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Imaging System Components
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Local gradients solved the problem

August, 1991
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General Electric 3 Tesla Scanner



Functional MRI Methods

Blood Volume Imaging

BOLD Contrast

Arterial Spin Labeling



Susceptibility Contrast agent bolus injection and 
time series collection of T2* or T2 - weighted 
images

Blood Volume Imaging

Resting    Active



Blood Volume



Susceptibility Contrast
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Slower



BOLD Contrast in the Detection of Neuronal Activity

Cerebral Tissue Activation

Local Vasodilation

Increase in Cerebral Blood
Flow and Volume

Oxygen Delivery Exceeds
Metabolic Need

Increase in Capillary and Venous Blood Oxygenation

Decrease in Deoxy-hemoglobin Deoxy-hemoglobin: paramagnetic
Oxy-hemoglobin: diamagnetic

Decrease in susceptibility-related
intravoxel dephasing Increase in T2 and T2*

Local Signal Increase in T2 and T2* - weighted sequences



The BOLD Signal
Blood Oxygenation Level Dependent (BOLD)  signal changes

task task



Alternating Left and Right Finger Tapping 

~ 1992
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Creating a Functional Image
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Hyde, Processing strategies for time-course data sets 
in functional MRI of the human brain. Magn. Reson. 
Med. 30, 161-173 (1993). 



Cross Correlation Image Cross Correlation Image
Anatomical Image

P. A. Bandettini, A. Jesmanowicz, E. C. Wong, J. S. Hyde, Processing strategies for time-course data 
sets in functional MRI of the human brain. Magn. Reson. Med. 30, 161-173 (1993). 



Correlation analysis, Fourier analysis, t-test, f-test…
SPM, AFNI, brain voyager, FIASCO, FSL, free surfer…

Quality of results and importance of the findings depends on
type of question asked, experimental method, and analysis method… 



Blood Perfusion
EPISTAR FAIR
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Comparison with Positron 
Emission Tomography

PET: H2
15O MRI: ASL



Rest  Activation
Perfusion



Volume

BOLD

Perfusion

+    -
• unique information
• baseline information
• multislice trivial

• highest C / N
• easy to implement
• multislice trivial
• non invasive
• highest temp. res.

• unique information
• control over ves. size
• baseline information
• non invasive

• invasive
• low C / N for func.

• complicated signal
• no baseline info.

• multislice non trivial
• lower temp. res.
• low C / N
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The Neuroscientists’ Challenge:

...to make progressively more precise inferences using fMRI 
without making too many assumptions about non-neuronal
physiologic factors.



The use of fMRI for the Investigation 
of Brain Function and Physiology 

•Where?

•When?

•How much?

•How to get the brain to do what we want it to 
do in the context of an fMRI experiment?
(limitations: limited time and signal to noise, motion, acoustic noise)

•How much more information can we obtain?



Neuronal
Activation

Hemodynamics

Measured
Signal

Noise

? ?
?



Spin-echo vs. Gradient-echo
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GE
 TE = 30 ms

SE
 TE = 110 ms



Spin-Echo
TE = 105 ms

TR = ∞

Gradient-Echo
TE = 50 ms

Gradient-Echo
functional
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Spin-Echo
functional

TE = 105 ms

3T



Effect of diffusion weighting
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Perfusion localization vs. BOLD localization



T1 - weighted

T1 and T2*
weighted

T2* weighted

P. A. Bandettini, E. C. Wong, Echo - 
planar magnetic resonance imaging of 
human brain activation, in  "Echo Planar 
Imaging: Theory, Technique, and 
Application" (F. Schmitt, M. Stehling, R. 
Turner, Eds.), p.493-530, Springer - 
Verlag, Berlin, 1997 

Flow weighted

BOLD weighted

Flow and BOLD weighted



BOLD Rest  Activation

P. A. Bandettini, E. C. Wong, Magnetic resonance imaging of human brain function: principles, 
practicalities, and possibilities, in  "Neurosurgery Clinics of North America: Functional Imaging" (M. 
Haglund, Ed.), p.345-371, W. B. Saunders Co., 1997. 

Perfusion



Anatomy

BOLD

Perfusion

P. A. Bandettini, E. C. Wong, Magnetic resonance imaging of human brain function: principles, 
practicalities, and possibilities, in  "Neurosurgery Clinics of North America: Functional Imaging" (M. 
Haglund, Ed.), p.345-371, W. B. Saunders Co., 1997. 



Simultaneous Flow and BOLD
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BOLD

Perfusion

Simultaneous BOLD and Perfusion



BOLD image

Perfusion image

BOLD signal change

Perfusion signal change

Simultaneous perfusion and BOLD imaging (10 min, 1.5x1.5x4mm3)

Frank Ye, et al.



What Changes with Field Strength?

Tissue Relaxation Characteristics
Functional Contrast
Signal to Noise Ratio
Bo Inhomogeneity Effects

RF Power Deposition
Mechanical Force on Gradient Coil



T1 Values Across Field Strengths
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T2 Values Across Field Strengths
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Whole Brain Anatomy 
T1-SE                 T2-FSE            FLAIR

1.5T

3.0T

UIC
Thulborn



3.0T:   3D TOF MRA 

15 y.o. female patient 57 y.o. male patient

Longer T1 at 3.0T enhances flow effects and improves 
background suppression as well as allows higher 
spatial resolution

UIC
Thulborn



T2* Values Across Field Strengths
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Venograms (3T)
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Functional Contrast at Optimal TE
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Contrast at 3T (dR2* = -1.6 1/s)
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Contrast at 3T (dR2* = -1.6 1/s)
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Gradient echo Signal Loss

100%0% 50%

Signal loss map

3 Tesla, 64´64, TE=30ms, thk=6mm
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A few slides about 
Image Resolution and Noise…



Multishot Imaging

T2* decay

EPI Window 1

T2* decay

EPI Window 2



Excitations 1  2  4  8 
Matrix Size 64 x 64 128 x 128 256 x 128 256 x 256

Multi Shot EPI



Partial k-space imaging

T2* decay

EPI Window



Jesmanowicz, P. A. Bandettini, J. S. Hyde, (1998) “Single shot half k-space high resolution EPI for
fMRI at 3T.” Magn. Reson. Med. 40, 754-762.

Partial k-space imaging
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Human data

Temporal vs. Image S/N
Optimal Resolution Study

Petridou et al



Phantom data

Temporal vs. Image S/N
Optimal Resolution Study

Petridou et al
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calcarine

Menon, R. S., S. Ogawa, et al. (1997). “Ocular dominance in human V1 demonstrated by 
functional magnetic resonance imaging.” J Neurophysiol 77(5): 2780-7.

R. D. Frostig et. al, PNAS 87: 6082-6086, (1990).

Ocular Dominance Column Mapping using fMRI

Optical Imaging





Ziad Saad, et al (Submitted)

Continuously Growing
Activation Area

Inflection Point

CC Histogram
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P. A. Bandettini, Functional MRI 
temporal resolution in  "Functional 
MRI" (C. Moonen, and P. Bandettini., 
Eds.), p. 205-220, Springer - Verlag,. 
1999. 
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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



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

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.



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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R. L. Savoy, et al., Pushing the temporal resolution of fMRI: studies of very brief visual stimuli, onset 
variability and asynchrony, and stimulus-correlated changes in noise [oral], 3'rd Proc. Soc. Magn. 
Reson., Nice, p. 450. (1995). 
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Methods

16 s

Stimulus Duration (SD)

SD = 250 ms

SD = 500 ms

SD = 1000 ms

SD = 2000 ms

…

…

…

…

20 s

Blocked Trial

Visual

SD = 500 ms

SD = 1000 ms

SD = 2000 ms

SD = 4000 ms

Motor

…



Different stimulus “ON” periods
measured

linear
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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.



BOLD response is nonlinear

Short duration stimuli produce larger responses than expected

Observed response Linear response
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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



Results – visual task

Nonlinearity

Magnitude

Latency

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



Results – motor task
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Results – motor task

Nonlinearity

Magnitude

Latency



Reproducibility
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Different stimulus “ON” periods
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Brief stimulus OFF periods produce smaller decreases than expected



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.
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Refinements
BOLD Contrast Interpretation

Dynamics

Paradigm Design and Processing
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E. A. DeYoe, P. A. Bandettini, J. Nietz, D. Miller, P. Winas, Methods for 
functional magnetic resonance imaging (FMRI). J. Neuroscience 
Methods 54, 171-187 (1994). 



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



P. A. Bandettini, A. Jesmanowicz, E. C. 
Wong, J. S. Hyde, Processing strategies 
for time-course data sets in functional MRI 
of the human brain. Magn. Reson. Med. 
30, 161-173 (1993). 
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P. A. Bandettini, A. Jesmanowicz, E. C. Wong, J. S. Hyde, Processing strategies for time-course data 
sets in functional MRI of the human brain. Magn. Reson. Med. 30, 161-173 (1993). 
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Word stem completion









Event Related Advantages

•Task Randomization

•Post acquisition, Performance-based, data binning

•Natural presentation

•Reduction of habituation effects

•Overt responses

•Reduction of scanner noise effects

•More precise estimation of hemodynamic response



Speaking - Blocked Trial

Expected
Response

motion

BOLD
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fMRI during tasks that involve brief 
motion

motion BOLD response

task

BOLD response

t

motion
task

Blocked Design

Event-Related Design

R. M. Birn, P. A. Bandettini, R. W. Cox, R. Shaker, Event - related fMRI of tasks 
involving brief motion. Human Brain Mapping 7: 106-114 (1999). 
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R. M. Birn, P. A. Bandettini, R. W. Cox, R. Shaker, Event - related fMRI of tasks 
involving brief motion. Human Brain Mapping 7: 106-114 (1999). 



Speaking - ER-fMRI
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R. M. Birn, P. A. Bandettini, R. W. Cox, R. Shaker, Event - related fMRI of tasks 
involving brief motion. Human Brain Mapping 7: 106-114 (1999). 



Tongue Movement

Jaw Clenching



Motion Recognize?
•Edge effects
•Shorter signal change latencies
•Unusually high signal changes
•External measuring devices

Correct?
•Image registration algorithms
•Orthogonalize to motion-related 
function (cardiac, respiration, movement)
•Navigator echo for k-space alignment 
 (for multishot techniques)
•Re-do scan

Bypass?
•Paradigm timing strategies..
•Gating (with T1-correction)

Suppress?
•Flatten image contrast
•Physical restraint
•Averaging, smoothing



Visual Cortex

20, 20

ISI, SD

12, 2

10, 2

8, 2

6, 2

4, 2

2, 2

ISI, SD



Motor Cortex
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P. A. Bandettini, R. W. Cox. Functional contrast in constant interstimulus interval event - related 
fMRI: theory and experiment. Magn. Reson. Med. 43: 540-548 (2000). 
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P. A. Bandettini, R. W. Cox. Functional contrast in constant interstimulus interval event - related 
fMRI: theory and experiment. Magn. Reson. Med. 43: 540-548 (2000). 
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Relative differences in activation intensities
may reflect spatial differences in hemodynamic 
responsivity. (draining veins vs. capillaries).
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M.A. Burock et al. NeuroReport, 9, 3735-9 (1998)



Detectability – constant ISI

Average ISI (s)

D
et

ec
ta

bi
lit

y

0 5 10 15 20 25 30 35 40

SD = 1000 ms.

SD = 250 ms.

SD = 4000 s.

SD – stimulus duration ISI – inter-stimulus interval



Detectability vs. Average ISI
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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). 



Estimation accuracy vs. average ISI
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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). 





Varying “ON” and “OFF” periods

• Rapid event-related design with varying ISI
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Varying “ON” and “OFF” periods
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Neuronal Activation Input Strategies

1. Block Design

2. Parametric Design

3. Frequency Encoding

4. Phase Encoding

5. Event Related
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Example of a Set of Orthogonal Contrasts 
for Multiple Regression
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Encoding vs. 
Recognition

Anticipatory 
delays vs ITIs

I T I

Memory delays  
vs. ctl. delays

Face Stimuli vs 
House Stimuli

Face WM delays vs 
House WM delays

Courtney, S. M., L. G. Ungerleider, et al. (1997). “Transient and sustained activity in a 
distributed neural system for human working memory.” Nature 386(6625): 608-11.



Neuronal Activation Input Strategies
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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

Patterson et al. (submitted)



Brain activity correlated with SCR during “Rest”

Patterson et al. (submitted)



Resting Hemodynamic Autocorrelations

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



Calibration methods for
Temporal Resolution and 

Interpretation…
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Venograms (3T)
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Calibration Techniques…..

P. A. Bandettini, The temporal resolution of Functional MRI in  "Functional 
MRI" (C. Moonen, and P. Bandettini., Eds.), p. 205-220, Springer - Verlag,. 
1999. 
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PURPOSE / METHODS

Behavioral Method:  
Stimuli – Six-letter english words and pronounceable non-words.
    Each word or non-word was rotated either 0, 60,or 120 degrees

Task – Lexical Decision (word / non-word).

Dependent Measures – Percent Correct and Reaction Time.

Imaging Method:  Scanner – 3T  TR - 1000 ms  TE - 30 ms

Hypotheses :
 1) Stimulus rotation of 120 degrees will result in:
  a) Longer Reaction Times 
  b) Wider IRF in Parietal Lobe
  c) Delayed IRF onset in Left Inferior Frontal cortex

  2) Lexical discrimination will result in :
  a) Longer Reaction Times for non-words
  b) Wider IRF in Inferior Frontal cortex for non-words
  c) Delayed IRF onset in Left Middle Frontal Cortex
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•Shimming
•Acoustic Noise
•Multishot Techniques
•Increased Gradient Performance
•Higher Field Strengths
•Surface Coil Arrays
•Calibration / Quantification
•Embedded Functional Contrast
•Noise / Fluctuations
•Direct Neuronal Current Imaging
•Clinical Populations
•Neuronal,Vascular, and Metabolic Information

Future….



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? 
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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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