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Functional MRI Methods

Blood Volume Imaging

BOLD Contrast

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

Blood Volume Imaging

Resting    Active



Blood Volume



Susceptibility Contrast

Faster

Slower



Alternating Left and Right Finger Tapping 

~ 1992

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.



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… 



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



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



1991-1992

1992-1999



Blood Perfusion
EPISTAR FAIR

. . .

. . . Perfusion
Time Series

- - - -
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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.



Comparison with Positron 
Emission Tomography

PET: H2
15O MRI: ASL
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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.



Neuronal
Activation

Hemodynamics

Measured
Signal

Noise
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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. 



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



BOLDPerfusion
No

Velocity
Nulling

Velocity
Nulling

ASL

GE

SETI
(IV) (IV)

Time
(sec)

1 2 40 3
Venous inflow
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(BOLD TR < 500 ms)
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Sensitivity

Spatial
Heterogeneity
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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



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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M. Weisskoff, B. R. Rosen, (1997). “Characterization of cerebral blood oxygenation and flow changes 
during prolonged brain activation.” Human Brain Mapping 5, 93-109.
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Time (sec)
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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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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





Example of a Set of Orthogonal Contrasts 
for Multiple Regression

Nonselective 
Visual 
Stimulation

CTL 
DELAY

FACE 
WM 

DELAY
I T I I T I

HOUSE 
WM 

DELAY

Faces & Houses 
vs Ctl. Stimuli

Ctl. Stim. vs. 
Ctl. Response

  
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.



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)
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Science, Vol 281, August 1998
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D Neuronal Activity Number of Neurons

Spiking Rate

Local Field Potential

D Metabolism

D Hemodynamics
Blood

Volume

Flow Velocity

Aerobic Metabolism

Anaerobic Metabolism

D BOLD Contrast

-

-

Spiking Coherence

D Deoxy-Hb

Oxygenated
Blood

Deoxygenated
Blood

+

MRI Pulse
Sequence

Perfusion

D Perfusion Contrast
D Inflow Contrast



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.



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.



11026–11031 PNAS September 26, 2000 vol. 97 no. 20
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Venograms (3T)
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Calibration Techniques…..
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Computed CMRO2 Changes

Subject 1 Subject 2
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CBF OEF CMRO2



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
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Future

Imaging Methods

Implementation



•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











2 G/cm, 350 T/m/s 4 G/cm, 150 T/m/s

10 G/cm, 1000 T/m/s

Diffusion imaging
Faster imaging
Higher resolution



Figure 1

DB0<2nT
X=0

I=10 µA, D=40ms

FF
T(
F

(t)
)

0.0 0.1 0.2 0.3 0.4 0.5

DB0<0.2nT X=12.5 mm

Z

X

DBR<0.2nT

DBR<2nT

Neuronal
Current
Imaging

J. Bodurka, P. A. Bandettini. Toward direct mapping of neuronal activity: MRI detection 
of ultra weak transient magnetic field changes, Magn. Reson. Med. (in press). 
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