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Focus of most of this talk is fMRI

…but the key to neuroimaging advances is in 
the integration of multiple techniques

-electrical, hemodynamic, metabolic changes 
with activation 
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•Overview
•Current Limits
•Future Prospects

•Functional contrast
•Signal interpretation
•Hardware and pulse sequences
•Paradigm design and processing
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Susceptibility Contrast agent bolus injection and 
time series collection of T2* or T2 - weighted 
images

Blood Volume Imaging

Resting    Active



task task

•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.

•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.

•P. A. Bandettini, et al., (1992) “Time course EPI of human brain function 
during task activation.”  Magn. Reson. Med 25, 390-397.

•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.

Blood Oxygenation Imaging
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Blood Perfusion Imaging
EPISTAR FAIR

. . .

. . . Perfusion
Time Series

- - - -



Williams, D. S., Detre, J. A., Leigh, J. S. & Koretsky, A. S. (1992) “Magnetic resonance imaging of perfusion using 
spin-inversion of arterial water.” Proc. Natl. Acad. Sci. USA 89, 212-216.

Edelman, R., Siewert, B. & Darby, D. (1994) “Qualitative mapping of cerebral blood flow and functional localization
with echo planar MR imaging ans signal targeting with alternating radiofrequency (EPISTAR).” Radiology
192, 1-8.

Kim, S.-G. (1995) “Quantification of relative cerebral blood flow change by flow-sensitive alternating inversion
recovery (FAIR) technique: application to functional mapping.” Magn. Reson. Med. 34, 293-301.

Kwong, K. K. et al. (1995) “MR perfusion studies with T1-weighted echo planar imaging.”Magn. Reson. Med. 34,
878-887.
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BOLD

Perfusion

Simultaneous BOLD and Perfusion
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MAGNET RESON MED 50 (2): 263-274 AUG 2003
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•Neuronal activity is directly associated with ionic 
currents. 

•These bio-currents induce spatially distributed and 
transient magnetic flux density changes and magnetic 
field gradients.

•In the context of MRI, these currents therefore alter 
the magnetic phase of surrounding water protons. 

Neuronal Current Imaging



Derivation of B field generated in an MRI 

voxel by a current dipole
Single dendritic tree having a diameter d, and length L behaves like a conductor with 
conductivity s. Resistance is R=V/I, where R=4L/(pd2 s). From Biot-Savart:

r2B=               =        
µ0
4p

Q
r2

µ0
16

d2 sV

by substituting d = 4µm, s » 0.25 W-1 m-1, V = 10mV and 

r = 4cm ( measurement distance when using MEG) the resulting value is:  B»0.002 fT 

Because BMEG=100fT (or more) is measured by MEG on the scalp, a large number of 
neurons, (0.002 fT x 50,000 = 100 fT), must coherently act to generate such field. These 
bundles of neurons produce, within a typical voxel, 1 mm x 1 mm x 1 mm, a field of order:

MEGMEG
MRI

MEG
MEGMRI B

cm
cmB

r
rBB  1600

 1.0
 4 22

=÷
ø
ö

ç
è
æ=÷÷

ø

ö
çç
è

æ
= BMRI »0.2nT

J. Bodurka, P. A. Bandettini. Toward direct mapping of neuronal activity: MRI detection 
of ultra weak transient magnetic field changes, Magn. Reson. Med. 47: 1052-1058, (2002). 



Figure 1

DB0<2nT
X=0

I=10 µA, D=40ms
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DBR<2nT

J. Bodurka, P. A. Bandettini. Toward direct mapping of neuronal activity: MRI detection 
of ultra weak transient magnetic field changes, Magn. Reson. Med. 47: 1052-1058, (2002). 
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25 mV
10 s

In Vitro Results
Newborn rat brains have been found to exhibit 
spontaneous and synchronous firing at specific 
frequencies

Cortex

Striatum

Subthalamic nucleus

Globus Pallidus

Plenz, D. and S.T. Kital. Nature, 1999. 400: p. 677-682.



Active state: 10 min, Inactive state: 10 min after TTX admin.
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#: scanner pump frequency

Petridou et al.



•Overview
•Current Limits
•Future Prospects

•Functional contrast
•Signal interpretation
•Hardware and pulse sequences
•Paradigm design and processing



Neuronal Activation
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Motor Cortex
Auditory Cortex

S. M. Rao et al, (1996) “Relationship between 
finger movement rate and functional magnetic 
resonance signal change in human primary 
motor cortex.” J. Cereb. Blood Flow and Met. 
16, 1250-1254.

J. R. Binder, et al, (1994). “Effects of stimulus 
rate on signal response during functional 
magnetic resonance imaging of auditory 
cortex.” Cogn. Brain Res. 2, 31-38
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fMRI responses in human V1 are proportional 
to average firing rates in monkey V1

0.4 spikes/sec -> 1% BOLD
Rees, G., Friston, K., and Koch, C. 2000. A direct 
quantitative relationship between the functional properties 
of human and macaque V5. Nat. Neurosci. 3: 716–723.

Heeger, D. J., Huk, A. C., Geisler, W. S., and Albrecht, D. G. 
2000.Spikes versus BOLD: What does neuroimaging tell us 
about neuronal activity? Nat. Neurosci. 3: 631–633.

9 spikes/sec -> 1% BOLD



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



HBM 2003
Poster number: 308
The Negative BOLD Response in Monkey V1 Is Associated with Decreases in Neuronal Activity
Amir Shmuel*†, Mark Augath, Axel Oeltermann, Jon Pauls, Yusuke Murayama, Nikos K. Logothetis
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Different stimulus “ON” periods
measured

linear
Si

gn
al

0.25 s 0.5 s 1 s 2 s 20 s
time (s)

Stimulus 
timing

BOLD 
Response

Brief stimuli produce larger responses than expected

Dynamic Nonlinearity Assessment

R. M. Birn, Z. Saad, P. A. Bandettini, (2001) “Spatial heterogeneity of the nonlinear dynamics in the 
fMRI BOLD response.” NeuroImage, 14: 817-826.
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R. M. Birn, Z. Saad, P. A. Bandettini, (2001) “Spatial heterogeneity of the nonlinear dynamics in the 
fMRI BOLD response.” NeuroImage, 14: 817-826.

Spatial Heterogeneity of BOLD Nonlinearity



Sources of this Nonlinearity

• Neuronal

• Hemodynamic

– Oxygen extraction
– Blood volume 

dynamics

D Volume

Flow In Flow Out

Oxygen Extraction



BOLD Correlation with Neuronal Activity

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

P. A. Bandettini and L. G. 
Ungerleider, (2001) “From neuron 
to BOLD: new connections.” 
Nature Neuroscience, 4:  864-866.



MEG and Ramped Stimulus

• 6 subjects 
• SD: 1 or 2 seconds
• Ramp: 0, 0.5, 1 second
• 8 Hz Counterphase-modulated 

checkerboards
• Fixation without task

– No blinking point
• 45 repeats
• 3 sec ISI
• 275 channels
• 600 Hz



MEG – Ramped stimuli

Ramped 
Stimulus

Abrupt 
Stimulus



Composite – 1 second Stimulus Duration

No Ramp 0.5 second Ramp 1 second Ramp
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Divergence of spike rate and blood flow
during parallel fiber stimulation

Mathiesen, Caesar, Akgören, Lauritzen (1998), J Physiol 512.2:555-566

Time / s0            50           100         150 
Time / s

Number
of spikes

CBF



•Overview
•Current Limits
•Future Prospects

•Functional contrast
•Signal interpretation
•Hardware and pulse sequences
•Paradigm design and processing
•Spatial and temporal resolution
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T2* decay

EPI Readout Window

≈ 20 to 40 ms

gradient-echo

RF

Gx

Gz

Gy

90°
TE

Single Shot EPI
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Local gradients solved the problem

August, 1991



1991-1992

1992-1999



General Electric 3 Tesla Scanner
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Quadrature Head Coil 8 Channel Array

128 x 96

128 x 96

64 x 48

SNR

TSNR
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≈ 5 to 30 ms

Pruessmann, et al. 

SENSE Imaging



•Overview
•Current Limits
•Future Prospects

•Functional contrast
•Signal interpretation
•Hardware and pulse sequences
•Paradigm design and processing



Neuronal Activation Input Strategies

1. Block Design

2. Parametric Design

3. Frequency Encoding

4. Phase Encoding

5. Event Related

6. Orthogonal Design

7. Free Behavior Design
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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.

First Event-related fMRI Results
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Detectability vs. Average ISI

0 5 10 15 20 25 30 35 40

average ISI (s)

D
et

ec
ta

bi
lit

y

SD = 1000 ms.

SD = 250 ms.

SD = 4000 s.

R. M. Birn, R. W. Cox, P. A. Bandettini, Detection versus estimation in Event-
Related fMRI: choosing the optimal stimulus timing. NeuroImage 15: 262-264, 
(2002). 
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Free Behavior Design

Use a continuous measure as a 
reference function:

•Task performance
•Skin Conductance
•Heart, respiration rate..
•Eye position
•EEG



Amygdala

Sympathetic Nervous System

The Skin Conductance Response (SCR)

Ventromedial PFC

Hypothalamus

Resistance change across 
two electrodes induced 
by changes in sweating.

Sweat Gland

Orbitofrontal Cortex



Brain activity correlated with SCR during “Rest”

J. C. Patterson II, L. G. Ungerleider, and P. A Bandettini, Task - independent functional brain activity 
correlation with skin conductance changes: an fMRI study. NeuroImage 17: 1787-1806, (2002). 





low frequency autocorrelation mapconventional BOLD map
B. Biswal et al., MRM, 34:537 (1995)

Resting State 
Fluctuations
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Proc. Nat'l. Acad. Sci. USA 100, 1415-1419 (2003). 



Word vs. Non-word 0o, 60o, 120o Rotation

A B

A B

A B

Inferior Frontal Gyrus

Precentral Gyrus

Middle Temporal Gyrus

Regions of Interest



11026–11031 PNAS September 26, 2000 vol. 97 no. 20



36 02010099989796959493929190898882

Methodology

Hemoglobin

Blood T2

IVIM

Baseline Volume

Interpretation

Applications

D Volume-V1

BOLD

Correlation Analysis

Linear Regression
Event-related 

BOLD -V1, M1, A1

TE dep

Veins

IV vs EV
BOLD models

ASL

Deconvolution

Phase Mapping

V1, V2..mapping

Language Memory

Presurgical Attention

PSF of BOLDPre-undershoot

Ocular Dominance

Mental Chronometry

Electrophys. correlation

1.5T,3T, 4T 7T

SE vs. GE

Performance prediction

Emotion

Real time fMRI

Balloon Model

Post-undershoot

Inflow

PET correlation

CO2 effect

CO2 Calibration

Drug effects

Optical Im. Correlation

Imagery

Clinical Populations

Plasticity

Complex motor

Motor learning

Venography

Face recognition

Children

Simultaneous ASL and BOLD

Surface Mapping

Linearity

Mg+

Dynamic IV volume

Bo dep.

Diff. tensor

Volume - Stroke

Z-shim

Free-behavior Designs

Extended Stim.

Local Human Head Gradient Coils

NIRS Correlation

SENSE

Baseline Susceptibility

Metab. Correlation

Fluctuations

Priming/Learning

Resolution Dep.

Tumor vasc.

Technology EPI on Clin. Syst.
EPI

Quant. ASL

Multi-shot fMRI

Parametric Design 

Current Imaging? 

Multi-Modal Mapping 

Nav. pulses 

Motion Correction 

MRI Spiral EPI

ASL vs. BOLD

>8 channels

Multi-variate Mapping
ICA

Fuzzy Clustering

Excite and Inhibit

03

Mirror neurons

Layer spec. latency

Latency and Width Mod 

“vaso”



NEUROIMAGE 19 (2): 261-270 Part 1 JUN 2003



The Future

Sensitivity
Resolution
Calibration
Integration
Correlation
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