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A Short History of Neuroimaging
…and fMRI



1848

Pre-imaging: Lesion Mapping
Phineas P. Gage…”Became fitful, irreverent, impulsive, and prone to ‘the grossest profanity,’ with little 
respect for social norms, in contrast to his earlier reputation as a responsible, reliable foreman. 



1861 Paul Broca:

His patient could only produce 
the sound  “tan” but 
understood words. 

1874: Carl Wernicke

His patients could not 
understand or produce 
meaningful speech but could 
articulate words.

Lesion Mapping



M. Thiebaut de Schotten, F. Dell'Acqua, P. 
Ratiu, A. Leslie, H. Howells, E. Cabanis, M. T. 
Iba-Zizen, O. Plaisant, A. Simmons, N. F. 
Dronkers, S. Corkin, M. Catani, From Phineas 
Gage and Monsieur Leborgne to H.M.: 
Revisiting Disconnection Syndromes, Cerebral 
Cortex, Volume 25, Issue 12, December 2015, 
Pages 4812–
4827, https://doi.org/10.1093/cercor/bhv173

https://doi.org/10.1093/cercor/bhv173


1880s – First experimental neuroimaging (Angelo Mosso) Development 
of the “human circulation balance,” that inferred changes in cerebral blood 
flow during mental activity - the first experimental neuroimaging technique.



J. Physiol. 1890 Jan;11(1-2):85-158.17.
doi: 10.1113/jphysiol.1890.sp000321.



…and some quackery: 1905 - Phrenology 



1895 – Discovery of X-rays (Wilhelm Röntgen) Röntgen’s radiograph enabled 
visualization of internal structures, including the skull.

Crooke’s tube



Early 1900’s: Walter Dandy - Pneumoencephalography or Air 
Ventriculography

CSF drained from the brain to enhance contrast in x-rays



1927: Antonio Egas Moniz – first Arteriogram

First used strontium and lithium bromide injections but those were toxic (one patient died). He switched to 25% 
sodium iodide.  Today, iodine-based radiopaque contrast agents are used. 



1924: Hans Berger– first Electroencephalogram (EEG)



1950s – Conceptual foundations of PET and SPECT (William Sweet, 
David Kuhl) Work on radionuclide imaging and tomographic 
reconstruction laid the basis for Single Photon Emission Computed 
Tomography (SPECT) and Positron Emission Tomography (PET) as 
functional brain imaging tools.

• Framed imaging as tomographic mapping of function 
• Formalized emission computed tomography as a quantitative 

technique using rotating detectors and reconstruction algorithms



1971: Godfrey 
Hounsfield 
implemented the 
first CT scanner

1960, William Oldendorf patented an 
electronically based device that could capture 
image slices continuously through a solid object 
– Computed Tomography



Xenon-133 inhalation: developed in 1960’s

Lassen, Ingval, Skinhoj, Scientific American, 239 (4): 50-59, 1978



1950s – David Cohen. The first MEG. Initially a copper induction coil was the 
detector. After James Zimmerman developed SQUID magnetometers, Cohen built a 
single-channel SQUID MEG system in the 1970’s.



Electroencephalography (EEG)

Magnetoencephalography (MEG)



Optically Pumped Magnetometer (OPM) MEG

2006 – first demonstration
2010, 2012 –independent demonstrations

OPMs changes in magnetic field cause measurable changes in the quantum state and optical 
properties of a large ensemble of atoms, which can be read out with very high precision.

• In an OPM, a laser optically pumps an alkali vapor (such as rubidium or cesium) so 
that spins are aligned in a macroscopic spin polarization.

• These polarized spins precess at the Larmor frequency, - proportional to the 
magnetic field: if the field changes slightly, the precession frequency or orientation 
shifts.

• Changes in the magnetic field alter the spin precession and hence the optical 
signal.

• Modern OPMs can reach sensitivities in the Femtotesla



Matthew J. Brookes, James Leggett, Molly Rea, Ryan M. Hill, Niall 
Holmes, Elena Boto, Richard Bowtell, Magnetoencephalography with 
optically pumped magnetometers (OPM-MEG): the next generation of 
functional neuroimaging,
Trends in Neurosciences, Volume 45, Issue 8, 2022, Pages 621-634, 
https://doi.org/10.1016/j.tins.2022.05.008.



1950: Hahn discovered and theoretically 
explained the “spin-echo” and related 
pulsed NMR effects. 

1950’s – Erwin Hahn. Nuclear 
Magnetic Resonance



1973 –Paul Lauterbur and Peter Mansfield: Magnetic Resonance Imaging

Lauterbur – spatial encoding 
with  magnetic field gradients. 
”zeugmatography” 

Mansfield – formalism for 
gradient implementation, phase 
and frequency encoding, slice 
selection & conceived Echo 
Planar Imaging (1977) concept 
before it was possible. 











Positron emission tomographic studies of the cortical anatomy of single-word processing. 
Petersen, S.E. et al. Nature. 1988; 331: 585–589

Positron Emission Tomography: 
Invented in 1975. Commercial use by 1980’s



Portnow LH, Vaillancourt DE, Okun MS. The history of cerebral PET scanning: from physiology to cutting-edge technology. 
Neurology. 2013 Mar 5;80(10):952-6. doi: 10.1212/WNL.0b013e318285c135. Erratum in: Neurology. 2013 Oct 1;81(14):1275. 
doi: 10.1212/WNL.0b013e3182aa3d3a. PMID: 23460618; PMCID: PMC3653214.



Near Infrared Spectroscopy

Marco Ferrari, Valentina Quaresima, A brief review on the history of human 
functional near-infrared spectroscopy (fNIRS) development and fields of 
application, NeuroImage, Volume 63, Issue 2, 2012, Pages 921-935,



https://openfnirs.org/wp-
content/uploads/2018/12/fNIRS_workshop2018_day1_NIRS_
principles.pdf

Huppert TJ, Hoge RD, Diamond SG, Franceschini MA, Boas DA. 
A temporal comparison of BOLD, ASL, and NIRS hemodynamic 
responses to motor stimuli in adult humans. Neuroimage. 2006 
Jan 15;29(2):368-82. doi: 10.1016/j.neuroimage.2005.08.065. 
Epub 2005 Nov 21. PMID: 16303317; PMCID: PMC2692693.



https://openfnirs.org/wp-content/uploads/2018/12/fNIRS_workshop2018_day1_NIRS_principles.pdf



Magnetic Resonance Imaging:

Invented in 1977, Introduced clinically in 1984

Magnet

Gradient 
Coil

Radio-
Frequency 
Coil

Hydrogen “precesses” at 
127.7 MHz at 3T





Fiber Track Imaging

Angiography

Venography

Anatomy

Perfusion

T1 weighted   T2 weighted



The First Successful Functional MRI Result

Science, Volume 254, Issue 5032, Nov 1991





L. Pauling, C. D. Coryell, Proc.Natl. Acad. Sci. USA 22, 210-216, 1936.

(Blood susceptibility changes with oxygenation)

K.R. Thulborn, J. C. Waterton, et al.,  Biochim. Biophys. Acta. 714: 265-270, 1982.

(Blood T2 is proportional to oxygenation & mechanism is bulk susceptibility)

S. Ogawa, T. M. Lee, A. R. Kay, D. W. Tank, Proc. Natl. Acad. Sci. USA 87, 9868-9872, 1990.

(T2 and T2* modulation in vessels in living rat brains with oxygenation changes)

Turner, R., Lebihan, D., Moonen, C. T. W., Despres, D. & Frank, J. MRM, 22, 159-166, 1991
(T2* modulation with cat brain with oxygenation changes)

Blood Oxygen Level Dependent (BOLD) contrast 

red blood cells

oxygenated

deoxygenated



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) 

100% O2

20% O2

in vivo

100% oxygenated blood

0% oxygenated blood

in vitroSeiji Ogawa



“...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” 







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



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

Ken Kwong



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)



First Fast Imaging Approaches

1. MGH: ANMR retrofitted resonant gradient system with 
EPI (1.5T)

2. Minnesota: Standard gradients with Multi-shot with 
navigator echoes (4T)

3. MCW: local low-inductance gradient coil with EPI (1.5T)



Setup at the Medical College of Wisconsin



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.

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

http://dx.doi.org/10.1016/j.neuroimage. 2012.01.025
August, 1991

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




Later versions of the RF coils. 



2.5 cm !

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

Initially could only do one slice…



We didn’t even need a gradient coil (but didn’t realize this):

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 low resolution.  



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





1991

My brain: Alternating Tapping of Left Fingers then Right Fingers

Brain 
Activity 

No Brain 
Activity 
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Why does BOLD 
signal increase? 



UV visible spectrum used to assess blood volume and oxygenation changes



oxygenated

deoxygenated

Rest 

Activation 

Deoxy-hemoglobin: distorts field, short T2*, low signal

Oxy-hemoglobin: no distortions, longer T2*, higher signal

Blood volume 

Blood flow 
Blood oxygenation
…higher signal 



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 ”Coupling Controversy”

Sokolof versus Fox

Sokoloff:
 • Flow is coupled via metabolic demand, especially oxidative metabolism.
 • Large flow increases with small measured CMRO changes likely reflect measurement 

 issues or complex metabolic responses, not true uncoupling.
Fox:
 • Activation can produce disproportionate CBF/CBV increases, with relatively smaller CMRO 

 changes—thus a functional uncoupling between flow and oxidative metabolism.
 • Flow is driven by vasoactive signals linked to neuronal activity, and these can oversupply 

 oxygen and glucose, leading to BOLD-relevant changes in oxygenation without matching 
 metabolic consumption.

Fox PT. The coupling controversy. Neuroimage. 2012 Aug 15;62(2):594-601. doi: 
10.1016/j.neuroimage.2012.01.103. Epub 2012 Jan 28. PMID: 22306802; PMCID: PMC4019339.



• 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.

• Frahm, J., et al (1992) “Dynamic MR Imaging of Human Brain 
Oxygenation During Rest and Photic-Stimulation.” Journal of 
Magnetic Resonance Imaging, 2, 501-505.

1992 : first BOLD fMRI papers published

• 1.5T EPI using ”retrofitted” gradient, 
Perfusion and BOLD, comparison with 
PET, visual, motor

• 4T, multi-echo, echo time comparison, 
high resolution. Visual

• 1.5T, local head gradient coil, motor 
whole brain coil, left and right motor 
cortex.

• Event-related fMRI

• High resolution, multi-shot, 1.5T



Statistical Map
superimposed on 

anatomical MRI image

~2s

Time series of images

Time

Condition 1

Condition 2 ...

~ 5 min

Time

fMRI
Signal

(% change)

ROI 
Time 

Course

Condition

Activation Statistics

Region of interest (ROI)



Fiber Track Imaging

Angiography

Venography

Anatomy

Perfusion

T1 weighted   T2 weightedFunctional MRI or fMRI



First Studies

Primary visual, auditory, motor
Dynamics: Long, Short durations, Duty cycle
Biophysical and Dynamic Modeling
Parametric variation of intensity
Comparisons with PET, MEG, etc..
Field Strength Comparisons
Pulse Sequence Sensitivity Comparisons
Resolution Comparisons
Studying the noise….leading to resting state.
Modulating the signal by CO2, O2, breath hold, etc.. 
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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



Topographical Mapping

If parametrically varied stimuli produces a varying spatial topography, then a powerful paradigm/processing 
approach is to cycle through a continuously varying stimuli.  

S. A. Engel, et al. Nature 369, (1994)



R. B. Tootell, et al. PNAS 95: 811-817, (1998)

Differentiating Visual Areas: Retinotopy



The human brain is the most 
complex system known

• 86 billion neurons
• 16,000 cortical neurons per mm3 

• 128,000 cortical neurons per 2mm3 voxel
• 1,000 trillion connections
• Impulses travel 200mph
• Weights 3 lbs
• Uses 23 Watts (1 light bulb)



https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=2ahUKEwiYhJK3tJ3fAhVJmeAKHd-HAnMQjRx6BAgBEAU&url=http://www.basicknowledge101.com/subjects/brain.html&psig=AOvVaw1peyMTeuIhKzbrq9CddaUI&ust=1544811188330519


Uludag et al, NI, 2014



101 102 103 104 105

milliseconds

Neuronal 
Spiking

Sensory Processing, 
Perception, Motor 

Response
Cognitive 

Processes

106

Neurotransmitter 
Modulatory States

Learning and Plasticity

107 108 109

Spatial and Temporal Scales of Brain Function

Most fMRI research has been towards understanding functional brain organization



Paradigm Design & 
Processing Methodology

Basic 
Research & 

Clinical 
Applications

MRI Pulse Sequences & 
Hardware

Interpretation 
of Contrast 

Mechanisms & 
Physiology

• Speed
• Resolution
• Sensitivity
• Specificity
• Reproducibility
• Quantitation
• New Contrasts

• Capture neuronal activity, pattens, 
dynamics in time and space.

• Separate information from noise 
and artifact.

• Compare states, individual traits, 
and groups.

• Biomarker discovery 
and development

• Targets for 
neuromodulation

• Presurgical mapping
• Neurofeedback
• Uncover mechanisms 

and principles of 
functional brain 
organization. 

• Identify relevant temporal 
and spatial structure.

• Multi-modal assessment: 
Relate signal to neuronal 
activity and non-neuronal 
measures.

FMRI “Pillars”

Highest 
Leverage



Paradigms and Processing

Controversies 

Pulse Sequences and Hardware

Interpretation, Contrast Mechanisms, and Physiology

19
91

19
96

20
01

20
11

20
06

20
16

20
21

20
26

• First BOLD & ASL
• EPI on most scanners

• SENSE, GRAPPA

• 1.5T & 4T
• 7T• 3T

• SMS or Multi-band for fMRI

• First Commercial 3T 

• VASO• Multi-echo

• Multi-echo available from vendors

• FDA clearance for 7T
• pTX

• 4 channel receive coils

• 32 channel receive coils

• 8 channel receive coils

• 64 channel receive coils

• VASO for layer fMRI

• Local head gradient coil 
@7T “Next Gen”

• 3D EPI more widespread

• Block designs
• Event-related • Event-related cognition

• Resting state correlation

• Simultaneous EEG/fMRI

• Simultaneous EEG/fMRI @7T

• “Topy” paradigms
• Short/variable ISI Event-related

• MVPA

• Represent. Simi. Analysis • Human Connectome Project

• Open fMRI
• 1000 functional connectomes

• UK Biobank (5K) • UK Biobank (100K)

• Dense Sampling

• FSL

• Brain Voyager
• AFNI

• neurofeedback

• Real-time fMRI

• Open neuro

• Dynamic Resting State

• Intersubject Correlation

• Brain Fingerprinting• Generative Reconstruction

• Covert neurofeedback

• Location confirmation

• Parametric modulation
• Echo time dependence
• SE vs GE vs ASL comparisons

• Initial dip

• Resting state correlation

• Mechanistic HRF models

• Biophysical Models
• Slow QPPs found

• Parcellation atlases

• Brain or Vein?
• Dead Salmon • Cluster failure

• Voodoo correlations

• Double dipping
• Replication Crisis • DIANA paper controversy

• Retraction due to systematic motion

• Gamma positive correlation with BOLD

• Alpha/Beta negative correlation with BOLD

• BOLD relates to LFP

• Gliovascular coupling 
• Calcium  flux coupled to BOLD

• BWAS & >1000 subjects needed

• Post undershoot origin

• Many analysis different results (NARPS)• Global signal regression

• fMRI Adaptation

• Diffusion changes w/activation.

• White matter activation

• fMRI guided neuromodulation

• CMRO2 from BOLD and ASL


