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A Brief History of fMRI
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IVIM: Intravoxel Incoherent Motion

What we were excited about then…



IVIM: Intravoxel Incoherent Motion
The concept introduced by D. Le 
Bihan is that water flowing in 
randomly oriented capillaries (at 
the voxel level) mimics a random 
walk (“pseudo-diffusion” )



IVIM
Perfusion?



How it all came together…

Five Key Factors For The 
Emergence of Functional MRI

1. Magnetic properties of red blood cells 
2. Activation related hemodynamic changes
3. Spatial scale of brain activation
4. Echo Planar Imaging
5. Prevalence of MRI scanners
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red blood cells
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Magnetic Properties of Blood



BOLD contrast investigation started in 1936…or even 1845.





Blood R2 proportional to Oxygenation

R2 effect is due to bulk susceptibility 
and not dipole-dipole interaction

Oxygenation Changes T2



…Six years later...



S. Ogawa, T.-M. Lee, A. S. Nayak, P. Glynn, Magn. Reson. Med, 14, 68-78 (1990) 
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Magnetic Resonance in Medicine
“30 papers that shaped the field.”





R. Turner, D. LeBihan, C.T.W. Moonen, D. 
Despres, J. Frank, Magn. Reson. Med, 22, 
159-166 (1991) 



“...we expect this oxygenation-sensitive contrast 
could be used to monitor regional oxygen usages in 
the brain. When some region in a brain is much more 
active than other regions, the active region could 
show darker lines in the image because of the 
increased level of deoxyhemoglobin resulting from 
higher oxygen consumption.” 

Oxygenation-Sensitive Contrast in Magnetic Resonance Image of Rodent Brain 
at High Magnetic Fields, Seiji Ogawa, Tso-Ming Lee,  Asha S. Nayak, and Paul 
Glynn.Magnetic Resonance in Medicine 14, 68-78 (1990).

Ogawa predicted fMRI but got the sign wrong…

“Therefore, in addition to the anatomy of the brain, 
one aspect of its physiology can be studied by the 
MRI of water” 
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Resting    Active

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

The First Functional MRI Results (MGH)



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

The First Functional MRI Results (MGH)



The MGH Gang







Cerebral Tissue Activation

Local Vasodilatation

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



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.





The original block design 
paradigm

GE (BOLD) Contrast

IR (CBF) Contrast



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.

Multi-shot results at 4T, U. Minnesota. 



T2* decay

EPI Readout Window

≈ 20 to 40 ms

Single Shot Echo Planar Imaging (EPI)



What preceded the results from the Medical College of Wisconsin…



Fig. 1   GUI for gradient descent gradient coil design tool. The design shown is one octant of the X gradient coil 
designed and built in August 1991. The program was written in Objective C and ran on a NeXT Cube computer.

Eric C.  Wong

Local head gradient coils: Window(s) of opportunity

NeuroImage, Volume 62, Issue 2, 2012, 660 - 664

http://dx.doi.org/10.1016/j.neuroimage.2012.01.025



August, 1991





2.5 cm !

TR = 2 sec
TE = 50 ms
One slice
In plane 3.75 x 3.75

Initially could only do one slice…



One little known fact…

We didn’t even need a gradient coil:

EPI at 5mm x 5mm x 5mm was quite possible 
using 100 amp gradient amplifiers and the 
whole body gradient coils…

Every scanner in the world in 1991 could have 
performed EPI-based fMRI at perfectly 
reasonable resolution.  



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







Trying to figure out the 
basic mechanism.



1991



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.

The first event-related studies.



1992…Perfusion using Arterial Spin Labeling



1992…Perfusion using Arterial Spin Labeling



Magnetic Resonance in Medicine
“30 papers that shaped the field.”
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A proposed acronym…



A proposed acronym…





Local Gradient Coil



NIH 4T 



Siemens’ new 7T
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Brain Function

visual

Language, 
reading, 
speech

motorsensory motor planning

Behavioral 
control, 
cognitive, 
socialization

memoryauditory







http://www.thebrain.mcgill.ca

Visual Cortex Organization



Menon, R. S., S. Ogawa, et al. (1997).  J Neurophysiol 77(5): 2780-7.

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

Ocular Dominance Column Mapping

Optical Imaging

Cheng, et al. (2001) 
Neuron,32:359-374

0.47 x 0.47 in plane resolution

0.54 x 0.54 in plane resolution



Cheng, et al. (2001) Neuron,32:359-374

Technology



Yacoub et al. PNAS 2008



Scalebar = 0.5 mm

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

Phase
0° 180°

Phase Map

Yacoub et al. PNAS 2008



Multi-sensory integration

Visual

Auditory

Multisensory

M.S. Beauchamp et al., 



Functional Neuroimaging Techniques
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Non-invasive

Invasive

after Churchland and Sejnowski, 1988
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T2* decay

EPI Readout Window

≈ 20 to 40 ms

Single Shot Echo Planar Imaging (EPI)



MRI vs. fMRI
MRI fMRI

one image

many images 
(e.g., every 2 sec for 5 mins)

high resolution
(1 mm)

…



Sir Peter Mansfield  conceived of 
Echo Planar Imaging long before it was physically possible…

Spatial Mapping of the Chemical Shift in NMR, P. Mansfield. 
Magnetic Resonance in Medicine 1, 370-386 (1984).







30 ms 10 sec 
to 
1 min



1976-84 P. Mansfield conceives of EPI
1989 EPI of humans emerges on a handful of scanners
  3 x 3 x 3-10 mm3

1989 ANMR retrofitted with GE scanners for EPI
1991 Home built head gradient coils perform EPI
1996 EPI is standard on clinical scanners
2000 Gradient performance continues to increase
2002 Parallel imaging allows for higher resolution EPI
2006 1.5 x 1.5 x 1.5 mm3 single shot EPI possible
2009 At 7T sub – mm single shot EPI for fMRI is possible

Approximate EPI Timeline



Imaging System Components

X Y Z

Gradient Power
Systems

RF Transmitter

Magnet RF Receiver

Viewing Console

Scan Controller
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“fMRI” or “functional MRI”

Scopus: Articles or Reviews Published per Year

EPI is sold on standard 
clinical scanners



How it all came together…
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J. Illes, M. P. Kirschen, J. D. E. Gabrielli, 
Nature Neuroscience, 6 (3)m p.205

Motor (black)
Primary Sensory (red)
Integrative Sensory (violet)
Basic Cognition (green)
High-Order Cognition (yellow)
Emotion (blue)



Methodology

Interpretation Applications

Technology
Coil arrays
High field strength
High resolution
Novel sequences

Paradigm design
Univariate / Multivariate
Multi-modal integration
Real time feedback
Classification

Fluctuations 
Dynamics
Functional Resolution

Healthy Brain Organization
Clinical Research
Clinical Applications



A bit more history…

• Event-Related fMRI (1993, 1996)
• Retinotopy (1995)
• Resting State fMRI (1995…2006)
• Ocular Dominance Columns (1997)
• High Field and Multi-channel Receive (2000)
• fMRI “Decoding” (2001)
• Intracortical recordings and fMRI (2001)
• DARPA Brain Reading Competition (2006)
• Approval for Pre-surgical Mapping (2007)



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.

The first event-related studies.















Rest: 
seed voxel in motor cortex

Activation: 
correlation with reference function

B. Biswal et al., MRM, 34:537 (1995)

Resting State Correlations

97



Activation-based fMRI and “resting state” fMRI



• The number of papers and applications has exploded. 
• Neuronal, psychiatric, and developmental disorders may relate to altered connectivity.
• Methods are in their infancy, and rapidly evolving.
• Neuronal correlates of spontaneous fluctuations are not fully understood.

Resting state fMRI: Why is this area important?



Magnetic Resonance in Medicine
“30 papers that shaped the field.”





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



Parametric manipulation of brain activation demonstrated that BOLD contrast approximately followed the level of brain activation: visual 
system (Kwong et al., 1992), auditory system (Binder et al., 1994), and motor system (Rao et al., 1996). 

The use of continuous variation of visual stimuli parameters as a function of time was proven a powerful method for fMRI-based 
retinotopy: (Engel et al., 1994, Deyoe et al., 1994, Sereno et al., 1995). 

Event-related fMRI was first demonstrated (Blamire et al., 1992).
 
Application of event-related fMRI to cognitive activation was shown (Buckner et al., 1996, McCarthy et al., 1997).

Development of mixed event-related and block designs was put forward: (Donaldson et al., 2002).
 
Paradigms were demonstrated in which the activation timing of multiple brain systems timing was orthogonal, allowing multiple 
conditions to be cleanly extracted from a single run (Courtney et al., 1997).

High resolution maps were created: For spatial resolution: ocular dominance columns (Menon et al., 1997, Cheng et al., 2001) and cortical 
layer activation maps were created (Logothetis et al., 2002). 

Extraction of information at high spatial frequencies within regions of activation was demonstrated (Haxby et al., 2001). 

For temporal resolution: Timings from ms to hundreds of ms were extracted (Ogawa et al., 2000, Menon et al., 1998, Henson et al., 2002, 
Bellgowan et al., 2003).

The development of “deconvolution” methods allowed for rapid presentation of stimuli (Dale and Buckner, 1997).

Early BOLD contrast models were put forward: (Ogawa et al., 1993, Buxton and Frank, 1997). 

More sophisticated models were published that more fully integrated the latest data on hemodynamic and metabolic changes (Buxton et 
al., 2004).

The development of “clustered volume” acquisition was put forth as a method to avoid scanner noise artifacts: (Edmister et al., 1999).

The findings of functionally related resting state correlations: (Biswal et al., 1995) and regions that consistently show deactivation (Binder 
et al., 1999, Raichle et al., 2001) were described.

Observation of the pre-undershoot in fMRI (Hennig et al., 1997, Menon et al., 1995, Hu et al., 1997) and  correlation with optical imaging 
was reported (Malonek and Grinvald, 1996). 

Simultaneous use of fMRI and direct electrophysiological recording in non-human primate brain during visual stimulation elucidated the 
relationship between fMRI and BOLD contrast. (Logothetis et al., 2001). Simultaneous electrophysiological recordings in animal models 
revealed a correlation between negative signal changes and decreased neuronal activity (Shmuel et al., 2002). Simultaneous 
electrophysiological recordings in animal models provided evidence that inhibitory input could cause an increase in cerebral blood flow 
(Matheiesen et al., 1998).

Structural equation modeling was developed in the context of fMRI time series analysis: (Buchel and Friston, 1998). 


