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Functional MRI

27 years since the first results.
Currently, over 4,000 fMRI papers published per year.

Over 52,000 fMRI papers published in total.

At the interface of a wide range of disciplines.

* Noninvasive, fast, whole brain, high-
resolution.

* Major impact on our understanding of
human brain functional organization

*  Wide range of disorders studied...

* No major clinical application yet
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Topic
2:00 PM Introduction to Course Topics & History Basics of fMRI
2:00 PM Neuroimaging and Neuromodulation at the NIH
2:00 PM Nuts and Bolts of MRI and fMRI scanning
2:00 PM Advanced MRI and fMRI Acquisition Methods
2:00 PM The chalenges and oppportunities of data sharing

2:00 PM Real time fMRI
ISMRM and OHBM
ISMRM and OHBM
ISMRM and OHBM
ISMRM and OHBM

2:00 PM Minimizing noise during fMRI acquisition
2:00 PM Understanding Visual Processing with fMRI

2:00 PM Assessing individual differences with fMRI
2:00 PM Resting State fMRI

Independence Day
2:00 PM Predicting Performance with fMRI
2:00 PM Multivariate pattern analysis of fMRI data
2:00 PM Encoding and decoding models
2:00 PM Multi-echo EPI for task-based and resting-state fMRI
2:00 PM High Field and High Resolution Structural and Functional MRI
2:00 PM Layer specific fMRI
2:00 PM EEG/fMRI and the study of Language
2:00 PM Pharmacologic fMRI
2:00 PM Neurdegegerative disorders
2:00 PM fMRI of pain
2:00 PM Perfusion Imaging
2:00 PM PET for Precision Medicine and Drug Development
2:00 PM Magnetoencephalography (MEG)
2:00 PM Imaging Changes in Brain Anatomy
2:00 PM Neuromodulation methods
2:00 PM Efficient Modeling through Information Sharing
2:00 PM T1 Contrast, MPRAGE and MT
2:00 PM Studying CNS diseases with advanced MRI
2:00 PM Quantitative MRI
2:00 PM Imaging Stroke and Traumatic Brain Injury
2:00 PM Diffusion MRI: Basics and Limits
2:00 PM Depression and Multimodal Neuroimaging

2:00 PM Anatomical and Functional Neuroimaging in Animal Models

2:00 PM Genetics and Neuroimaging: How to analyze imaging data and SNPs

2:00 PM The Future of Neurolmaging and Course Conclusion
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metabolic imaging (NAA)

Functional Magnetic Resonance Imaging in
Medicine and Physiology

CuarutT T. W. MOONEN, PETER C. M. VAN ZIJL, JOSEPH A. FRANK,
DEeNis LE BiaaN, EDwIN D. BECKER

(1990) Science, 250, 53-61.

angiography

Diffusion

.
Y Fegd
P :

/d \\*ys:,y/

credtine lad¢tate

gy ¢

&
i, .




The First Functional MRI Results
(MGH & Jack Belliveau - 1991)

* Bolus injection of a susceptibility contrast agent.
 Time series collection of T2 - weighted images.




Fundamental Work towards BOLD contrast :

L. Pauling, C. D. Coryell, Proc.Natl. Acad. Sci. USA 22,210-216, 1936.
(Blood susceptibility changes with oxygenation)

K.R.Thulborn, |. C.Waterton, et al., Biochim. Biophys.Acta. 714:265-270, 1982.
(Blood T2 is proportional to oxygenation & mechanism is bulk susceptibility)

S. Ogawa, T. M. Lee, A. R. Kay, D.W.Tank, Proc. Natl. Acad. Sci. USA 87, 9868-9872, 1990.
(T2 and T2* modulation in vessels in living rat brains with oxygenation changes)

Turner, R,, Lebihan, D., Moonen, C.T.W,, Despres, D. & Frank, . MRM, 22, 159-166, 1991

(T2* modulation with cat brain with oxygenation changes)

oxygenated

deoxygenated =—=tF-——=

red blood cells



in vitro

100% oxygenated blood

b
100% O,

0% oxygenated blood

d
F

S. Ogawa, T.-M. Lee, A. S. Nayak, P. Glynn, Magn. Reson. Med, 14, 68-78 (1990)



The video that started it all.
Aug 12, 1991: Tom Brady Plenary Lecture at SMRM, San Francisco




just before that meeting...

August, 1991
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Initially could only do one slice...

2.5cm!

TR = 2 sec
TE =50 ms
One slice

In plane 3.75 x 3.75



1991



P. A. Bandettini, et al., (1992)

“Time course EPT of human brain
function during task activation.”
Magn. Reson. Med 25, 390-397.
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Baseline

L2

K. K. Kwong, et al, (1992) “Dynamic magnetic
resonance imaging of human brain activity

during primary sensory stimulation.” Proc.
Natl. Acad. Sci. USA. 89, 5675-5679.

Signal Intensity

Signal Intensity
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Multi-shot results at 4T, U. Minnesota.
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S. Ogawa, et al., (1992) “Intrinsic
signal changes accompanying sensory
stimulation: functional brain mapping
with magnetic resonance imaging.”
Proc. Natl. Acad. Sci. USA. 89,
5951-5955.
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Technology Methodology

Coil arrays
High field strength
Novel sequences

Paradigm designs
Multi-modal integration
Real time feedback
Processing Methods

Fluctuations
Dynamics
Functional Resolution

Healthy Brain Organization,
Changes, Dynamics

Clinical Research

Clinical Applications

Interpretation Applications
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First Challenges...

* Prove it’s meaningful
* Characterize it
* Improve it
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Focal physiological uncoupling of cerebral blood flow and oxidative
metabolism during somatosensory stimulation in human subjects
(positron emission tomography)

PETER T. Fox*™# AND Marcus E. RaICHLE*t

*Department of Neurology and ical Surgery (N ), tDepartment of Radiology (Radiation Sciences), and The McDonnell Center for Studies of
Higher Brain Function, Washington University School of Medicine, St. Louis, MO 63110
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Communicated by Oliver H. Lowry, October 7, 1985
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FiG. 1. Physiological uncoupling of
- brain blood flow and metabolism. (Left)
WORN Sane - Resting-state measurements. (Right) Stim-
F IOW =l At ulated-state measurements (unilateral O E F
vibrotactile stimulation of the fingers). All
images are from a single subject’s scanning
session and pass through the same brain
plane. Color scales are linear with the
maxima set at a fixed multiple (1.6) of the

global average, to facilitate visual compar- T he refo re...
isons (16). During specific somatosensory
stimulation a marked focal increase in
CBF (29% of mean, nine subjects, three
trials per subject) was produced in the
contralateral sensorimotor cortex. The ob- B IOOd Po 2
served increase in the CMRo, was much

smaller (5% of mean, nine subjects, three
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nificance. This physiological uncoupling of
CBF and CMRo; flow produced a highly
significant decrease in the local OEF

(—19% of mean), indicating that tissue Po,
(and probably pH) rose during stimulation.

as contralateral/ipsilateral ratios (see text
and Tables 1-4), the disparity between
blood flow and metabolism was evident
from the raw data and was not dependent
on a particular strategy of analysis.
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Cerebral Tissue Activation

|

Local Vasodilatation

|

Increase in Cerebral Blood Oxygen Delivery Exceeds
Flow and Volume Metabolic Need

|

Increase in Capillary and Venous Blood Oxygenation

|

Decrease in Deoxy-hemoglobin

|

Decrease in susceptibility-related Increase in T2 and T2%
intravoxel dephasing - l

Deoxy-hemoglobin: paramagnetic
Oxy-hemoglobin: diamagnetic

Local Signal Increase in T2 and T2* - weighted sequences



Prove it’s Meaningful

Parametric Manipulation

Motor Cortex
Auditory Cortex
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S. M. Rao et al, (1996) “Relationship between J. R. Binder, et al, (1994). “Effects of stimulus
finger movement rate and functional magnetic rate on signal response during functional
resonance signal change in human primary magnetic resonance imaging of auditory

motor cortex.” J. Cereb. Blood Flow and Met. 16,  cortex.” Cogn. Brain Res. 2, 31-38
1250-1254.



Prove it’s Meaningful
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Logothetis et al. (2001) “Neurophysiological investigation of the
basis of the fMRI signal” Nature, 412, 150-157



Characterize It

Dynamic Characteristics of BOLD
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Characterize
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Dynamic Characteristics of BOLD
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0.500 Hz ("on/off" = 1/1 sec)

0 32 64

Time (seconds)

How rapidly can one
switch on and off?

MR Signal Change

Relative Activation - Induced

10 20 30 40 50
On - Off Cycle Length (sec)
0.100 0.050 0.033 0.025 0.020
On - Off Frequency (Hz)

P. A. Bandettini,, Functional MRI using the BOLD approach: dynamic
characteristics and data analysis methods, in "Diffusion and Perfusion:
Magnetic Resonance Imaging" (D. L. Bihan, Ed.), p.351-362, Raven Press,
New York, 1995.




Characterize It =

Sample stimulus frames

Checkerboard ... 240 seconds
contrast & S for each run

A Y 7
Contrast modulation at 0.2 Hs, 0.33 Hz, or 0.5 Hz

Recently, even faster driven b | HiFswstiorsmustors © —Stmie —m [0
oscillations (0.5Hz...and s =gamma Htransm o ﬁpg A
potentially 0.75 Hz) were g i gt
detected... 5 B

1'Ioime1(€§) 20 25 0 T"gg (s) 100

c 0.2Hz d 0.33 Hz e 0.5Hz
0.4 0.4 0.0
202 < £ 00
= g g
c = 0 k=)
2 0 n 7
g g > 0.0
. -0.2} n=9 subjects, -0.1 e i
Lewis, et al. PNAS 2016 12 rune n=t subjects, 16runs 004 ¥ oyuns
3 ? 3 5 1.2 @3 0o _1 2
Time (s) Time (s) Time (s)



Characterize It Dynamic Characteristics of BOLD

The first event-related study.

ON ON ON

o U U
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Difference Signal
@ 9

Blamire, A. M., et al. (1992). “Dynamic mapping of the human visual cortex by high-
speed magnetic resonance imaging.” Proc. Natl. Acad. Sci. USA 89: 11069-11073.



Characterize It

Dynamic Characteristics of BOLD

Different stimulus “ON" periods

BOLD
Response

Stimulus
timing

measured
hnear

I I | | | |

025s 05s 1s 2s 20 s —
time (s)

Signal

Brief stimuli produce larger responses than expected

R. M. Birn, Z. Saad, P. A. Bandettini, (2001) “Spatial heterogeneity of the nonlinear dynamics in the

fMRI BOLD response.”

Neurolmage, 14: 817-826.



BOLD Correlation with Neuronal Activity

BOLD Signal: ePts

Logothetis et al. (2001)
“Neurophysiological investigation
of the basis of the fMRI signal”
Nature, 412, 150-157.

BOLD Signal Change (SD Units)
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) NEURAL Signal Change (SD Units)

—
o
y

P. A. Bandettini and L. G.
Ungerleider, (2001) “From neuron

to BOLD: new connections.”
Nature Neuroscience, 4: 864-866.

Estimated input amplitude
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Characterize It

AChanneI contributions across V1-V3
Transient contribution Sustained contribution

Bs)

B (% signal)

Stigliani, A., Jeska, B., and Grill-Spector, K. et Encoding model of temporal processing in
Human visual cortex, EI 1047-E11056 PNAS 2017



Characterize It

Latency Variation... DRAINING VEIN EFFECTS!

Latency

Magnitude

Venogram

2100
2080
2060
2040
2020
2000

1980
0O 2 4 6 8 10 12 14 16 18 20

Time (sec)

P.A. Bandettini, (1999) "Functional MRI" 205-220.

20

10
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-1

-05 0 0.5
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Characterize It

Ocular Dominance Column Mapping

Menon, R. S., S. Ogawa, et al. (1997). ] Neurophysiol 77(5): 2780-7.
0.54 x 0.54 in plane resolution

Optlcal Imaging

Cheng, et al. (2001)

R. D. Frostig et. al, PNAS 87: Neuron,32:359-374
6082-6086, (1990). 0.47 x 0.47 in plane resolution



Characterize It
Subject 1

Subject 2

| . b

C d
Orientation Columns
in Human V1
as Revealed by fMRI
at 7T

| O s w [
Phase

Yacoub et al. PNAS 2008



First Opportunities...

* New Contrasts

* New Paradigms

* New Processing Methods
* New Applications



New Contrasts?

fMRI Contrast

* Volume (gadolinium) 991
- BOLD (GE and SE) 1992
* Perfusion (ASL) 1992
- ACMRO, 1998
* AVolume (VASO) 2001
* Neuronal Currents?

* Diffusion coefficient?

* Temperature?
 Elastography?



New Paradigms
Neuronal Activation Input Strategies

1

|. Block Design
2. Frequency EncoEiiﬁgJ T %mm
3. Phase Encoding

4. Event-Related WM

5.fMRI adaptation ||| |||

7 |
=l
=l
il

6. Orthogonal Block Design

1. Free Behavior Design.



New Paradigms

StephenA. Engel

David E. Rumelhart

Brian A. Wandell
Department of Psychology.,
AdrianT. Lee

Gary H. Glover

Department of Radiology,
Eduardo-Jose Chichilnisky
Neuroscience Program,
Michael N. Shadlen
Department of Neurobiology,
Stanford University, Stanford,
California 94305, USA

Phase encoding: Retinotopy

NATURE - VOL 369 - 16 JUNE 1994

Anterior

MRI
Signal
(% change)

-5 )

Time (seconds)



New Paradigms

Phase encoding: Retinotopy
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Proc. Natl. Acad. Sci. USA

Vol. 93, pp. 2382-2386, March 1996
Neurobiology

Mapping striate and extrastriate visual areas in human
cerebral cortex

EDGAR A. DEYOE?*, GEORGE J. CARMANT, PETER BANDETTINIF, SETH GLICKMAN?, JON WIESER*, ROBERT Cox$
Davip MILLERY, AND JAY NEITZ*

*Department of Cellular Biology and Anatomy, and Biophysics Research Institute, The Medical College of Wisconsin, 8701 Watertown Plank Road, Milwaukee

WI 53226; TThe Salk Institute for Bi ological Studics, La Jolla, CA 92037, i\1.:~.\.ul‘uiuh General Hospital-NMR Center, Charlestown, MA 02129; SBiophysics
Research Institute, The Medical College of Wisconsin, Milwaukee, WI 53226; and “Brown University, Providence, R1 02912

Communicated by Francis Crick, The Salk Institute for Biological Sciences, San Diego, CA, November 14, 1995 (received for review August
1995)



New Paradigms
First Event-Related Study of Cognition

10 12 14
TIME (sec)

Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 14878-14883, December 1996
Neurobiology

Detection of cortical activation during averaged single trials of a
cognitive task using functional magnetic resonance imaging

(neuroimaging /single trial /language/ prefrontal)
RANDY L. BUCKNERTH§Y, PETER A, BANDETTINITE, KATHLEEN M. O’CrAVENTI, ROBERT L. Savoyfl,
STEVEN E. PETERSEN**TT, MaRrcuUs E. RaicHLEY**TT, Anp BrRuce R. Rosent#
"Department of Radiology, Massachusetts General Hospital Nuclear Magnetic Resonance Center, Charlestown, MA 02129; *Harvard University Medical School,

Boston, MA 02115; Rowland Institute, Cambridge, MA 02142; and **Departments of Neurology and Neurosurgery and McDonnell Center for the Study of
Higher Brain Function, and Departments of ¥Radiology and TTAnatomy and Neurobiology, Washington University Medical School, St. Louis, MO 63110

Contributed by Marcus E. Raichle, September 4, 1996



New Paradigms . )
Jittered Event-Related Designs

NeuroRepor t9, 3735-3739 (1998)

A FIXED INTERVAL
Randomized event-related [ m-swc | G e
experimental designs o
allow for extremely rapid 2| [
presentation rates using B

B RANDOMIZED PRESENTATION

functional MRI

Marc A. Burock,’? Randy L. Buckner,?
Marty G. Woldorff,* Bruce R. Rosen’

and Anders M. Dale’CA 2} M
0 N\N\!\ N\ [\ 1

_ 0 100 200 300 400
"Massachusetts General Hospital, Nuclear Time (sec)

Magnetic Resonance Center, Bldg 149, 13th C
Street, Charlestown, MA 02129; 2Harvard-MIT
Division of Health Sciences and Technology,
Cambridge, MA 02129; 3Washington University,
Department of Psychology, St. Louis,

MO 63130; “University of Texas Health .

Science Center, Research Imaging Center, w0 ey T
San Antonio, TX 78284, USA
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New Paradigms

Category Definition Mean number
of occurrences
(SD)

Planning a route to a 16.6 (1.8)
given destination
Planning from the 6.8 (0.8)
initial request
Planning after an 9.8 (1.0)
en route reguest
from a customer lo
alter the destination
Further planning en route, [34.3 (10.9)
independent of customers
Planning the next stage of | 17.7 (6.6)
the journey
Altering the current plan to | 16.7 (5.7)
adapt to the environment
Planning future movements | 45.8 (15.1)
with the vehicle

Expectation Confirmation | Detecting the presence of | 28.6 (9.9)
an expected environmental
feature

Expectation Violation Detecting the absence of [ 31.6 (10.5)
an expected environmental
feature
Looking out for the next 245(R.5)
expected environmental
feature
Visual inspection ol an 36.0 (11.8)
environmental feature
Watching moving traffic 11.4 (5.9)
in the environment
Navigating automatically | 25.8 (7.5)
without any directed
thoughts

Customers” Navigationally- | Navigationally-irrelevant 6.6 (0.9)

Irrelevant Statements

stalements by customers,
(a control for
Customer-driven

Route Planning)

Free Behavior Designs

Thoughts, behaviour, and brain dynamics
during navigation in the real world. Hugo

J. Spiers and Eleanor A. Maguire, Neurolmage,
31 (2006), 1826-1840.



New Paradigms

So that's just along
Oxford Street, down
Regent Street and

on to Whitchall I'l go via

Grosvenor Square
to save some time

Street is open

Expectation -
Confirmation they've blocked
. off Brook Street

: b The Eros
Thou gh.ts, behaV|.our, : : \ ¥ xpoctatio zatieocks
and brain dynamics -‘
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New Paradigms

Functional Connectivity in the Motor Cortex of Resting
Human Brain Using Echo-Planar MRI

Bharat Biswal, F. Zerrin Yetkin, Victor M. Haughton, James S. Hyde

Mag. Res. Med. 1995, ~5300 citations

task *activation® resting state *correlation®




New Paradigms

Resting-state “networks” closely resemble
task-activated networks

Smith et al, 2009

-> Suggests we may be able to map multiple functional networks without needing tasks



New Paradigms

Seed-based resting state correlation reveals retinotopy

©
o
Q
i
3
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Contralateral

orrelation (r)

Arcaro et al., 2015

Fox et al. 2009



Sliding Seed-based Correlation Movies

Relative correlation strength pattern obtained with a systematically shifted seed region

Seed 1 GM/WM Boundary LH (seed hemi) RH (contra hemi)



New Paradigms

Sliding Seed-based Correlation Movies

Buckner et al. 2013



New Paradigms

Whole brain connectivity patterns from resting state signal
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Junction

Prima
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Medial
Temporal

Visual Cortex Posterior Cingulate

Khundu et al.



New Paradigms

Resting State Fluctuations and Connectivity Assessment

Resting state fMRI

800 :
T
700
n
| -
& 600
S
g 500 =
S 400
T 300 o
=2 @
& 200
- @
2 100 .
@
..
[=2] [=2] [=2] [ ] = = = = L = . L oo
[=2] [=2] [=2] [ ] o= = o= [ ] o= o= [ =]
- L o -~ o™ (2] o™ o~ o™ o~ o~ o~

Year



From Blobs to Information-rich Patterns



New Processing Methods Multivariate Assessment

Distributed and Overlapping

Representations of Faces and

Objects in Ventral Temporal
Cortex

James V. Haxby,'* M. Ida Gobbini,"* Maura L. Furey,’?
Alumit Ishai,” Jennifer L. Schouten,” Pietro Pietrini>

SCIENCE VOL 293 28 SEPTEMBER 2001
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New Processing Methods — O —
Dissimilarity Matrix

. . Creation
Multivariate Assessment ‘

dissimilarity 96

matrix l

compute dissimilarity
(1-correlation across space)

response
patterns
ROI in Brain \

P

—— 09—

N. Kriegeskorte, et al, Neuron 60, 1-16 (2008)



New Processing Methods

Multivariate Assessment

Visual Stimuli




New Processing Methods
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New Applications
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....after 26 years, what has improved?

Image quality, temporal stability, sensitivity, resolution and speed.
Implementation, standardization in in acquisition, processing, and display
Many different processing methods available: Multivariate decoding,
encoding, pattern effect mapping, machine learning, cross subject correlation,
and dynamic resting state connectivity analyses have opened up new insights
and directions.

Artifacts are better understood, and more fully removed

Underlying neuronal correlates of fMRI are better established

Resting state fMRI has exploded

Large pooled datasets have catalyzed meta-analysis, transparency, new
methods, reproducibility, and biomarker discovery

Individual assessment in fMRI is growing

Standard resolution used has increased

Multimodal integration

More groups, better questions.
More high field scanners (>60 7 T’s)



7T+ human scanners worldwide

Open Google map (edits and corrections are welcome) https://drive.google.com/open?id=1dXG840ZIAOxjsqh3x2t6zWL1bNU
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What has NOT improved...

. Still struggling with subject motion and breathing
. Temporal SNR still limited by physiologic fluctuations
. Still struggling with HRF characterization and normalization

-spatially variable BOLD latency & magnitude
-spatially variable HRF

. Spatial resolution of fMRI has reached a theoretical limit due to
hemodynamics.

. FMRI is still not used clinically (effect size/noise << 10)

. Vendors still have not focused fMRI (no clear clinical applications yet)

. Scanners are still loud and confining

. MRl is still extremely expensive

. Still using 2.5 mm?3 voxels for most studies

. We don’t understand ‘“connectivity’ as inferred by correlation

. We don’t understand source of resting state fluctuations or biologic
purpose that resting state serves

. Shimming (reducing Bo inhomogeneities) is still an issue (especially for
high field fMRI using echo planar imaging)

. Db/dt limit (gradient switching) is still an issue

. Large databases are not curated well enough ...or methods are not

sophisticated enough to deal with variability of large databases.
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A few Current Challenges...

Generally to maximize the interpretability and
utility of the fMRI signal

 Completely remove fluctuations and
variability.

* Create a pipeline for robust individual
assessment.

* High resolution mapping impervious to
vascular variations.



Understand and Remove Physiologic Fluctuations

200
150
Current
tSNR Limit
100
50

J. Bodurka, F. Ye, N Petridou, K. Murphy, P. A. Bandettini, Mapping the MRI voxel volume in which thermal

Theoretical tSNR

[ [
Ll m lt (if we eliminate physiologic noise)

1 I 1 1 1 I 1 1 | I 1 1 1

[ TSNR Voxel Volume:
[ 1.7x1.7 x4mm" ]
— Limits: WM
- GM =87 5
- WM =155 =
= OSE =53 ]
- < GM d
L O B
L Vessels |
L / CSF i
N 7 1
SNR -
| 1 L l L I I 1 L I L 1 1 I 1 L | I 1 L 1
65 130 195 260 325 390

noise matches physiological noise — implications for fMRI. Neuroimage, 34, 542-549 (2007)



Understand and Remove Physiologic Fluctuations

Components of fMRI Fluctuations
From an ROI

Low Frequency Drift

Respiration

Cardiac

Bianciardi et al. Magnetic Resonance Imaging 27: 1019-1029, 2009



Universal Parcellation Scheme

The HCP’s multi-modal parcellation, version 1.0 (HCP_MMP1.0)

M F Glasser et al. Nature 1-8 (2016) doi:10.1038/nature18933

nare



Individual Assessment

Structural, Functional, and Connectivity for Individual Assessment
Fluid Intelligence..

A structural predictor (n = 116) B Test sample (n = 48)
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Multiple Bases of Human Intelligence Revealed by
Cortical Thickness and Neural Activation, Choi et al,
The Journal of Neuroscience, October 8,2008
28(41):10323-10329
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Functional Connectomics from Resting State Data,
Smith. et al, Trends in Cognitive Sciences (2013)
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Clinical Potential

Neuro-MRI Potential Clinical Impact

Growth Potential

Tumor

Incidence

Spinal cord injury 50k
Brain Tumor

Epileps

Multiple Sclerosis

Growth Rate

Parkinson’s

Alzheimer’s
Epilepsy
Trauma
Numbness

Headache

Maturity Level

Stroke 15m

Depression

Number of newly-diagnosed people per year.

Corresponds to bubble sizes in growth chart.

Research Early Adopters  Early Majority Majority Full adoption
MRI Adoption

Neuropsychiatric disorders have the
most growth potential for imaging

Courtesy: Scott Hinks, GE Medical Systems



bridging the scales in neuroscience
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VASO vs. BOLD Specificity




High Resolution Layer Dependent Mapping

Experimental Results using VASO

A)  tapping with touch tapping without touch  touch only ipsilateral tapping
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output no output no output
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Layer-dependent fMRI in “"cognitive” area DLPFC

alphabetize remember

. - - - -

[D’Esposito et al., 1999]
signal slope after response “output"_ mental alphabetizing AS/SO
| 4% |

29|

0 15 30 time [s]
— superfical layer: alphabetizing

— deeper layer: output, response
N=5 participants 7T, 32ch. Nova

resol. 0.9 mm,
FLASH-GRAPPA,

partial Fourier 6/8

[Goldman-Rakic et al., 1996 ]

In collaboration with Emily Finn, who

is interested in DLPFC 73/35 94 dlices



Resting State Correlation within Layers

Hubness: functional connectivity strengths of one layer to all other layers in each
column

A) expected M1 circuitry based on
Mao et al. 2011 and Weiler et al. 2008

Hub in middle and deeper layers
feed-forward dominated 'columns’

thalamic|| spinal |[|thalamic

cortex input output || output

W \/ r\ / 0.05
iy :
CSF WM

GF I Il Va Vb VIWM Hub in superficial layers
d-back dominated 'columns’

0.05

CSF WM

Huber, L. et al. Neuron (in press)



Current Opportunities...

* Processing methods
* Acquisition methods
* Big Data Analysis



Further Information Extraction

Those with Schizophrenia have Different Resting State Dynamics

A |dentification of intrinsic connectivity networks (ICNs)
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Further Information Extraction

Mental States Imposed
by Experiment

Atlas Time
Series
Extraction

200 ROIs

Dimensionality
Reduction (PCA)

Time Segmentation

Computation of
Windowed
FC Patterns

FC State Detection

FC State Timeline

Validation

Mental State
Timeline

Connectivity — Based Ongoing Task Decoding
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Nearly 100% Accurate for subjects who were most engaged.

Gonzalez-Castillo et al., PNAS 2015



Further Information Extraction

Informative Connectivity Changes were more
extensive than magnitude changes (3 min window)

REST

MATH

MEMORY VIDEO

Gonzalez-Castillo et al., PNAS 2015



Further Information Extraction

Massive time-locked averaging & model free analysis
= whole brain activation with a simple task

=

-

K-MEANS
(K=20)

J. Gonzalez-Castillo, Z. Saad, D. A. Handwerker, S. J. Inati, N. Brenowitz, P. A. Bandettini, Whole-brain, time-locked
activation with simple tasks revealed using massive averaging and model-free analysis. Proceedings of the National
Academy of Sciences 109, 14: pp. 5487-5492 (2012)



Big Data Analysis

Correlation (r) between each SM
and the CCA mode =]
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Negative
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Vanance explained: Thought problems score (self-report)

Perceived stress score
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Specific Networks are Correlated with Subject Measures

Picture vocabulary test
Fluid intelligence (number of correct responses)

Delay discounting (area under the curve for discounting of $200) g

Years of education completed
Life satisfaction
List sorting working memory test
Oral reading recognition test
Sustained attention continuous performance test (true positives)
Sustained attention continuous performance test (specificity)
Delay discounting (area under the curve for discounting of $40,000)
Picture sequence memory test
Years since smoked last cigarette
Financial income (eight bands)
Peg-board dexterity test (time taken)
Visual acuity (ratio)
No history of psychiatric or neurologic disorders — father
Pattern comparison processing speed
Two-minute walking endurance test

Age first smoked (smokers only)

Still smoking
Regional taste intensity score
Rule breaking behavior score (self-report)
Anger-physical aggression score
Times used any tobacco today
Pittsburgh sleep quality index (higher is worse)

Drug or alcohol problems — father
Total weekdays with any tobacco in last week

Sustained attention continuous performance test (false positives)
Positive test for THC (cannabis)
Fluid intelligence (number of skipped responses)

CCA edge strength increases,
summed over edges

DR

30 node-pair edges with
the highest CCA edge

Sensory, motor,
strength modulation

dorsal attention
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Default
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\\‘ 8 . CCA edge strength decreases,
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A positive-negative mode of population covariation links brain connectivity, demographics and behavior

Stephen M Smith, Thomas E Nichols, Diego Vidaurre, Anderson M Winkler, Timothy E J Behrens, Matthew F Glasser, Kamil Ugurbil, Deanna M
Barch, David C Van Essen & Karla L Miller
Nature Neuroscience 18, 1565-1567 (2015) | doi:10.1038/nn.4125
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Big Data Analysis

UK Biobank: 5000 subjects analyzed...plan for 100,000 subjects.
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Lifestyle ?

Early life factors
Lifestyle general &

Lifestyle
exercise and work
Lifestyle alcohol
Lifestyle tobacco
Physical
Physical bone
density and size
Physical
Blood assays
Cognitive
phenotypes

Multimodal population brain imaging in the UK Biobank prospective
epidemiological study, Miller et al. Nature Neuroscience, 19, 2016



Big Data Analysis

Creating a behavioral profile for each region

Brain region Activation database

Activation peaks Behavioral conditions

Similar to 2-back?

?
M What was her name?

M :
2 / { P
& ; . 3 ] 7/ 1. Linda
N o : é 2. Susan
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= \ 7‘“

Horse

E . : Plant or animal?
Behavioral profile LM}E

Font color?

Objects/scenes ; ,

imagination

ZEEE Are you?
Deception Explicit . : |< A > Self-confident
memory - Same or different?
. 'r1

Brain Map or NeuroSynth

Genon, S, et al. How to characterize the function of a brain region.TICS, 22,2018



Current Challenges and Opportunities:

Challenges
* Remove Fluctuations & Sources of Variability
* Physiologic Fluctuations
 BOLD HREF variability.
* Scanner and pulse sequence variability
* Develop pipeline for Individual Assessment
* Develop fMRI-based Biomarkers from large data sets
* Universal parcellation scheme for resting state analysis
* High Resolution
*  Whole brain high resolution method that is impervious to veins
 Compare high resolution data (blobs — yes, columns and layers — not yet)

Opportunities
* Processing and Modeling Methods
* Machine learning and deep learning approaches...big data.
* Create better computational models to describe data.
* Further information extraction from the time series
dynamic resting state, activation dynamics and latencies, activation-based correlation
changes, subtle non-canonical signal changes.
* Acquisition
* Potential contrast mechanisms (diffusion, elastography, currents...).
* Real time feedback fMRI for behavioral modification.
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Technology Methodology

Local Gradient Coils Standardized Parcellation

More detail: layers, columns, pattern effects Machine Learning

Multiple simultaneous contrasts Computational Models rather than description

Compressed sensing, fingerprinting...

Massive Well Curated Databases

Noise Characterization and Removal

Real time feedback fMRI

More precise BOLD - neuronal activity comparisons

Neuromodulation effects on connectivity

Biomarker Discovery

Individual rather than Group Assessment

Interpretation
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Ultimate fMRI limits?

What is solvable?
Physiologic noise removal
Achieving nearly perfect shim
Basis and purpose of resting state signal and connectivity
Hemodynamic variability in magnitude and phase
Vendor, scanner, upgrade, pulse sequence variability for large data sets
Universal Parcellation Scheme
Cryogen-free scanners up to 7T
Silent fMRI sequences - or improved noise cancellation

What may become Common practice?
Sub - mm functional resolution for whole brain
Simultaneous multiple hemodynamic contrasts
Quantitative baseline fMRI- based CMRO, mapping
Database research: normal, cross disease, longitudinal, and multimodal - for
biomarker discovery
Naturalistic paradigms

Applications:
Individual fMRI-based “stress-test’ for psychiatric or neurologic testing
Real time fMRI feedback for behavior or perception modification
Pre-surgical Mapping
Rapid biomarker based fMRI screening



What could change everything?

Room temperature superconductors
Direct neuronal contrast with MRl is discovered/developed

Breakthrough in function-specific contrast agents (labelled agents or
nano-particles)

One powerful and unique clinical application of fMRI
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Brain Assessment... c. 1905

Early Resting State Apparatus
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