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

Blood Volume Imaging
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task task
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human brain activity during primary sensory stimulation.” Proc. Natl. 
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cortex by high-speed magnetic resonance imaging.” Proc. Natl. Acad. Sci. 
USA 89: 11069-11073.

Blood Oxygenation Imaging



The vascular response
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Time course of BOLD signal
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Blood Perfusion Imaging
EPISTAR FAIR
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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,
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BOLD

Perfusion

Simultaneous BOLD and Perfusion
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Effect of Hemodynamic Stress on BOLD Contrast

P. A. Bandettini, E. C. Wong, A hypercapnia - based normalization method for improved spatial 
localization of human brain activation with fMRI. NMR in Biomedicine 10, 197-203 (1997). 
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The Problem
Neuronal Activation

Hemodynamics? ?
?

Measured Signal

Noise

?



Latest Developments…

1.Temporal Resolution
2.Spatial Resolution
3.Sensitivity and Noise
4.Information Content
5.Implementation
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T2* decay

EPI Readout Window

≈ 20 to 40 ms

gradient-echo

RF

Gx

Gz

Gy

90°
TE

Single Shot EPI



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



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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Venogram

The major obstacle in BOLD 
contrast temporal resolution: 



Capillaries Veins 

Hemodynamic Latency and Variability 
Following Neuronal Activation



A tangent into 
venograms 

(3 Tesla)



MR VenogramMP-RAGE 3D T-O-F MRA 3D Venous PC



Hemi-Field Experiment
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Cognitive Neuroscience Application:
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Word vs. Non-word 0o, 60o, 120o Rotation
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Formisano, E. and R. Goebel, 
Tracking cognitive processes 
with functional MRI mental 
chronometry. Current Opinion 
in Neurobiology, 2003. 13: p. 
174-181.

No calibration
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P. A. Bandettini, K. K. Kwong, T. L. Davis, R. B. H. Tootell, E. C. Wong, P. T. Fox, J. W. Belliveau, R. 
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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Single Shot Imaging

T2* decay

EPI Readout Window

≈ 20 to 40 ms



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



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



≈ 5 to 30 ms

Pruessmann, et al. 

SENSE Imaging



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. 
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ODC Maps using 
fMRI

calcarine

1 cm

1Malonek D, Grinvald A. Science 272, 551-4 (1996).
3Horton JC, Hocking DR. J Neurosci 16, 7228-39 (1996).
4Horton JC, et al. Arch Ophthalmol 108, 1025-31 (1990).

• Identical in size, 
orientation, and 
appearance to those 
obtained by optical 
imaging1 and 
histology3,4.

Menon, et al
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NeuroImage, 19: 132-144, (2003). 
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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



Parametric Manipulation
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



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



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





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



Different stimulus “ON” periods
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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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Spatial Heterogeneity of BOLD Nonlinearity



Spatial variation of linearity

R.M. Birn, et al. Neuroimage 14, 817-26, 2001
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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

Nonlinearity

Magnitude

Latency



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.



Results – constant gratings
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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.



Evidence that inhibitory input 
produces increased blood flow





Divergence of spike rate and blood flow
during parallel fiber stimulation

Mathiesen, Caesar, Akgören, Lauritzen (1998), J Physiol 512.2:555-566
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It gets more complicated…





?!



Flow modulation is not necessarily 
the same as BOLD modulation



Mediators of neurovascular coupling

There is not just one coupling mechanism. Mediators differ 
between brain regions

NO is a mediator in the cerebellar cortex, but only a 
permissive factor in the somatosensory cortex

Astrocytes may link synaptic activity to vascular response via 
Glutamate-induced Ca elevation and release of vasodilators at 
perivascular endfeets

Metabolic factors (adenosine, pH, lactate, CO2) may act 
posthoc for finer long-term adjustment (not much relevance for 
BOLD!?)

Courtesy of Arno Villringer



Negative BOLD in carotid artery disease

Röther et al. NeuroImage 2002
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Increase in deoxy-Hb and oxy-Hb during focal seizure

780 790 800 810 820 830 840
-1

0

1

2

0
1
2
3
4
5
6

DµM

DµM

Deoxy-Hb

CMRO2 CBV

Vel

+ +

--

D[Oxy-Hb]

D[Deoxy-Hb]

Courtesy of Arno Villringer



Altered neurovascular coupling: Pathology, drugs

Pathologic state / Drug Reference
Carotid occlusion Röther et al. 2002

Transient global ischemia Schmitz et al. 1998
Penumbra of cerebral ischemia Mies et al. 1993, Wolf et al. 1997

Subarachnoid hemorrhage Dreier et al. 2000

Trauma Richards et al. 2001
Epilepsy Fink et al. 1996, Brühl et al. 1998, von 

Pannwitz et al. 2002
Alzheimer´s disease Hock et al. 1996, Niwa et al. 2000
Theophylline Ko et al. 1990, Dirnagl et al. 1994

Scopolamine Tsukada et al. 1998

Courtesy of Arno Villringer





BOLD correlates with de-synchronization of MEG signal …







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



Detectability – constant ISI
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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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Rapid event-related design with varying ISI

25% ON

50% ON

75% ON

8% ON

A practical implication….
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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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