of neuronal current MRI in human without BOLD contamination. Magn
Reson Med 66(2):492-497.
Tamhane, A.A., K. Arfanakis, M. Anastasio, X. Guo, M. Vannier, and J.H. Gao. 2012. Rapid PROPELLER-MRI: a
combination of iterative reconstruction and under-sampling. J Magn Reson Imaging 36(5):1241-1247.

Appendix B. Site Visit Reports

167

QIMR Berghofer Medical Research Institute
Site Address:

Locked Bag 2000, Royal Brisbane Hospital
300 Herston Rd., Herston 4006
Queensland, Australia
http://www.qimrberghofer.edu.au

Date Visited:

April 1, 2014

WTEC Attendees:

T. Conway, P. Bandettini, L. Mujica-Parodi (report author), A. Leonessa, L. Wald

Host(s):

Prof. Michael Breakspear
Coordinator, Mental Health and Complex Disorders
Michael.Breakspear@qimrberghofer.edu.au
Tel.: +61 7 3845 3692

Other Attendees:

Dr. Frank Gannon
Director & CEO
Directors_Office@qimrberghofer.edu.au
Tel.: +61 7 3362 0203
The following students attended: Matthew Aburn, Kevin Aquino, Christine Cong,
Michaela Davies, Leonardo Gollo, Matthew Hyett, Kartik Iyer, Kees de Leeuw,
Anton Lord, Saeid Mehrkanoon, Tamara Powell, James Roberts

OVERVIEW
QIMR Berghofer (formerly the Queensland Institute of Medical Research) includes research
laboratories focused upon three primary areas: cancer, infectious diseases, and psychiatric diseases.
With respect to the last, and their relationships to neuroimaging, one of the most innovative and
unique contributions comes from Dr. Michael Breakspear’s laboratory.
FUNCTIONAL FOCUS
Breakspear’s Systems Neuroscience Group combines computational neuroscience and
neuroimaging (primarily fMRI and EEG) in addressing basic principles of neuroscience (e.g.,
cortical synchronization), methodological issues in neuroimaging (e.g., refinement of the
hemodynamic response function), and clinical applications (e.g., epilepsy, hypoxia, depression,
schizophrenia).
RESEARCH & DEVELOPMENT ACTIVITIES
The laboratory is interdisciplinary, with most staff scientists recruited from the fields of physics
and mathematics, as well as a few from psychology and psychiatry. The most notable current
directions from this group are the following:
•

Motif-based modeling of brain dynamical systems: investigating combinatorial possibilities for
how large-scale implementation of different structures (motifs), incorporating feedback, lead to
different emergent dynamical properties—such as oscillations and seizures. Collaborating with
Olaf Sporns, the group has been at the forefront of research on graph theoretic properties of the
brain; unlike most groups, Breakspear’s lab has extended this work to include dynamical
consequences of those structures.
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Mathematical modeling of the cortical-spinal system, providing a framework for how
synchronization between distinct neural populations may occur in the initiation, termination,
and change of movement.
Scale free bursting following hypoxia at birth: this is a primarily diagnostic-based method,
without clear mechanistic basis, but with clear clinical applications—for which the group has
sought a patent.
Classification analyses: of facial expressions, movement, and brain features. One of the patient
populations to which they are applying this work is in distinguishing melancholic versus other
types of depression (which may respond to distinct treatment strategies).

Figure B.22. Traveling waves on the flattened cortical surface (from Aquino et al. 2012).
(A) Normalized Fourier power at the peak response frequency 0.1 Hz, calculated for voxels on
the flattened surface, with the red rectangle outlining the response at 0.6° eccentricity (the line
of high activation just below is at 1.6°). This power level reveals which voxels respond strongly
to the experimental manipulation. (B) Voxels that are coherent (Methods) with the stimulus
(>0.4) provide an estimate of the approximately straight isoeccentricity curve on the cortex (the
solid curve at x = 0). A polynomial curve is fitted to estimate the centerline, and perpendiculars
are taken from this to find x. (C) Averages of signals at all points with equal x, plotted vs. x and
t, showing evidence of damped traveling waves in the form of sloping contours at left and right.
The average percentage signal change ranges from −0.4 to 0.4 as indicated by the color bar. (D)
Estimate of the 0.1 Hz signal delay from the stimulus onset vs. distance. (E) Spatial crosssections of the spatiotemporal response, relative to baseline, at t = 7.5 s (red), showing a clear
rise in amplitude, and at t = 12.5 s (black), the central response has decreased and the
surrounding signal remains above baseline.

TRANSLATION
Dr. Breakspear is an M.D. (psychiatrist), and his laboratory is directly contiguous to a hospital.
Several of his research directions have applications towards understanding the etiology of disease
(primarily epilepsy and psychiatric diseases), while several others are focused on diagnostics
(classification of depressive symptoms, scale-free bursting behavior following hypoxia in
neonates). The latter of these has led to a patent application.
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Figure B.23. Relationship between spike-timing-dependent synaptic plasticity and network dynamics (from
Rubinov, Thivierge, and Breakspear 2011).
(a) Fluctuations of within-module synaptic weights over a 20-second period. Synaptic weights
were rank-ordered and assigned a rank-specific color at the first sampled time step. At
subsequent steps, weights were re-ranked and therefore reordered, but the color-coding
remained fixed. The mixing of colors hence represents fluctuations in rank positions. Stable
synaptic weight distributions allowed the inference of weight fluctuations from these rank
fluctuations. Weights were sampled at intervals. (b) Illustrative fluctuations in the number of
module spikes (top) and in the mean within-module excitatory synaptic weights (bottom),
recorded over a minute period from a single module. Module spikes were binned at second
intervals, and synaptic weights were sampled at second intervals. (c) Cumulative probability
distributions of avalanche sizes, avalanche durations and inter-avalanche intervals and (d) an
illustrative module spike raster of dynamics emergent on nonhierarchical network topologies,
with frozen synaptic weights.

SOURCES OF SUPPORT
QIMR Berghofer is supported entirely by research grants. Dr. Breakspear’s laboratory is funded by
the following:
•
•
•
•
•

Australian Research Council
James S. McDonnell Foundation, “Brain Network Recovery Group”
National Health and Medical Research Council
Rotary Australia
The John Thomas Wilson Foundation and E M Squires Charitable Trust managed by Perpetual

He reports that he has had greater success with the Australian Research Council (like NSF) in
supporting his research than the National Health and Medical Research Council (like NIH), and has
had greater success with large-scale innovation-based program grants than with normal grants,
which are more focused towards incremental research.

170

Appendix B. Site Visit Reports

ASSESSMENT
The Systems Neuroscience Group is one of very few laboratories in the world that addresses the
problem of how neuroimaging-scale emergent properties can arise from cellular and circuit-based
components. Unlike the vast majority of computational neuroscience groups, Breakspear’s lab
relies heavily upon patient neuroimaging data, including fMRI, rather than patch-clamp, single-cell
recording, and local field potential data. As such, they seem uniquely positioned to translate
systems-based computational approaches to clinical practice.
SELECTED REFERENCES
Aquino, K.M., M.M. Schira, P.A. Robinson, P.M. Drysdale, and M. Breakspear. 2012. Hemodynamic traveling waves in
human visual cortex. PLoS Comput Biol 8(3):e1002435, doi:10.1371/journal.pcbi.1002435.
Breakspear, M., and C.J. Stam. 2005. Dynamics of a neural system with a multiscale architecture. PhilosTrans Roy Soc
B: Biol Sci 360(1457):1051-1074.
Breakspear, M., J.A. Roberts, J.R. Terry, S. Rodrigues, N. Mahant, and P.A. Robinson. 2006. A unifying explanation of
primary generalized seizures through nonlinear brain modeling and bifurcation analysis. Cerebral Cortex
16(9):1296-1313.
Honey, C.J., R. Kötter, M. Breakspear, and O. Sporns. 2007. Network structure of cerebral cortex shapes functional
connectivity on multiple time scales Proc Nat Acad Sci USA 104(24):10240-10245.
Rubinov, M., O. Sporns, J.-P. Thivierge, and M. Breakspear. 2011. Neurobiologically realistic determinants of selforganized criticality in networks of spiking neurons. PLoS Comput Biol 7(6):e1002038.
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RIKEN Brain Sciences Institute (BSI)
Site Address:

2-1 Hirosawa, Wako
Saitama 351-0198
Japan

http://www.brain.riken.jp/en/
Date Visited:

April 3, 2014

WTEC Attendees:

P. Bandettini, L. Mujica-Parodi (report author), A. Leonessa, L. Wald, P. Foland

Host(s):

Kang Cheng, Ph.D.
Unit Leader, Support Unit for Functional Magnetic Resonance Imaging and Deputy
Laboratory Head
Laboratory for Cognitive Brain Mapping
kcheng@riken.jp
Tel.: +81 (0)48 467 9730
Charles Yokoyama, Ph.D.
Director for Research Administration
RIKEN Brain Science Institute
cyokoyama@brain.riken.jp
Tel.: +81 (0)48 462 1111 (ext. 7211)
Kristen Cardinal, Ph.D., M.Sc.
Director of Global Development
RIKEN Brain Science Institute
Kristen.cardinal@riken.jp
Tel.: +81 (0)48 462 1111 (ext. 7212)
Dr. Yoko Yamaguchi
Neuroinformatics Japan Center Director
yokoy@brain.riken.jp
Tel.: +81 (0)48 467 6474
Dr. Keiji Tanaka
Deputy Director
Head of Cognitive Brain Mapping Laboratory
Keiji@riken.jp
Tel.: +81 (0)48 467 9342
Haruyuki Iwabuchi
Director, Brain Science Planning Office
Haruyuki.iwabuchi@riken.jp
Tel.: +81 (0)48 462 1111 (ext. 7501)
Adrian Moore, Ph.D.
Team Leader of Lab. For Genetic Control of Neuronal Architecture
adrianm@brain.riken.jp
Tel.: +81 (0)48 467 7278
Tamae Maruoka
Brain Science Planning Office
Tamae.maruoka@riken.jp
Tel.: +81 (0)48 462 1111 (ext. 7504)
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OVERVIEW
The neuroimaging facility at RIKEN is run from within the RIKEN Brain Sciences Institute (BSI),
which is itself one of the Institutes comprising RIKEN. Together they form the biggest research
institute in Japan. Established in 1997, the BSI comprises 8 buildings, ≈350 staff spread among 40
labs and has an active goal of making itself a truly globally oriented research institution. English is
the official language of RIKEN, and the Institute is set up so to allow foreign staff to thrive at the
BSI, not just in a visiting capacity, but as career-long Principal Investigators. In fact approximately
20% of the laboratory heads are non-Japanese. Other signs that RIKEN positions itself as a global
institution were present, including having a Director of Global Development (Dr. Kristen Cardinal)
who serves as an outreach and development coordinator, and the well-respected RIKEN BSI
Summer Program with international faculty, students, and sponsors. Attention to global positioning
at this level was unique among the sites we visited.
At the time of the founding of BSI, the human imaging equipment was ahead of the state of the art.
This facilitated their well-respected columnar imaging work. However, a lack of reinvestment has
caused their high field facility to age past its useful lifetime. This is well understood by the
researchers present, and they are actively planning an upgraded facility. The RIKEN Institute also
houses the Japan node of the International Neuroinformatics Coordinating Facility (INCF). This
constitutes an impressive array of digital brain resources maintained at RIKEN and available to the
world.
FUNCTIONAL FOCUS
Under the leadership of Susumu Tonegawa, the BSI has chosen to focus on neural circuits at the
meso- level, between the level of cells and networks; i.e., how cells make up system level
networks. This is a well-placed direction for modern neuroimaging, and also well-placed for the
longstanding interests of the Functional Magnetic Resonance Unit led by Dr. Cheng, who is well
known for his work studying columnar level function with MRI and other RIKEN PIs investigating
2-photon dyes.
RESEARCH & DEVELOPMENT ACTIVITIES
Human imaging is supported by the Functional Magnetic Resonance Imaging (fMRI) facility, one
of three Research Resource Center (RRC) support units at the BSI. The other two RRC support
units are an animal care facility and a bio-material analysis facility. Additional neuroimaging
research is done through the laboratories of the PIs, including Dr. Yamaguchi (who runs the
Neuroinformatics Japan Center), Dr. Cichocki, Dr. Tanaka, Dr. Shimoda, Dr. Nakahara, Dr.
Kumada, Dr. Kitajo, Dr. Kato, and Dr. Gardner as well as 2-photon work. Several impressive
studies addressing various cognitive issues have been published in recent years (Pestilli et al. 2011,
Suzuki et al. 2012, Wan et al. 2011).
The Center maintains a Varian 4 T human MRI for its studies. Although a difficult system to keep
up to date, consistent upgrading of the gradient and receiver systems has managed to keep this
facility working at a high level. It now uses 8 Tx channels and 16 Rx channels. However, the exit
from Varian/Agilent from the field necessitates a change of plans, the formulation of which is
currently under way.
In addition, BSI has recently become the core institute in the newly initiated national project
“Elucidating Functional Brain Networks through Developing Innovative Technologies” focused on
marmoset studies as well as comparative studies of other species. A 9.4 Tesla MRI system for nonhuman primate and a 3 Tesla MRI system for human imaging are to be introduced. Technological
studies in this project are a major emerging neuroimaging research theme in BSI.
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Figure B.24. Dorsal and ventral pathways for spatial vision and object vision, respectively, in macaque
cortex.
Ocular dominance columns in human V1 (modified from Cheng et al. 2001) and object
selective columns in IT (from combined optical and electrophysiological recordings in
macaque, Tanaka 1996).

In addition to the image acquisition work, RIKEN maintains a very active node of the INCF. To
this they contribute a variety of neuroinformatics tools and many imaging oriented
neuroinformatics tools. Some of the tools include, a marmoset MRI and histology 3D atlas, a
macaque 3D MRI atlas, a meta-analysis tool for human brain mapping (Brain Atlas), mrTools, a
MATLAB package for analyzing fMRI data, and MGL, a MATLAB package for displaying visual
psychophysics stimuli. The portal is headed by Dr. Yamaguchi.
TRANSLATION
The focus of the RIKEN BSI is basic neuroscience at the meso-level (between cells and circuits).
Most of the discussion centered on basic science. But 10 PIs list their focus on the disease state.
These include neurodegenerative disease, Alzheimer’s disease, Huntington’s disease, prions, and
aging (Drs. Saido, Hirabayashi, Tanaka, Yamamaka, bipolar disorder and schizophrenia (Kato,
Yoshikawa), autism; (Takumi, Yoshikawa), and Down’s syndrome and epilepsy (Yamakawa).
SOURCES OF SUPPORT
The BSI budget has fluctuated over the years, but has gradually decreased. This has caused a
transformation from the institute and its PIs working under a hard-money supported format (e.g.,
the NIH Intramural program) and a soft-money institution (e.g., many U.S. medical schoolaffiliated research institutes). There has been a push to increase funding from industry (Toyota,
Olympus, pharmaceuticals) as well as government agencies such as JST and JSPS.
The Human MRI RCC is also supported by a $400/hour imaging fee which helps pay for the
technician and basic support for the facility.
ASSESSMENT
The RIKEN BSI is one of the best internationally known neuroscience research sites in Japan.
Their global focus and positioning effort has clearly paid off in this respect and gives it a position
unique in Asia. Its breadth across multiple aspects of neuroscience, combined with a focus on the
meso scale between cells and circuits, appears to be a powerful combination to which imaging is
poised to play an important role. Hopefully they will find a way to grow their budget.
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cortex. Nature 360(6402):343-346.
Pestilli, F., M. Carrasco, D.J. Heeger, and J.L. Gardner. 2011. Attentional enhancement via selection and pooling of early
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Shanghai Jiao Tong University, School of Biomedical Engineering and Shanghai Mental
Health Center
Site Address:

Second Meeting Room
Floor 5, Building 2
Shanghai Mental Health Center (SMHC)
600 Wan Ping Nan Road
Shanghai 200030
China

Date Visited:

April 2, 2014

WTEC Attendees:

G. Glover, T. Cortese, B. He (report author), C. Stewart

Host(s):

Chunbo Li, M.D.
Vice President, Shanghai Mental Health Center
Principal Investigator, Shanghai Key Laboratory of Psychotic Disorders
Shanghai Jiao Tong University
chunbo_li@163.com
Tel.: +86-21-3477 3243
Shanbao Tong, Ph.D.
Associate Dean, School of Biomedical Engineering
Shanghai Jiao Tong University
shanbao.tong@gmail.com
Tel.: +86-21-34205138
Wang Zhen, M.D., Ph.D.
Deputy Chief Psychiatrist
Director, Research and Education Management Office
Shanghai Mental Health Center
Shanghai Jiao Tong University
wangzhen@smhc.org.cn
wangzhen@foxmail.com

Other Attendees:

Dr. Yifeng Xu
President, Shanghai Mental Health Center
Dr. Min Zhao
Vice President, Shanghai Mental Health Center
Dr. Yingying Tang
Associate Professor
tang0522@gmail.com

OVERVIEW
Shanghai Jiao Tong University (SJTU) is a top ranked university with one of the strongest
engineering schools and medical schools in China. SJTU Biomedical Engineering Program is
constantly ranked at top 2 or 3 nationally. SJTU Clinical Medicine is ranked number one
nationally. The neuroimaging research programs are distributed over several centers affiliated with
School of Biomedical Engineering, Med-X Research Institute, and teaching hospitals. In addition,
SJTU School of Biomedical Engineering is also collaborating with the medical imaging center of
Shanghai Synchrotron Radiation Facility on the development of super resolution medical imaging.
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Shanghai Mental Health Center (SMHC) is the largest psychiatric hospital in China and is a
teaching hospital affiliated with SJTU. SMHC has a total staff of 1333, including 820 professional
staff. It has 2136 inpatient beds and is designated as one of four regional treatment centers of
mental health by Ministry of Health in China. SMHC is also the only World Health Organization
collaborating center for research and training in mental health in China, and houses the China
National Clinical Trial Center on Psychotropics. In 2013 SMHC had over 600,000 outpatients and
over 4700 inpatients.
FUNCTIONAL FOCUS
Neuroimaging at SJTU has the flavor of multimodal imaging ranging from fMRI, PET/CT, optical
imaging, EEG imaging, and imaging informatics. The neuropsychiatric imaging center at SMHC is
focused on clinical neuroimaging in patients with mental disorders using fMRI, repetitive
transcranial magnetic stimulation (rTMS), and EEG. The clinical neuroimaging group at SMHC is
planning to scan all patients (who provide consent) in the near future including MRI/fMRI and
EEG.
RESEARCH & DEVELOPMENT ACTIVITIES
Neuroimaging at SJTU School of Biomedical Engineering includes EEG source imaging and
connectivity imaging, optical imaging with clinical applications to stroke. Laser speckle imaging
technique is being developed by Prof. Shanbao Tong and his group for neurovascular imaging in
freely moving animals (Figure B.25), investigating mechanisms of stroke. Functional MRI is used
to study stroke patients for task-induced networks and resting-state networks. EEG is also used to
analyze spatiotemporal distributions associated with stroke in comparison to healthy controls.
Functional connectivity patterns are studied in stroke patients vs. healthy controls.

Figure B.25. Optical imaging capability implemented in freely moving animals by Prof. Shanbao Tong’s
group (courtesy of SJTU).

Another research effort at SJTU is to develop a medical imaging and informatics “e-science”
platform, as led by Prof. Jianguo Zhang. This platform integrates medical image databases from
affiliated hospitals, provides a project/PI-oriented collaboration mechanism for research task
management, and networks the data and research collaboration among SJTU, SJTU affiliated
Hospitals, and other major research centers in Shanghai.
The clinical neuroimaging center at SMHC is led by Professors Chunbo Li and Jijun Wang. The
center has a Siemens 3.0 T scanner, 64-channel Brain Product MR compatible EEG system, task
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stimulus system, and rTMS system (Figure B.26). Clinical neuroimaging research at SMHC
includes (1) brain network analysis (i.e., quantitative analysis of brain structure and cerebral white
matter of adolescent patients); (2) MR spectroscopy—combined with molecular and genetic study;
(3) new types of physical treatment (repetitive transcranial magnetic stimulation, transcranial
direct-current stimulation, new targets for psychoses); and (4) high-risk population cohort study
(fMRI, EEG, neuropsychology variables).

Figure B.26. TMS, EEG, and MRI facilities at Shanghai Mental Health Center (courtesy of SMHC.)

TRANSLATION
Neuroimaging at SJTU has a very strong translational feature. Not only neuroimaging at SMHC
which is aimed at psychiatric patients. Other neuroimaging research at SJTU are also aimed at
clinical translation and tightly coupled with affiliated hospitals. For example, the micro-PET/CT
imaging center in SJTU Ruijin Hospital, and the optical neuroimaging for stroke application at the
School of Biomedical Engineering. Of note is the imaging platforms are co-affiliated between
Med-X research institute – focusing on translational biomedical research using engineering
approaches – and affiliated teaching hospitals (e.g., Med-X/SMHC Neuropsychiatric imaging
center).
SOURCES OF SUPPORT
Neuroimaging research at SJTU and SMHC is mainly supported by research grants. Researchers at
both the basic science department and affiliated hospitals hold research grants from the Chinese
government.
ASSESSMENT
SJTU is a world-class institution and one of the highest ranking universities in China. The
institution places a great emphasis on translation in its neuroimaging and biomedical engineering
programs. This is a very strong, clinically oriented neuroimaging center with multimodal
neuroimaging approaches including MRI/fMRI, EEG, optical imaging, rTMS, and imaging
informatics. The institution is one of very few top ranked universities in China with an
exceptionally strong biomedical engineering program and top-ranked clinical medicine program in
the country. The PIs are leading outstanding research programs with clinical or translational focus.
The imaging platforms being co-affiliated between hospitals and a translational research institute
(Med-X) is a unique and interesting set-up, which seems to work well to facilitate collaboration
between imaging scientists and clinicians and to translate basic discoveries of engineering and
biomedical research to clinical settings.
SELECTED REFERENCES
Ren, J., H. Li, L. Palaniyappan, H. Liu, J. Wang, C. Li, and P.M. Rossini. 2014. Repetitive transcranial magnetic
stimulation versus electroconvulsive therapy for major depression: a systematic review and meta-analysis. Prog
Neuropsychopharmacol Biol Psychiatry 51C:181-189, doi:10.1016/j.pnpbp.2014.02.004.
Yan. J., X. Guo, Z. Jin, J. Sun, L. Shen, and S. Tong. 2012. Cognitive Alterations in Motor Imagery Process after Left
Hemispheric Ischemic Stroke. PLoS ONE 7(8):e42922, doi:10.1371/journal.pone.0042922.
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Tsinghua University Center for Biomedical Imaging Research (CBIR)
Site Address:

Tsinghua University
Beijing
China, 100084

Date Visited:

April 1, 2014

WTEC Attendees:

T. Cortese (report author), G. Glover, B. He, C. Stewart

Host(s):

Bai Lu, Ph.D.
Executive Vice Dean, School of Medicine
Bai.lu@biomed.tsinghua.edu.cn
Tel.: +86 10 62796085
Dr. Chun Yuan
Professor, Honorary Director
cyuan@uw.edu
http://www.rad.washington.edu/research/Research/groups/vil/people/bios/chun_yuan
Lihong Wang. M.D. , Ph.D.
Principal Investigator
Lihongo6@hotmail.com
Tel.: +86 62798401
Yu Wang, Ph.D.
Associate Professor
Head Research Institute of Circuits and Systems
Yu-wang@tsinghua.edu.cn
Tel.: +86 10 6277 2966
Rui Li, Ph.D.
Associate Professor
Center for BioMedical Imaging Research
leerui@gmail.com
Tel.: +86 10 62785758
Bo Hong, Ph.D.
Professor, Associate Dean
School of Medicine, Department of Biomedical Engineering, McGovern Institute for
Brain Research
hongbo@tsinghua.edu.cn
Tel.: +86-10-62795985, 13501062781
Hua Guo, Ph.D.
Professor, Department of Biomedical Engineering
hua.guo@gmail.com
Tel.: +86-10-62795886
Professor Sen Song, Ph.D.
sen.song@gmail.com
Tel.: +86-10-62781545
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OVERVIEW
The Center for Biomedical Imaging Research (CBIR) was established in June 2010. It is a part of
Tsinghua University, with 14 schools and 56 departments, over 3,000 academic staff members, and
more than 30,000 students, with undergraduates and postgraduates in approximately equal number.
Tsinghua University itself was established in 1911 in Beijing, and is a member of the prestigious
C9 League, a group of universities that account for 3% of China’s researchers but receive 10% of
national research expenditures and produce 20% of academic publications. Tsinghua has both a
national and international reputation as one of the highest-ranking universities in China, and they
place a high value on international collaborations with researchers such as panelist Gary Glover,
who has watched the center grow tremendously over the past several years.
The CBIR is set up as a standard university center, with the intention of having its own research
programs, as well as providing services for researchers in other departments. Faculty members are
officially in Biomedical Engineering (BME), which is part of the School of Medicine. The initial
decision for building CBIR was made within the University, which also supplied resources.
Tsinghua University is also home to the McGovern Brain Institute, established by donation.
FUNCTIONAL FOCUS
The CBIR seeks to be a leader in biomedical imaging research, education, and public service in
China, Asia, and the world by pioneering new imaging technology for both research and clinical
applications. Since the CBIR has a relatively large number of researchers, their functional focus is
actually fairly broad. Several specific topics are discussed in detail in the “Research &
Development Activities” section below; a few general research areas are: advanced MRI
techniques, including sequence design and image reconstruction for high spatiotemporal resolution
and high-fidelity multi-parametric quantitative imaging, along with the application of this
technology to provide accurate diagnosis and management of disease, and using neuroimaging
techniques such as fMRI, Diffusion Tensor Imaging (DTI), and Arterial Spin Labeling (ASL) to
study neuropsychiatric disorders such as depression, cognitive impairment, and autism.
It should be noted that research at CBIR includes using MR technology (and others, such as
ultrasound) to study many different organs and biological systems, especially the cardiovascular
system, and is not exclusively focused on the brain.
RESEARCH & DEVELOPMENT ACTIVITIES
Dr. Chun Yuan, “Overview of CBIR”: Dr. Yuan, who is also a professor at the University of
Washington, is primarily involved in cardiovascular research. The mission of CBIR is very much
focused on imaging, especially fMRI hardware/software development and real-life applications.
Even though their equipment facilities are not extensive, Tsinghua University has some unique
strengths, including the international Professor League (many professors visit every summer to
give workshops and mentor faculty) and the transfer of technology into hospital settings via their
extensive collaborations with hospitals, both local and nationwide.
Bai Lu, Ph.D., “Neuroscience & Bioengineering in Tsinghua”: Dr. Lu continued to build on Dr.
Yuan’s overview of CBIR, providing more details and examples of Tsinghua’s capability for
setting, and subsequently achieving, expansion and improvement goals. For example, the School of
Life Sciences currently has 53 labs, with plans to increase to 70, and similarly for the School of
Medicine (80 labs, planning for 140). After starting from scratch in 2007, they rose to China’s
Number One academic standing in 2013. Their educational system, with professional researchcentered management and tenure-track, competitive international faculty, became a model for
China.
Bo Hong, Ph.D., “Cortical functional mapping, networking and dynamics revealed by
intracranial EEG”: Dr. Hong was one of the first to use Tsinghua University’s
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electrocorticography (ECoG) machine and publish papers, co-wrote the first Chinese book on
independent component analysis (ICA) (Yang and Hong 2006), and was also part of an earlier
WTEC study on brain-computer interfaces (Berger et al. 2008). With its combination of high
temporal resolution and moderate spatial resolution, ECoG offers a unique window into brain
functions, and is useful for pre-surgical mapping. By using computational tricks, it is possible to
combine ECoG readings from many patients in order to identify connectivity hubs. Dr. Hong is
also interested in the problem of dynamic speech processing in the cortex, attempting to answer
such questions as how can the brain, which is receiving high-speed sound signals, separate them
into discrete syllables and language? How does the brain respond to incoming speech?
Yu Wang, Ph.D., “GPU-based Parallel Analysis Pipeline for Voxel-Based Brain Network”:
Dr. Wang is interested in looking at the problem of modeling the brain as a complex network at
different length scales: micro-scale (individual neurons), meso-scale (connections within and
between minicolumns), and macro-scale (anatomically distinct brain regions and inter-regional
pathways). He wishes to combine non-invasive imaging techniques, such as fMRI and Diffusion
Tensor MRI, with graph theory in order to reveal the properties of the brain and understand the
mechanism of brain diseases such as Alzheimer’s disease, schizophrenia, and depression. Highresolution, voxel-based imaging techniques, currently on the order of 10–100K cubic-millimeter
voxels (may increase as technology improves), provide more information about intra-region
connections without anatomical structure bias, but also more noise. Having adequate computational
power for network analysis and reliably distinguishing between data and noise remains a challenge,
which helps motivate the use of accelerators such as General-Purpose Graphical Processing Units
(GPGPUs, or GPUs) to significantly reduce wall clock time. Looking forward, the ultimate target
for this research is first simulation, and then reconstruction, of a neural network.
Hua Guo, Ph.D., “High-Resolution Diffusion-Weighted MRI and its Applications”: Dr. Guo
presented information about the Diffusion-Tensor Imaging (DTI) tools created at Tsinghua to
examine both healthy and diseased brains at previously impossible levels of detail. Diffusion MRI
allows mapping of microstructural tissue by probing the direction-dependent diffusivity of water
molecules, and has been used clinically to diagnose such issues as strokes, epilepsy, brain tumors,
and subcortical white matter degeneration. Advantages of single-shot echo-planar imaging (EPI)
DWI and DTI, such as fast acquisition and low motion sensitivity, have made it a widely-used
clinical tool, but it is limited by low resolution and distortion artifacts. It is possible to increase the
resolution by using multishot acquisition, but this involves several technical challenges. By using
novel multi-shot scanning techniques (including both spiral and EPI) developed at Tsinghua, they
are able to dramatically improve the resulting images; calculations typically take a few to several
hours when performed on computers located next to the acquisition machine.
Sen Song, Ph.D., “Building a Neuronal Tree”: Dr. Song has had an obsession with computers
since early childhood, and wants to use computational models as bridges between anatomy
(decipher the connectome from images) and physiology (the ability to observe and manipulate
behavior). Length scales differ by several orders of magnitude, ranging from molecules at the level
of Angstroms, to the central nervous system, at the order of centimeters, making this problem very
computationally challenging. These challenges, and the lack of powerful and effective
computational tools, are further highlighted in the DIADEM Challenge (Digital Reconstruction of
Axonal and Dendritic Morphology; Figure B.27).
Lihong Wang, Ph.D., “Neuroimaging Markers Toward Individualized Diagnosis”: Dr. Wang
presented information on how neuroimaging markers may be used to provide individualized
clinical diagnosis for depression. She discussed four primary aspects of depression: pathology
(onset, remission, acute tryptophan depletion), differentiation (with or without cognitive
impairment), specificity/reliability (follow-up studies) and reversibility (e.g., exercise).
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Figure B.27. Computational challenges involved in neuroscience research (courtesy of S. Song).

TRANSLATION
There are several translational aspects to CBIR’s primary mission and vision statements, including
technological innovations, industrial partnership, multi-disciplinary and international
collaborations, translation from basic science and translational research to clinical applications in
strategically-focused areas, and pioneering new imaging technology development for use in basic
science, translational research, and clinical applications.
Tsinghua is committed to improving medical technology and pushing research toward the
marketplace. They are talking to global companies about developing a medical technical institute,
with the primary aim of developing new technologies for medical devices and imaging, combining
strengths from different companies. There are virtually no proof-of-concept clinical studies in
China; Tsinghua is building a new hospital (Tsinghua Chang Gung Hospital; see Figure B.28) with
plans to include Experimental Medicine units for Phase 1 and Phase 2 clinical trials, and has
already consulted with major pharmaceutical companies, leading universities in the United States,
and the U.S. National Institutes of Health (NIH).
SOURCES OF SUPPORT
Tsinghua University is financially supported by the Chinese government, collaboration with the
private sector (e.g., the Gates Foundation, Johnson & Johnson), and by private donations. The
purchase and installation of MRI scanners is all from the university; afterwards they are expected
to be self-supporting (e.g., by user fees). Their scanner is operated from 8:00 am until midnight or
later, is currently booked for the next year, so they are probably going to get another one. Most of
the daytime use is clinical. Many doctors send patients here for scans and pay for the time with
research grants and partnerships, Students and researchers use them after hours.
One of the most surprising comments that the panel received from several sites in China, including
Tsinghua University, is that researchers, once having secured a good position, are not expected to
spend time writing and submitting proposals for funding, but are able to focus all of their effort on
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actual research. The primary obstacle to successful research is recruiting good people, not securing
funding.

Figure B.28. Overview of the hospital for experimental medicine at Tsinghua University (courtesy of B. Lu).

ASSESSMENT
One of the strengths of Tsinghua University, demonstrated repeatedly throughout its history, is the
speed with which infrastructure modifications (building construction, equipment acquisition, etc.)
are executed once a decision has been made. They have an established record of setting ambitious
goals and then achieving them.
SELECTED REFERENCES
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interface using a single subdural channel: a visual speller study. Neuroimage 71:30-41.
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Unit of Neuroscience Information and Complexity (UNIC)
Site Address:

UPR CNRS 3293
1 Avenue de la Terrasse
Bât. 32-33
91198 Gif-sur-Yvette
France
http://www.unic.cnrs-gif.fr

Date Visited:

May 27, 2013

WTEC Attendees:

L. Wald (report author), L. Mujica-Parodi, P. Bandettini, D. Shelton

Host(s):

Prof. Dr. Yves Frégnac
Director, UNIC
Tel.: +33-1-69-82-34-15
fregnac@unic.cnrs-gif.fr
Dr. Alain Destexhe
Tel.: +33-1-69-82-34-35
Alain.destexhe@unic.cnrs-gif.fr
http://cns.iaf.cnrs-gif.fr
Dr. Daniel Shulz
Tel.: +33-1-69-82-34-00
Daniel.Shulz@unic.cnrs-gif.fr

OVERVIEW
The Unit of Neuroscience Information and Complexity (UNIC), operated by the Centre National de
la Recherche Scientifique (CNRS) in Gif-sur-Yvette, France, uses electrophysiology and optical
imaging in animal models to address the inferences that can be made from one level of integration
to the next, along top-down (from macroscopic to microscopic) or synthetically, bottom-up (from
microscopic to macroscopic) axes. The emerging properties specific to a level of organization such
as receptive field organization in the visual system or more general synaptic integration are probed
at the structural and functional levels using electrophysiological techniques (intracellular sharp and
patch recordings, dynamic clamp in vivo and in vitro), network functional imaging (voltage
sensitive dye, multiple simultaneous single-unit recordings, and local field potentials), and
psychophysical measurements in a variety of species. Functional databases, theoretical
neuroscience and computational modeling also are applied to the question.
UNIC is organized into teams, as follows:
•
•
•
•
•
•
•

Visual cognitive sciences (Dir. Y. Frégnac)
Somatosensory processing, neuromodulation, and plasticity (Dir. D. Shulz)
From action planning to sensory processing, and perception (Dir. K. Grant – X. Troncoso)
Neurocybernetics of thalamic and cortical networks (Dir. T. Bal)
Computational Neurosciences and thalamocortical dynamics (Dir. A. Destexhe)
Neuroinformatics for data-driven modeling and neuromorphic computing (Dir. A. Davison)
Multisensory integration and amodal perception (Dir. B. Bathellier)
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The question addressed by the different research teams at UNIC, and applied in different neural
structures (thalamus, visual, auditory, and somatosensory cortex, electrosensory lobe) and species
(electric fish, rat, ferret, cat), is: “To what extent can emerging properties specific to one level of
organization (e.g., low-level perception) be predicted by those demonstrated at lower levels of
organization (e.g., receptive field organization and synaptic integration)?” This question applies at
the structural and functional levels.
FUNCTIONAL FOCUS
The group’s approach is centered on complexity in the dynamics of neocortical networks during
sensory processing and perception, during development and adulthood. The goal is to describe
different hierarchies of organization on the basis of experimentally defined descriptors from
electrophysiology, functional micro/mesoscopic imaging (synaptic functional imaging and voltage
sensitive dyes), and psychophysical measurements. The experiments discussed during the visit
primarily pertained to the ferret and cat visual systems and rodent whisker barrel cortex.
Going forward, the plan is to integrate UNIC with other neuroscience units from Gif and the Orsay
region in a new building (Neuro-PSI, in which PSI stands for Paris-Saclay-Institute) physically
adjacent to NeuroSpin to foster bridges between the macro-scale MR work (albeit, working hard to
drill down to the mesoscopic scale), and the micro- to mesoscale work of the unit.
RESEARCH & DEVELOPMENT ACTIVITIES
An example in the visual area (V1, area 17) was their finding that receptive fields in V1 have
synaptic integration fields much larger in area than that shown by spike activity (Bringuier et al.
1999) Frégnac 2012) and reconstruct propagating waves along the long-distance horizontal
connectivity from synaptic echoes recorded in a single cell in vivo. UNIC researchers are also
involved in new methods to monitor excitatory and inhibitory neuron activity in the human
(Peyrache et al. 2012), as well as in many projects at the interface between experiments and theory
(e.g., Fournier et al. 2011, Estebanez et al. 2012). Other areas of activity combine voltage sensitive
dye, cytochrome oxidase anatomical imaging and electrophysiology in the rodent whisker barrel
cortex. Figure B.29 shows the vibrating stimulation apparatus that the group developed to
independently stimulate the rodent whiskers. Additionally the unit participates in the European
Blue Brain Project. UNIC also participates in the European flagship, the “Human Brain Project”
(HBP), and is involved in creating a new European Institute for Theoretical Neuroscience
(www.eitn.eu).
TRANSLATION
The unit currently does little translational work, although it collaborates actively with physicists
and specialists in neuromorphic hardware and magnetic recordings in the context of large-scale
European, integrated projects (e.g., FACETS, Brain-i-Nets, BrainScaleS, Magnetrodes) and now
the HBP flagship.
SOURCES OF SUPPORT
Support comes primarily from CNRS, the National Agency of Research (ANR), but also mostly
(>2/3) from European Community Integrated Grants (FET Bio-i3 and FET life-like perception).
ASSESSMENT
The group maintains an active and high-profile role at a very interesting scale of brain dynamics to
which modeling can be brought to bear and directly compared with electrophysiological and other
measurements. Integration with NeuroSpin should be quite synergistic as the MR methods are
brought to bear on this level of neuronal processing.
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Figure B.29. Multivibrissal tactile vibrometer constructed at UNIC to study the rodent whisker-to-barrel
cortex system (see V. Jacob et al. 2008 and Y. Jacob et al. 2010; image courtesy of UNIC).

SELECTED REFERENCES
Bringuier, V., F. Chavane, L. Glaeser, and Y. Frégnac. 1999. Horizontal propagation of visual activity in the synaptic
integration field of area 17 neurons. Science 283(5402):695-699, doi:10.1126/science.283.5402.695.
Davison, A.P., and Y. Frégnac. 2006. Learning crossmodal spatial transformations through spike-timing-dependent
plasticity. The Journal of Neuroscience 26:5604-5615.
Destexhe, A., and D. Contreras. 2006. Neuronal computations with stochastic network states. Science 314:85-90.
El Boustani, S., P. Yger, A. Destexhe, and Y. Frégnac. 2011. Stable learning in stochastic network states. The Journal of
Neuroscience 32:194-214.
Estebanez, L., S. El Boustani, A. Destexhe, and D.E. Shulz. 2012. Correlated input reveals coexisting coding schemes in
a sensory cortex. Nature Neuroscience 15:1691-1699.
Fournier, J., C. Monier, M. Pananceau, and Y. Frégnac. 2011. Adaptation of the simple or complex nature of V1
receptive fields to visual statistics. Nature Neuroscience 14:1053-1060.
Frégnac, Y. 2012. Reading out the synaptic echoes of low level perception in V1. Lecture Notes in Computer Science
7583:486-495.
Jacob, V., D.J. Brazier, J. Erchova, D. Feldman, and D. Shulz. 2007. Spike-timing dependent synaptic depression in the
in vivo barrel cortex of the rat. The Journal of Neuroscience 27:1271-1284.
Jacob, V., J.L. Le Cam, V. Ego-Stengel, and D. Shulz. 2008. Emergent properties of tactile scenes selectively activate
barrel cortex neurons. Neuron 60:1112-1125.
Jacob, Y., A. Rapson, M. Kafri, I. Baruchi, T. Hendler, and E.B. Jacob. 2010. Revealing voxel correlation cliques by
functional holography analysis of fMRI. J. Neuroscience Methods 191(1):126–137.
Peyrache A. N. Dehghani, E. Eskandar, J. Madsen, W. Anderson, J. Donoghue, L.R. Hochberg, E. Halgren, S. Cash, and
A. Destexhe. 2012. Spatiotemporal dynamics of neocortical excitation and inhibition during human sleep. Proc Natl
Acad Sci USA 109 (5):1731-1736.
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University College London, Wellcome Trust Centre for Neuroimaging (WTCN)
Site Address:

Functional Imaging Laboratory
12 Queen Square
London WC1N 3BG
UK
http://www.fil.ion.ucl.ac.uk

Date Visited:

May 28, 2013

WTEC Attendees:

L. Mujica-Parodi (report author), L. Wald, P. Bandettini, D. Shelton

Host(s):

Prof. Karl Friston, FRS
Scientific Director
Tel.: +44-20-3448-4362
k.friston@ucl.ac.uk
Prof. John Ashburner
Tel.: +44-20-7837-3611
jashburner@gmail.com
Dr. Gareth Barnes
g.barnes@ucl.ac.uk
Prof. Ray Dolan, FRS
Director
Tel.: +44-20-7-8337453
r.dolan@ucl.ac.uk
Dr. Sarah Gregory
s.gregory@ucl.ac.uk
Dr. Tom Hope
t.hope@ucl.ac.uk
Mr. James Lu
james.lu@ucl.ac.uk
Dr. William Penny
Tel.: +44-20-7833-7475
w.penny@ucl.ac.uk
Dr. Nikolaus Weiskopf
Tel.: +44-20-7833-7491
n.weiskopf@ucl.ac.uk

OVERVIEW
University College London (UCL) has been at the forefront of image processing/analysis of
neuroimaging data (PET, fMRI, MRI, MEG, EEG) since its very beginnings, having produced the
highly influential software package, statistical parametric mapping (SPM), and developed novel
analytical methods (e.g., dynamic causal modeling) disseminated throughout the field via SPM.
Today, the Wellcome Trust Centre for Neuroimaging (WTCN) at UCL is an interdisciplinary
center for neuroimaging.
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FUNCTIONAL FOCUS
The research group is dedicated primarily to methods (platform) development of analytical tools. A
secondary, although perhaps increasing, aim given several of recent hires (e.g., Read Montague and
Tim Behrens) is the application of those tools towards hypothesis-based research in both patient
and healthy human populations.
RESEARCH & DEVELOPMENT ACTIVITIES
The research group (particularly Karl Friston, John Ashburner, and William Penny) is dedicated
primarily to methods (platform) development of analytical tools. Karl Friston, with his work on
dynamic causal modeling, has come the closest to advancing neuroimaging towards coupled
differential equation/circuit-based models that can be integrated with computational neuroscience.
Indeed, the Wellcome Trust Centre for Neuroimaging at UCL is also one of the very few
neuroimaging groups that collaborates extensively with the computational neuroscience community
(i.e., Prof. Peter Dayan, Gatsby Computational Neuroscience Unit at UCL). Interestingly, Dr.
Friston stated that his tools work well with the existing state-of-the-art in terms of acquisition
methods, and thus has not chosen to pursue ultra-high field strength or increased temporal
resolution as a requirement for pushing forward his systems-based or single-subject analyses.
TRANSLATION
Ray Dolan made clear at the beginning of the site visit that the development of clinical tools was
not the primary focus of their efforts, and that for the field to expect them at this stage would be
premature. Nevertheless, UCL presented several large-scale clinical studies that appear to have
clear clinical impact. These include effective connectivity biomarkers in Huntington’s disease
(Sarah Gregory), psychopathology (James Lu), outcome prediction of stroke (Tom Hope),
classification and generative models of neuropathology (John Ashburner), and work on histology
(Nik Weiskopf). Dr. Hope, in particular, stated that he thinks neuroimaging is already capable of
making clinical contributions, but that the rate-limiting factor at the point is the resistance by the
medical field.
SOURCES OF SUPPORT
The Wellcome Trust Foundation provides the primary support for the research.
ASSESSMENT
The research group has made, and continues to make, seminal contributions to methods
development of neuroimaging data analysis, and continues to push the envelope in terms of
applying those techniques towards scientific questions. To date it is at the forefront in moving
beyond statistically based analytic methods towards the control-systems-based methods used by
computational neuroscience.
SELECTED REFERENCES
Friston, K.J., L. Harrison, and W. Penny. 2003 Dynamic causal modelling. NeuroImage 19:1273-1302.
Friston, K.J, B. Li, J. Daunizeau, and K.E. Stephan. 2011. Network discovery with DCM. NeuroImage 56:1202-1221.
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University of Melbourne, Florey Institute
Site Address:

30 Royal Parade
Parkville Victoria 3052
Australia
www.florey.edu.au
Tel.: +613 9035 6789

Date Visited:

March 31, 2014

WTEC Attendees:

T. Conway, P. Bandettini (report author), L. Mujica-Parodi, A. Leonessa, L. Wald

Host(s):

Professor Graeme Jackson
Senior Deputy Director
Brain Research Institute
gjackson@brain.org.au
Tel.: +613 90357068
Dr. Alan Connelly
Head of Imaging Division
Alan.connelly@florey.edu.au
Tel.: +613 9035 7002
Dr. David Raffelt
Post-doctoral fellow, Advanced MRI Development
David.Raffelt@florey.edu.au

OVERVIEW
The Howard Florey Institute
Established by an Act of State Parliament in 1971, the Howard Florey Institute was named after
Lord Howard Florey, the Australian Nobel laureate. It originally researched the control of salt and
water balance in health and disease using sheep as experimental animals. As neuroscience
knowledge exploded in the 1990s, the Board made the decision in 1997 to change the Institute’s
focus to studying the brain. The Howard Florey Institute became Australia’s largest brain research
institute, focusing on bench science and cellular approaches to the brain disorders that cause
distress to millions of people around the world.
The National Stroke Research Institute
Directed by Professor Geoffrey Donnan, the National Stroke Research Institute (NSRI) was
established in 1994 and located at the Austin and Repatriation Medical Centre. To address the
problem of stroke across its entire spectrum, NSRI conducts research in the field of stroke at the
highest level in a vertically integrated fashion from basic science, through to epidemiology and
public health.
The Brain Research Institute
The Brain Research Institute was established by Professor Graeme Jackson at Austin Health,
Melbourne, Australia in 1996, and performs internationally competitive research into the structure
and function of the human brain using advanced MRI technology. Professor Jackson and his team
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are regarded as world leaders in epilepsy research and imaging. Australia’s first 3 Tesla (3 T)
Magnetic Resonance Imaging (MRI) machines are a mainstay of BRI’s research capability,
opening up new and challenging areas of neuroscientific and biotechnical research.
The Florey Institute overall is the largest brain research group in the Southern Hemisphere. It
consists of more than 500 staff. The school includes more than 100 post-graduates. The focus of
their work includes stroke, epilepsy, Alzheimer’s disease, Parkinson’s disease, multiple sclerosis,
Huntington’s disease, motor neuron disease, traumatic brain and spinal cord injury, depression,
schizophrenia, mental illness and addiction. They are particularly innovative in imaging
methodology, including simultaneous EEG and fMRI, as well as diffusion tensor imaging.
Over $200 million in federal funding has been provided for buildings built within the past two
years. The physical space is outstanding – with 20,000 m2 for the main building that houses most of
the offices, the PET/CT scanner, and 7 T. The Royal Melbourne houses the 3 T. The Austin
Campus is a sister building that consists of 6,000 m2 of space and two 3 T scanners.
We met with Dr. Jackson and some members of his team.
FUNCTIONAL FOCUS
The Florey Institute of Neuroscience and Mental Health has more than 300 scientists researching
basic and clinical neuroscience areas. Ten major themes are being pursued, using techniques that
range from molecular biology, genetics, biophysics, population studies, peptide chemistry, cell and
tissue investigations, clinical studies, investigation of brain structure and function using MRI and
other forms of neuroimaging, and clinical trials. These themes include: behavioral neuroscience,
brain development and regeneration, epilepsy, genomic disorders, imaging, multiple sclerosis,
mental health, neurodegeneration, neuropeptides, stroke, and systems neurophysiology.
The primary functional focus of the Howard Florey laboratories is brain physiology in health and
disease. The Mental Health Institute focuses on Alzheimer’s disease. The Howard Florey Institute
focuses on Neuroscience – including rat, animal, and sheep models. The Brain Research Institute
and the National Stroke Research Institute are also essential components; 450 full time employees
work here. The staff of the Epilepsy Institute consists of 5 clinicians, 2 physicists, 2 molecular
biologists. 3 technologists for 2 scanners. 3 PIs do the diffusion, resting state.
RESEARCH & DEVELOPMENT ACTIVITIES
The primary research of Dr. Graeme Jackson’s research is epilepsy. We spent most of the meeting
discussing novel methodology and results related to epilepsy research, which included some new
results suggesting that different epilepsy foci are in fact along a single tract that includes a source
near the parahippocampal gyrus. The expertise is wide ranging—fMRI, EEG, tract tracing
methods. The strengths not only include not only epilepsy, but stroke, Alzheimer’s disease,
schizophrenia, concussion, and genetics.
TRANSLATION
The primary focus of the group is clinical translation. All the research is on clinical populations.
An example of their work: Focal cortical dysplasia has intrinsic high focal connectivity. Combining
DTI and Resting State they have found that parahippocampal dysplasia leads to seizure activity in
frontal lobes which have projects through the parahippocampal gyrus.
SOURCES OF SUPPORT
The institute is mostly supported by soft money $35 million of program project grants from MRC,
out of $800 million for entire country, of which 60–70% is project grants. The group is also
supported somewhat by philanthropic grants. The center charges Aus$600 per hour.
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ASSESSMENT
This center was extremely impressive in all ways: Staff, facilities, clinical populations, and
research and translation. All the research is on clinical populations who are treated here. The
researchers are leading innovators in the field.
SELECTED REFERENCES
Calamante, F., R.A.J. Masterton, J.-D. Tournier, R.E. Smith, L. Willats, D. Raffelt, and A. Connelly. 2013. Trackweighted functional connectivity (TW-FC): A tool for characterizing the structural-functional connections in the
brain. NeuroImage 70:199-210.
Calamante, F., J.-D. Tournier, R.E. Smith, and A. Connelly. 2012. A generalised framework for super-resolution trackweighted imaging. NeuroImage 59(3):2494-2503.
Raffelt, D., J.-D. Tournier, J. Fripp, S. Crozier, A. Connelly, and O. Salvado. 2011. Symmetric diffeomorphic registration
of fibreorientation distributions. NeuroImage 56(3):1171-1180.
Raffelt, D., J.-D. Tournier, S. Rose, G.R. Ridgway, R. Henderson, S. Crozier, O. Salvado, and A. Connelly. 2012.
Apparent fibre density: a novel measure for the analysis of diffusion-weighted magnetic resonance images.
NeuroImage 59:3976-3994.
Smith, R.E., J.-D. Tournier, F. Calamante, and A. Connelly. 2013. SIFT: Spherical-deconvolution informed filtering of
tractograms. NeuroImage 67:298-312.
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University of Queensland
Site Address:

St. Lucia Brisbane,
AEB Boardroom,
Level 6
Building 49
Staff House Road,
UQ Qld, 4072,
Australia
www.eait.uq.edu.au

From CAI 7T; Detail from 0.5mm isotropic image

Date Visited:

April 1, 2014

WTEC Attendees:

T. Conway, P. Bandettini, L. Mujica-Parodi, A. Leonessa, L. Wald (report author)

Host(s):

Professor Stuart Crozier
Director of Biomedical Engineering
stuart@itee.uq.edu.au
Tel.: +61 7 3365 7098
Professor David Reutens
Director, Centre for Advanced Imaging
David.reutens@cai.uq.edu.au
Tel.: +61 7 3365 4237
Professor Pankaj Sah
Deputy Director QBI
Pankaj.sah@uq.edu.au
Tel.: +61 7 3346 6376
Associate Professor Stephen Rose
Science Leader, The Australian E-Health research Centre
Stephen.rose@csiro.au
Tel.: +61 7 3253 3620
Olivier Salvado, Ph.D.
Group Leader, Biomedical Imaging
The Australian E-Health research Centre
Olivier.salvado@csiro.au
Tel.: +61 7 3253 3658
Stephen Wilson, Ph.D.
Senior Lecturer, Biomedical Engineering
School of Information Technology and Electrical Engineering
wilson@itee.uq.edu.au
Tel: +61 7 3365 4449

OVERVIEW
The Centre for Advanced Imaging (CAI) at the University of Queensland is a multimodal, multidiscipline center housed in a new 5,500 m2 building on the University of Queensland’s campus. It
is a strategic initiative of the University (also funded by state and federal government funding)
reflecting the growth in biomedical technology and its dependence on imaging. The Centre was
unique among the centers visited for its very complete set of state-of-the-art instrumentation (from
cutting-edge human (7 T) and animal (16 T) MRI to PET-CT, radiochemistry, CT, and NMR (21 T)
and EPR facilities. It is also unique in its close affiliation with an engineering faculty, although it
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also has close ties with the Queensland Brain Institute whose building is only a few hundred meters
away.
FUNCTIONAL FOCUS
The Centre focuses on the development of new biomedical imaging methodology with a goal of
characterizing anatomy and system function in animal models and translating to clinical science
through human neuroimaging modalities.
RESEARCH & DEVELOPMENT ACTIVITIES
Researchers at the Centre are a diverse group, spanning the spectrum from basic engineering of
imaging systems to pre-clinical imaging such as the generation of a mouse brain atlas at 16 T and
rodent PET_CT studies (Figure B.30 and Figure B.31) to clinical sciences such as the generation
and evaluation of PET tracers for brain tumors, cognitive neuroscience fMRI studies, stroke
reperfusion studies and participation in the QIMR twin studies. Their work has included the
development of methods for cutting-edge instruments such as their 7 T human system, 16 T mouse
system or 21 T (900 MHz) NMR system.

Figure B.30. The Inveon animal PET-CT scanner (courtesy of University of Queensland).

The Centre for Advanced Imaging maintains state-of-the-art equipment in essentially every aspect
of biomedical imaging, including 1.5 T, 3 T and 7 T human MRI (first in Australia), 7 T, 9.4 T and
16.4 T animal imaging scanners, 500, 700, and 900 MHz high resolution NMR, solid state NMR
spectrometer, a CW and pulsed EPR device, and animal PET-CT (Inveon) and PET-MR
(Siemens/Bruker) scanners. They are a node of the Australian National Imaging Facility. They list
only five research groups, but these are complemented by active research groups in Biomedical
Engineering and the Queensland Brain Institute (QBI). Research projects outlined during our
discussion included the development of FDOPA PET tracers for high grade glioma treatment
planning, and FMISO PET tracers for tumor hypoxia measures. Their faculty members are active
in several national and international efforts such as the Alzheimer’s Disease Network (ADNI) and
the Queensland Twin Registry (Qtwin). Dr. Crozier described efforts to develop and simultaneous
MRI-linac-based radio therapy system; an ambitious project that only a few of the world’s large
centers and MR engineering groups would tackle. The human 7 Tesla machine was installed in
November 2013 and is in full operation. The 16.4 T mouse system has embarked on a mouse brain
(Figure B.32) and zebrafish MR microscopy atlas project.
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Figure B.31. The 16.4 T (700 MHz) vertical bore MRI scanner (courtesy of University of Queensland).

Figure B.32. Functional area renderings of the mouse brain based on 30 μm isotropic MRI (FLASH
protocol). 18 animals were studied for the minimum deformation atlas (courtesy of the
University of Queensland).

TRANSLATION
While the Centre’s focus ranges from engineering to preclinical imaging to human imaging, the
underlying theme is biomedical, and several translational projects were discussed. Translation
occurs through the Queensland Brain Institute and Brisbane hospitals. In the discussion of the
factors limiting the impact of fMRI clinically, several issues were raised, such as the reliance and
optimization for group analysis rather than individual analysis, the low spatial resolution, possibly
confounded by the neurovascular coupling’s effect, and the difficulty of starting with symptomdefined disease classification systems. The wish-list for the future was increased multimodal
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approaches, improved spatial and temporal resolution, and new modalities such as microwave
imaging.
SOURCES OF SUPPORT
Like much of Australian neuroscience and imaging infrastructure, the Centre’s initial funding (for
building and equipment) relied on a triad of institutional support, state government support, and
federal grants. The researchers are mostly reliant on federal and state grants, with the exception of
the teaching faculty who maintain a partial salary through undergraduate and graduate teaching.
ASSESSMENT
The CAI represents a large, recent bet on the future of imaging by the University, the Queensland
State Government, and the Government of the Commonwealth of Australian. It is likely the largest
such center in Australia and Asia and has strong ties to engineering, the University of Queensland
having a strong MRI engineering program for 20 years prior to the creation of the CAI.
SELECTED REFERENCES
Ullmann, J.F.P., C. Watson, A.L. Janke, N.D. Kurniawan, and D.C. Reutens. 2013. A segmented protocol and MRI atlas
of the C57BL/6J mouse neocortex. NeuroImage 78:196-203, doi:10.1016/j.neuroimage.2013.04.008.
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University of Zurich/ETH Institute for Biomedical Engineering
Site Address:

Translational Neuromodeling Unit
Wilfriedstrasse 6
CH-8006 Zurich
Switzerland

http://www.biomed.ee.ethz.ch
Date Visited:

May 30, 2013

WTEC Attendees:

L. Mujica-Parodi (report author), L. Wald, P. Bandettini, D. Shelton

Host(s):

Prof. Dr. Klaas Enno Stephan
Director, Translational Neuromodeling Unit
Tel.: +41-44-634-91-25
Stephan@biomed.ee.ethz.ch
Dr. Med. Helene Haker Rössler
Senior Physician
haker@biomed.ee.ethz.ch
Dr. Jakob Heinzle
Tel.: +41 44 634 91 22
heinzle@biomed.ee.ethz.ch
Dr. Frederike Petzschner
Postdoctoral Researcher
Tel.: +41 44 634 91 13
Ms. Sandra Iglesias
Ph.D. Student
Tel.: +41-44-634-55-15
Sandra.iglesias@econ.uzh.ch

OVERVIEW
The Translational Neuromodeling Unit (TNU) was founded recently by Klaas Enno Stephan,
formerly of Karl Friston’s group at UCL. The TNU aims to distinguish itself by pursuing a
commitment to patient-oriented neuroimaging research that focuses equally on the clinical and
scientific components of the research. The main lines of research in the group (from web site) are
as follows:
•
•
•
•

Development of modeling techniques for inferring connectivity, synaptic plasticity, and
neuromodulation from fMRI and EEG data, Bayesian model selection (BMS), and modelbased decoding
Experimental and modeling studies on the physiological and genetic determinants of individual
mechanisms underlying (mal)adaptive learning and decision-making
Systematic model validation in physiological, pharmacological and patient studies
Translation into clinical applications (i.e., model-based diagnostic classifications that are
pathophysiologically interpretable and allow for individual treatment predictions)
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FUNCTIONAL FOCUS
The primary aim of the TNU is to develop individualized neurodiagnostics, based upon
computational modeling and machine-learning/classification, capable of informing early detection
and treatment of psychiatric and neurological disorders. Under Dr. Stephan’s visionary leadership,
every component of the facility and its infrastructure has been optimized for patient comfort, from
subject privacy to an in-house dedicated research psychiatrist. At the same time, Dr. Stephan (one
of the developers of dynamic causal modeling (Figure B.33) and one who has performed influential
research on neuroeconomics) has a highly sophisticated computational approach towards
neuroimaging that he brings to bear on his clinical research. The combination of priorities is
unusual, and is suggestive of great things to come.

Figure B.33. Director Klaas Stephan’s work on dynamic causal modeling is one of very few efforts to
provide multiscale modeling for neuroimaging data (from Stephan et al. 2008).

RESEARCH & DEVELOPMENT ACTIVITIES
Our visit to the TNU was motivated by our desire to see the development of the institute in its
infancy, and to discuss with its director his plans in developing the unique facility he has in mind—
as well as to hear what challenges are involved. Some of the latter appear to be regionally specific.
For example, Dr. Stephan was very concerned that he avoid conflicts of interest that may arise
from the different duties of institutions primarily concerned with translational work and clinical
care, respectively; this kind of issue may be less relevant within the U.S. medical system. The
facility has several EEG units, and provides a nurturing and congenial environment for frequent
interactions between computational neuroscientists and its clinical research staff. Its MRI scanners
are located off-site, in order to leverage the larger infrastructure (both financial and intellectual)
provided by the university.
TRANSLATION
The TNU is currently under development, and while clinically applicable research is one of its
primary aims, it does not yet have translational work under way.
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SOURCES OF SUPPORT
The University of Zurich provides support for the TNU; Dr. Stephan’s position was funded by a
donation of 10 million francs to the ETH Foundation by the René and Susanne Braginsky
Foundation.
ASSESSMENT
The TNU is a promising new institute with a talented director and a clear and unique vision.
SELECTED REFERENCES
Brodersen, K.H., T.M. Schofield, A.P. Leff, C.S. Ong, E.I. Lomakina, M. Buhmann, and K.E. Stephan. 2011. Generative
embedding for model-based classification of fMRI data. PLoS Computational Biology 7:e1002079.
Iglesias, S., C. Mathys, K.H. Brodersen, L. Kasper, M. Piccirelli, H.E.M. den Ouden, and K.E. Stephan. 2013.
Hierarchical prediction errors in midbrain and basal forebrain during sensory learning. Neuron 80:519-530.
Stephan, K.E. 2004. On the role of general system theory for functional neuroimaging. J. Anat. 205:443-470,
doi:10.1111/j.0021-8782.2004.00359.x.
Stephan, K.E., L. Kasper, L.M. Harrison, J. Daunizeau, H.E. den Ouden, M. Breakspear, and K.J. Friston. 2008.
Nonlinear dynamic causal models for fMRI. NeuroImage 42:649-662, doi:10.1016/j.neuroimage.2008.04.262.
Woolrich, M.W., and K.E. Stephan. 2013. Biophysical network models and the human connectome. NeuroImage 80:330338, doi:10.1016/j.neuroimage.2013.03.059. [Epub April 6, 2013]
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Zhejiang University, Hangzhou
Site Address:

College of Biomedical Engineering
& Instrument Science
Room 202A, Zhouyiqing Building
Yuquan Campus
Zheda Road No.38, Hangzhou
Zhejiang, China 310027

Date Visited:

April 2, 2014

WTEC Attendees:

T. Cortese (report author), G. Glover, B. He, C. Stewart

Host(s):

Prof. Jianhui Zhong
Professor of National Recruitment Program of Global Experts
Director of Center for Brain Imaging Science and Technology (CBIST), Zhejiang
University
jzhong@zju.edu.cn
Tel.: +86 571 8795 3760
Prof. Anna Wang Roe
Professor of National Recruitment Program of Global Experts
Director of Zhejiang Interdisciplinary Institute of Neuroscience & Technology
(ZIINT)
annawang@zju.edu.cn
Tel.: +86 15857117104
Prof. Gang Chen
Professor of Systems and Cognitive Neuroscience Institute
cg@zju.edu.ca
Tel.: +86 18258831036

OVERVIEW
Originally founded in 1897, Zhejiang University in Hangzhou has a relatively complicated history
of renamings and relocations, schisms, and mergers. The present-day Zhejiang University was
established in 1998 as a combination of four Hangzhou universities: Zhejiang University,
Hangzhou University, Zhejiang Agricultural University, and Zhejiang Medical University. It is a
very comprehensive university, with more than 3000 faculty members, of whom more than 1200
have the title of professor, and more than 44,000 full-time students, 2700 of whom are
international, including approximately 13,800 graduate students and 7700 Ph.D. candidates. Its
library, with approximately seven million volumes, is one of the largest academic libraries in
China.
FUNCTIONAL FOCUS
Scientific research interests in brain imaging technology include such diverse applications as
psychology, management, special education, and language. They believe that imaging is an
important link—currently missing from the university infrastructure—between basic and clinical
research, and there is a concerted effort to build this link in order to establish a connection.
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The primary missions of CBIST, where 3 T and 7 T whole-body MRI scanners will be installed
and managed this year and next, are to develop advanced multimodal acquisition and imaging
techniques, concurrently with the development of new hardware and post-processing techniques for
big data, and to establish a platform for advanced neuroscience and its application to neurological
disease. Increasing both structural and functional spatial resolution to sub-millimeter scales via
multi-band, spiral and parallel acquisition techniques, is partly driven by the desire to understand
the functional connectivity of the human brain (network analysis); high spatial resolution is also
important because fundamental functional units in the brain are small.
RESEARCH & DEVELOPMENT ACTIVITIES
Although there are several MRI, PET, and clinical researchers at Zhejiang University, due to time
constraints the WTEC panel could attend presentations from only three of them (Dr. Jianhui
Zhong, who provided much of the background information about Zhejiang University, and Drs.
Anna Wang Roe and Zang Yu-Feng).
Dr. Anna Wang Roe, Director of the Zhejiang Interdisciplinary Institute of Neuroscience and
Technology (ZIINT), in addition to being affiliated with CBIST, gave a presentation on “How to
Study Brain and Behavior.” The ZIINT (www.qas.zju.edu.cn/ziint) consists of 20–30 labs,
occupying 3000 square meters, and has an array of neuroscience research instruments, as well as a
primate center.
ZIINT and CBIST have both medical science and engineering aspects, and thus can serve as a link
between the medical and engineering schools. Furthermore, collaboration between these institutes
and many other departments within the vast Zhejiang University enable the creation of a worldclass interdisciplinary center, which is one of Dr. Roe’s life-long dreams, and part of the reason she
returned to Shanghai in 2012. In addition to collaborations within Zhejiang University, ZIINT and
CBIST also work with a panel of external advisors from Vanderbilt, Harvard/MGH, and NIH
(including Dr. Larry Wald, a panelist on the current WTEC study).
Her research goals range from basic science (e.g., understanding issues such as global cortical
organization and connectivity at the modular level, sensory/cognitive motor behavior, and the
electrophysiological and neurovascular signatures of brain states) to engineering (e.g., brainmachine interfaces for motor rehabilitation and cognitive rehabilitation or enhancement) and finally
to clinical translation (e.g., investigating diseases such as autism, stroke, Alzheimer’s disease,
dyslexia, attention deficit disorder, and schizophrenia). One unique aspect of her work is using
near-infrared lasers to stimulate neural tissue (NIRS).
I conclude this sub-section of Dr. Roe’s research interests with a description, in her own words, of
high-temporal-resolution using PRESTO (Figure B.34):
As the initial dip occurs within the first 2 seconds of the hemodynamic response, we
will need to collect at least 1 frame per second. As there is loss of sensitivity with
faster temporal acquisition rates, there will be a tradeoff between temporal resolution
and signal strength. To find the frame rate at which the initial dip can be reliably
detected, we plan to acquire at 0.5 sec, 0.75 sec, and 1 sec frame rates. Investigators
(John Gore personal communication) at VUIIS have developed a range of high
temporal imaging sequences working on the Phillips 7 T scanner using PRESTO (a 3D
multi-shot gradient echo acquisition with extra gradients to shift the echo so that it is
formed after the following RF pulse). These sequences permit whole brain scanning at
150 ms temporal resolution. We plan to adapt this pulse sequence for application to the
macaque monkey in the 4.7T scanner. We believe that detecting the initial dip is an
excellent application for PRESTO since it offers both high temporal resolution and
images with minimal geometric distortions. For example, one sequence that has been
successfully used in the human has 2 x 2 x 2 mm3 voxels and focal (only visual cortex,
24 mm) volume coverage and a volume acquisition time of 527 ms (with TE=17 ms).
Our calculations indicate that, given the results obtained in human, if the monkey brain
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is roughly a third the size of a human brain in each dimension, then we can use same kspace matrix with a smaller field of view and obtain voxels around
0.67x0.67x0.67 mm3 with a temporal resolution of about half a second. A higher
spatial resolution can be achieved at the cost of a longer TE (because of shifted echo).
This should be a potentially good approach for capturing the initial dip at sub-0.5mm
spatial resolution.

Figure B.34. Use of PRESTO to examine the initial dip (courtesy of A. Wang Roe, Zhejiang University).

Dr. Zang Yu-Feng, a former surgeon and currently professor at Zhejiang Normal University, is
particularly interested in resting-state fMRI, and presented information about the Center for
Cognition and Brain Disorders. Their 3 T MRI scanner, model GE 750, is the only one dedicated
exclusively to research in the hospitals in China, and is operated by a team of 17 faculty members.
Hospitals need MRI scanners in order to perform resting-state fMRI scans and potentially apply
them to diagnosing brain disorders. As part of his presentation, Dr. Yu-Feng also provided answers
to some of the panelists’ questions:
Q: Given the challenges of circularly-defined patient groups and the absence of well-defined
models for most diseases, what are the most promising clinical applications that can/should be
targeted?
A: Functional neuroimaging should be used for accurate quantification and accurate location,
rather than specificity.
Q: What are the primary research themes in your group? Do any of them involve direct clinical
translation of neuroimaging results?
A: Resting-state fMRI for accurate quantification and accurate location individually: methodology
and application to epilepsy surgery, and TMS therapy, damage evaluation.
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Q: What are the greatest challenges that we need to overcome in terms of making imaging more
useful for clinical studies?
A: Many complicated analytic methods have been “useful for clinical studies” and, with these
beautiful and cool methods, many papers have been published in high-impact-factor journals. But,
it is hard to say what is useful for “clinical practice.”
Q: In terms of the large-scale initiatives being developed in the United States (BRAIN Project) and
in Europe (Blue Brain and Human Brain Projects), how do you see neuroimaging integrating (if at
all) with these? For computational neuroscience efforts, do you see emergent properties being
sufficiently characterized such hat they can function as concrete goals for the bottom-up approach?
A: They are huge and important projects. But before the comment of next generation functional
neuroimaging technique, more efforts should be made on pragmatic clinical studies. Resting-state
fMRI is just at its beginning stage.
TRANSLATION
As Dr. Roe emphasized after the end of her presentation, there is a very strong translational
component and collaboration between Zhejiang University and industry. She made a point of
emphasizing that they definitely actually build things.
SOURCES OF SUPPORT
China has several different funding mechanisms; the primary type at Zhejiang University is 985,
which is essentially government funding supplied to a particular university with the expectation
that it will be used for research in a particular area. Two primary funding directions for this
University are neuroscience and environment preservation; the main goal at CBIST is to achieve
the best possible imaging of the brain. In addition to receiving financial support from the Chinese
Ministry of Education, Zhejiang has also received significant donations from private individuals,
including a one-time endowment of $40 million donated by Zhejiang University graduate Duan
Yongping ($30 million) and Hangzhou resident Ding Lei ($10 million).
ASSESSMENT
Zhejiang University is a world-class institution of higher learning, and consistently ranks very
highly in both national and international evaluations. While they are still ramping up (e.g., a
contract with Siemens Corporation for 3 T and 7 T scanners was just signed the week prior to our
visit!), the University has an established track record of developing highly-ranked programs within
a few years of starting from scratch, and they have an ambitious roadmap for equipment
purchasing:
•
•
•

3 T human MRI (will install in 2014), 7 T human MRI (will install in 2015)
OCT, multiphoton, other optical imaging; 7 T or 9.4 T animal MRI, animal PET-CT (2-–5 years)
MR-PET (>5 years)

Another competitive advantage is that, due to possible legal issues, their scanners will be dedicated
to research and not patient care (although doctors in hospitals are under pressure to produce
publications, so arrangements may be made to grant them access).
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APPENDIX C. BIBLIOMETRIC REVIEW, GLOBAL fMRI R&D
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Figure C.1. Global impact fMRI, depth and breadth, 2010-2011. A. Citing articles (non-self-citing), and
B. H-index (combined productivity and citation impact). The data were acquired using "fMRI"
as the search term and the most comprehensive set of databases, Web of Science (WoS;
University of Minnesota) (courtesy of L.R. Mujica-Parodi).
USA = National Institute of Mental Health (NIMH), National Institute of Neurological
Disorders and Stroke (NINDS), and the National Science Foundation (NSF).
Europe (Other) = Combined Switzerland, Netherlands, Austria, Italy.
“Pharma” is includedbecause it provides an often-overlooked non-state source of funding.
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APPENDIX D. GLOSSARY OF ABBREVIATIONS AND ACRONYMS
AC – alternating current
ACE – Aalto Center for Entrepreneurship (Finland)
AD – Alzheimer’s disease
ADHD – attention deficit hyperactivity disorder
ADNI – Alzheimer’s Disease Neuroimaging Initiative
AFNI – Analysis of Functional Neuro-Images [software]
ALS – amyotrophic lateral sclerosis
ALU – arithmetic/logic unit
AMD – Advanced Micro Devices [Corporation]
AMT – Advanced Medical Technology [Programme] (Japan)
ANFI – Analysis of Functional Neuro-Images [software package]
ANR – [National Agency of Research] (France)
ANS – autonomic nervous system
ARABICA – Adaptive Robust Additions to Bagging ICA
ASL –arterial spin labeling
ATR – Advanced Telecommunications Research Institute International (Japan)
AVIC – Acute Vascular Imaging Centre (UK)
b.g. – basal ganglia
BBB – blood-brain barrier
BBP – Blue Brain Project (Europe)
BCAN – Berlin Center for Advanced Neuroimaging
BCI – brain-computer interface
BD2K – Big Data to Knowledge [Initiative] (NIH)
BME – biomedical engineering
BMI – brain-machine interface
BMS – Bayesian model selection
BOLD – blood oxygen level-dependent
BRAIN – Brain Research through Advanced Innovative Neurotechnologies (NIH)
BSI – Brain Science Institute (RIKEN, Japan)
BSS – blind source separation [problem]
BUFF – Berlin Ultra-high Field Facility (Germany)
CAS – Chinese Academy of Sciences
CAVE2 – cave automatic virtual environment [2]
CBF – cerebral blood flow
CBIR – Center for Biomedical Imaging Research (Tsinghua University, China)
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CBIST – Center for Brain Imaging Science and Technology (Zhejiang University, China)
CBV – cerebral blood volume
CEA – Commissariat à l’Energie Atomique (France)
CNR – contrast-to-noise ratio
CNRS – Centre National de la Recherche Scientifique (France)
COIN – Computational Inference Research Center (Aalto University)
CPU – central processing unit
CRO – contract research organization
CSF – cerebrospinal fluid
CT – computed tomography
CW – continuous wave
DASB – 3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile (PET ligand)
DAT – dopamine transporter imaging
DBS – deep brain stimulation
DC – direct current
DCE – dynamic contrast enhanced [MRI]
DICOM – Digital Imaging and Communications in Medicine (standard for image distribution)
DINE – Dahlem Institute of Neuroimaging (Germany)
DSI – diffusion spectrum imaging
DSV – diameter of spherical volume
DTI – diffusion tensor imaging
DTU – Danish Technical University (= TUD, Technical University of Denmark)
DWI – diffusion weighted imaging
EBP – European Brain Project
EC – European Commission
ECD – equivalent current dipole
ECoG – electrocorticogram
EEG – electroencephalography
EITN – European Institute for Theoretical Neuroscience
EPI – echo-planar imaging
EPR – electron paramagnetic resonance [imaging]
EPSRC – Engineering and Physical Sciences Research Council (UK)
ERC – European Research Council
ERP – event-related potential
ESI – electrophysiological source imaging
EU – European Union
EV – extravascular
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FACETS – Fast Analog Computing with Emergent Transient States
FDOPA – fluorodopa, a fluorinated form of L-DOPA
FET – Future and Emerging Technologies [initiative] (Europe)
FIL – Functional Imaging Laboratory (Oxford University, UK)
FLASH – Fast Low Angle SHot [MRI]
FMISO – fluorine 18-labeled fluoromisonidazole
fMRI – functional magnetic resonance imaging
FMRIB – [Oxford Centre for] Functional MRI of the Brain (John Radcliffe Hospital, UK)
FOV – field of view [in MRI]
FSL – FMRIB Software Library
FWHM – full-width at half-maximum
GABA – gamma-aminobutyric acid
GARDE – General & Age Related Disabilities Engineering Program (at NSF)
GB – gigabyte
GE – General Electric Corporation
GHz – gigahertz
GLM – general linear model (univariate analysis)
GPGPU – general purpose graphical processing unit (= GPU)
GPU – graphical processing unit
GRAPPA – generalized autocalibrating partially parallel acquisitions
GRE – gradient recalled echo
GUI – graphical user interface
HBP – Human Brain Project (Europe)
HCP – Human Connectome Project
HIFU – high intensity focused ultrasound
HMPAO – hexamethylpropyleneamine oxime
HRF – hemodynamic response function
HRRT – high-resolution research tomograph [PET camera]
I/O – input/output
ICA – independent component analysis
iDSS – integrative Decision Support System [for analysis of dementia]
INCF – International Neuroinformatics Coordinating Facility
ISSYS – Integrated Sensing Systems [Company]
IST – Information Society Technologies [programme] (Europe)
IV – intravascular
JSPS – Japan Society for the Promotion of Science
JST – Japan Science and Technology [Agency]
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KAIST – Korea Advanced Institute of Science and Technology
KB – kilobyte
kHz – kilohertz
KI – Karolinska Institute (Sweden)
KTH – Kungliga Tekniska Högskolan [Royal Institute of Technology] (Sweden)
L1, L2 – level-one, level-two, etc. [cache memory]
LFP – local field potential
LIN – Leibniz Institute for Neurobiology (Germany)
LORETA – low-resolution brain electromagnetic tomography
MADAM – N,N-dimethyl-2-(2-amino-4-methylphenylthio) benzylamine (PET ligand}
MANOVA – Multivariate ANalysis Of Variance
MASSIVE – Multimodal Australian Sciences Imaging and Visualization Environment
MB – multi-band
MBI – Monash Biomedical Imaging (Australia)
MCF – magnitude of complex filtering
MCI – mild cognitive impairment
MCS – minimally conscious states
MEG – magnetoencephalography
MHz – megahertz
MID – memory-incentive delay
ML – machine learning
MOTSA – multiple overlapping thin-slab acquisition
MPI – Max Planck Institute
MPI – message passing interface
MR – magnetic resonance
MRC – Medical Research Council (UK)
MRI – magnetic resonance imaging
MS/NMO – multiple sclerosis/neuromyelitis optica
MUA – multi-unit activity
MVPA – multi-voxel pattern analysis
NatMEG.se – national MEG unit (Sweden)
NCHCOA – National Center for Health Care Outcome Assessment (Boston)
NCSA – National Center for Supercomputing Applications (United States)
NHS – National Health Service (UK)
NIBIB – National Institute of Biomedical Imaging and Bioengineering (initiative of NIH)
NIH – National Institutes of Health (United States)
NIHR – National Institute for Health Research (UK)
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NIHR BRC – [Oxford] National Institute for Health Research Biomedical Research Center (UK)
NIMH – National Institute of Mental Health (United States)
NINDS – National Institute of Neurological Disorders and Stroke (United States)
NiPy – Neuroimaging Analysis in Python (software)
NIRS – near-infrared spectroscopy
NIST – National Institute of Standards and Technology
NITRC – Neuroimaging Informatics Tools and Resources Clearinghouse (initiative of NIH)
NMR – nuclear magnetic resonance
NOS1 – nitric oxide synthase 1
NRI – Neuroscience Research Institute (Gachon University, Korea)
NSF – National Science Foundation (United States)
OCMR – Oxford Centre for Clinical Magnetic Resonance Research (UK)
OCT – optical coherence tomography
OFC – orbitofrontal cortex
ONR – Office of Naval Research (United States)
PBR – peripheral benzodiazepine receptor
PCA – principal components analysis
PD – pharmacodynamics
PET – positron emission tomography
PGAS – partitioned global address space
PI – principal investigator
PiB – Pittsburgh Compound B [imaging]
PIM – pattern information mapping
PK – pharmacokinetics
PRESTO – Principles of Echo Shifting using a Train of Observations [a perfusion-weighted
imaging MRI technique]
PSI – Paris-Saclay Institute (France)
PVM – parallel virtual machine
QBI – Queensland Brain Institute (Australia)
QIMR – Queensland Institute of Medical Research (Australia)
RAID – redundant array of independent disks
RAM – random access memory
RF – radio frequency
RIKEN – Rikagaku Kenkyūsho [Institute of Physical and Chemical Research] (Japan)
RISC – reduced instruction set computing [architecture]
ROI – region of interest
RRC – Research Resource Center [at BSI, RIKEN] (Japan)

210

Appendix C. Glossary of Abbreviations and Acronyms

SBI – Stockholm Brain Institute
SE – spin echo
SENSE – SENSitivity Encoding
SJTU – Shanghai Jiao Tong University
SMHC – Shanghai Mental Health Center
SMP – symmetric multi-processing [computer architecture]
SMS – simultaneous multi-slice
SNP – single nucleotide polymorphism
SNR – signal-to-noise ratio
SPECT – single-photon emission computed tomography
SPM – statistical parametric mapping
SSD – solid state drive
SSRI – selective serotonin reuptake inhibitor
STN – subthalamic nucleus
s-TOF – sliding time-of-flight [method]
SUA – single-unit activity
T – Tesla [derived unit of magnetic flux density (or magnetic inductivity)]
tACS – transcranial alternating current stimulation
TB – terabyte
tDCS – transcranial direct current stimulation
TE – echo time
TES – transcranial electric stimulation
TMS – transcranial magnetic simulation
TNU – Translational Neuromodeling Unit (University of Zurich/ETH Institute for Biomedical
Engineering, Switzerland)
TR – temporal resolution (i.e., sampling rate), repetition time
UCL – University College London (UK)
UIUC – University of Illinois in Urbana-Champaign
UK – United Kingdom
UNIC – Unit of Neuroscience Information and Complexity (France)
WARM – Washout Allometric Reference Mapping [procedure] (Denmark)
WCTN – Wellcome Trust Centre for Neuroimaging (UCL, UK)
WM – working memory
WTEC – World Technology Evaluation Center, Inc.
ZIINT – Zhejiang Interdisciplinary Institute of Neuroscience and Technology (China)
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