
Havasupai Falls, Arizona. Fixation of gaze on a water
fall such as this produces, upon looking away, an 
after-effect of upward motion in the central field, 
commonly called the waterfall illusion. Its correlate 
can be recorded in the V5 area of the visual cortex 

which may well bethe neural basis of the 
perception.32 Photo by Tamia Marg. 



To get along in this world, we need a representa
tion within us of the physical world around us. 
Most of us do this very effectively by using 
light, emitted and reflected from the things in 

our environment, which falls upon our eyes and forms a 
representation in the brain that we call a visual image. 
The visual system allows the brain to distinguish light as 
a specific band within the electro-magnetic spectrum 
and define light as a unique band of radiation. The word 
"light" implies that there 
is a brain to receive, sense, 
and analyze it—at least in 
multi-cell creatures that 
can sense light and have a 
central nervous system. 
There are many different 
attributes of the visual 
image: form, color, 
motion, etc. An enduring 
problem is to learn how 
the visual cortex handles 
these different attributes 
to give us a unified pic
ture of the visual world.1 

Mapping brain func
tion is of great interest to 
everyone, not only to neu
roscientists. For example, 
The New York Times 
reported on page one of 
the February 23, 1995, 
issue that men and women 
use their brains differently. 
The source of this news 
was functional magnetic 
resonance (fMRI) studies 
by S.E. Shaywitz et al. just 
published in Nature.2 This 
is the first clearly demon
strated functional brain 
difference found between 
the sexes, and who knows 
where it will lead. 

Two entirely new and 
powerful methods have 
appeared on the technolo
gy horizon within the last 
decade or so that can give 
us maps of human brain 
function in the alert, per
forming subject. They 
have attracted brain 
researchers like a magnet. 
Pictures (called visual 
stimuli) can be shown to a 
subject and the resulting 
activity in the visual cor
tex and throughout the 
brain can be seen. As it is 
colloquially termed, spe
cific areas "light up." Both 

of these new methods—positron emission tomography 
(PET) and functional magnetic resonance imaging 
(fMRI)—depend on detecting increases of neural activi
ty in gray matter (the thinking stuff of the brain) mea
sured by correlates such as increased blood flow, deoxy
genation of hemoglobin, or glucose utilization. 
Otherwise the two methods are quite different. 

Positron emission tomography 
Positron emission tomog
raphy ( P E T ) 3 , 4 has 
emerged from the labora
tory during the last 
decade and scanners can 
be found now in major 
radiology centers and lab
oratories throughout the 
scientifically active world. 
PET is based on an intra
venous injection of a 
positron-emitting 
radionuclide attached to a 
tracer chemical, which is 
taken up preferentially by 
the neurally processing 
gray matter of the brain 
through increased blood 
flow or glucose uptake. 
On decay of the radioac
tive nuclide (most com
monly, oxygen-15 in 
water), the positron com
bines with an electron, 
annihilates, and emits two 
photons traveling in 
opposite directions. Some 
will strike the detectors 
that form a ring around 
the head. A line within 
the ring is registered if the 
two photons arrive within 
10 to 20 nsec of each 
other, which indicates 
that they came from the 
same source. Registering 
the time-of-flight can 
define the position of the 
annihilation on the line. 

Hundreds of thou
sands of these registering 
pairs of high energy, 511 
KeV, annihilation ray 
photons can paint a pic
ture of blood flow activity 
in the gray matter, the 
extended central process
ing substance of the 
brain. Oxygen-15 has a 
half life of about 2 min
utes. A trial can be repeat
ed when the radioactivity 
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of an injection attenuates in time, both from its natural 
decay and also from its elimination through normal 
metabolism of the body (excreted primarily by action 
of the kidneys). This eliminates the noise from the first 
dose and allows another trial to be taken within 10 to 
20 minutes after the first injection and, subsequently, 

repeated for as many as 10 trials in a session. Trials are 
limited by the radioactivity dose that may safely be 
given to the subject. Normal subjects are generally lim
ited to one or two sessions a year. If there is medical 
advantage to be gained for the patient from this data, 
the limits can be justifiably extended. 

Resolution of 5 mm (FWHM) can now be achieved 
by commercially available scanners. Theoretically and 
with special scan
ners, resolution can 
be as good as about 
2.5 mm. It is funda
mentally limited 
because the point of 
annihilation may 
occur several mil
limeters from the 
point of decay and 
positron emission. 
Oxygen-15 must be 
generated in a near
by cyclotron be
cause of its very 
short half-life and 
transported to the 
test site, usually by 

pneumatic tube, within a minute. The cyclotron adds 
another million dollars or so to the similar cost of the 
positron emission tomograph itself. 

Other radioactive nuclei and tracers can also be used 
such as carbon-11 with a half-life of 20 minutes, nitro
gen-13 with a half-life of 10 minutes and especially flu
orine-18 [2-deoxyglucose], (FDG), with a half-life of 
approximately 2 hours. FDG records sugar metabolism, 
not blood flow. The tracer, deoxyglucose, follows the 
same metabolic pathways as glucose until it is taken up, 
held within a cell, and emits positrons. The deoxyglu
cose does not leave the cell because it cannot be further 
metabolized as is ordinary glucose. Of course, glucose 
uptake is well correlated with neuronal activity. The 
two-hour half-life of flourine-18 sets the practical max
imum limit to two trials for measurements in one ses
sion. PET is unmatched for investigation of brain 
receptor-ligand binding, which provides a window on 
the biochemistry brain function. 

Functional magnetic resonance imaging 
The other method, functional magnetic resonance imag
ing (fMRI), was devised in the last five years.5 It images 
the contrast produced by a reduction of blood deoxyhe
moglobin, which is a high correlate of blood flow and, 
therefore, of neural activity. fMRI has some important 
advantages over PET and has become, largely, the 
method of choice for a number of reasons. fMRI requires 
no ionizing radioactivity and no intravenous injections. 
It can be performed on most of the already-existing high 
field magnetic resonance (MR) scanners, thereby making 
the technique broadly available. fMRI allows the repeti
tion of measurements without any limitations other than 
the fatigue and willingness of the subject and the pocket-
book resources of the investigator. Spatial resolution of 
fMRI is better than PET by a factor of five and time reso
lution by as much as a thousand. The two methods do 
not entirely overlap. PET can obtain metabolic biochem
ical data not obtainable with fMRI. 

fMRI is based on MRI, which is based on nuclear 
physics. Certain atomic nuclei, when stimulated by 
radio waves of a specific frequency in a strong magnetic 
field, will resonate and re-emit some of the absorbed 

energy in the form of 
radio signals. This is 
known as nuclear 
magnetic resonance 
(NMR).6 NMR was 
discovered by Ed
ward Purcell (Har
vard University) and 
also, independently, 
by Felix Block (Stan
ford University) in 
the late 1940s. They 
shared the Nobel 
Prize in Physics for 
this achievement in 
1952. 

NMR is a quan
tum mechanical phe-

Figure 1. Simplified block diagram of MR scanner showing the supercon
ducting magnet, gradient coils, and RF coil. The other components are typ
ically located in an adjacent equipment room. Image reconstruction 
occurs in an array processor in the receiver. Not shown are operator con
sole, display monitors, etc. 

Glossary 

After-effect: An activity that follows the main effect. In the brain, neural 
activity that comes after the cessation of the stimulus-induced activity, as in 
the waterfall motion after-effect (illusion) where motion is seen to be upward. 

Ametropia: Refractive error of the eye. A departure from good focus or 
emmetropia. 

Brain Circuits: The paths of neural activity in specific brain functions. 

Functional brain maps: Displays of neural activity or function Of the brain 
as determined by metabolic activity, as opposed to structural, topographic, or 
anatomic maps. 

Lingual and fusiform gyri: Specific convolutions or rounded elevations on the 
surface at the bottom of the visual cortex, separated by depressions or sulci, 
concerned with color vision processing. 

Pulsability: The degree of minute displacement or shift in the tissue caused by 
the pulse or the cycling blood pressure from the pumping heart. 

Pulsation: The action of the pulse that is the difference between the cycling high 
(systolic) and low (diastolic) blood pressures. 

Vascularity: The degree to which the tissue contains blood vessels, particularly 
capillaries and very small arteries and veins. 

Vision brain centers: A place in the brain where some specific vision function 
predominates, such as color processing (V4) or motion processing (V5). 

Vision cortex: That part of the cortex of the brain that is primarily concerned 
with vision, classically the occipital cortex. 
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nomenon based on l ining up the magnetic poles of 
protons and neutrons. The nuclear spin generates mag
netic dipoles, which are oriented randomly until placed 
in a strong magnetic field, generally 1.5 Tesla or more. 
A small fraction of the nuclear magnetic moments are 
lined up, or "polarized," and the spins begin to precess 
about the applied field, like a wobbling, spinning top. 
Superconducting magnets are commonly used for the 
economic generation of these strong magnetic fields. 
Precession frequency is proportional to the strength of 
the field, and generally is in the radio frequency range. 
One or more weak, perturbing, radio frequency pulses 
provide an oscillating magnetic field orthogonal to the 
strong, main, polarizing field, but they must be timed 
to match the resonance of the nuclear spin system. If 
the frequency is sufficiently close, the spins can absorb 
energy f rom the field and undergo transitions to a 
higher energy state. As this occurs, the spin magnetic 
moment begins to precess away from the direction of 
the main field, and any degree of angular tipping can be 
achieved by suitable adjustment of the pulse (see Fig. 
1). Under certain conditions, for example, a 90° pulse 
can be used to equilibrate the spin population between 
the low and high energy states, which leads to a maxi
m u m in the signal intensity used for imaging. As the 
nuclei return to their normal state after having been 
excited by the radio frequency pulse, an electro-mag
netic signal is elicited from the nuclei, called the free 
induction decay (FID). 

The return to equilibrium is characterized by two 
relaxation time constants, T1 and T 2 . The time con
stants are characteristic of the chemical and morpho
logical components of the tissue species being imaged. 
Special pulse sequences are used to extract and empha
size one time constant or another, which, depending on 
the kind of image being sought, can emphasize certain 
aspects o f the image. Imaging by N M R has been 
renamed "magnetic resonance imaging" (MRI) . The 
word "nuclear" projects a pejorative picture in the pub
lic mind. 

The commonly used nucleus for imaging purposes is 
that of hydrogen, which is a single proton. Hydrogen is 
generally the most useful nucleus for magnetic reso
nance imaging because there are about 10 2 2 of them in 
a gram of water. In addition to abundance, this pro
vides a very high concentration for M R I , especially 
since the body is 75% water. The hydrogen nucleus has 
the highest abundance, relative sensitivity, and gyro-
magnetic ratio, and therefore is more effective than 
nuclei of other elements. 

The time constant T1 is known as the longitudinal 
or spin-lattice relaxation time. It is a measure of the 
time for the magnetic dipole to return to its initial 
(longitudinal) value of thermal equilibrium magnetiza
tion after it has been perturbed by a radio frequency 
pulse. 

The transverse or spin-spin relaxation time, T 2 , is 
the rate of the free induction decay. Directly after a 
radio frequency pulse has tipped the magnetic dipoles 
away from equilibrium into the transverse direction, all 
precess together, that is, they are in phase. However, as 

time goes on small variations in local magnetic fields 
cause the spins to become more and more out of phase 
until the transverse magnetization returns to its initial 
zero value. This decay or dephasing is characterized by 
T 2 . It is a composite relaxation time caused by intrinsic 
interactions between neighboring nuclei and from het
erogeneity in the applied magnetic field. Because the 
primary basis is energy interchanged between spinning 
nuclei, T 2 is termed the "spin-spin" relaxation time. In a 
real magnet, inhomogenei ty o f the magnet ic field 
reduces the transverse decay time constant, which is 
termed T 2 * . With a special pulse train (the Carr-Purcell 
sequence), T 2 can be obtained from the peak heights of 
decay after the initial peak. 

M R images are 
displayed pr imari ly 
as maps o f the 
point-to-point vari
at ions in s igna l 
resu l t ing f r o m 
changes in p r o t o n 
dens i ty as wel l as 
relaxation times T1 
and/or T 2 in the tis
sue. The variations 
of T1 and T 2 in soft 
t issues are m u c h 
greater than the cor
r e s p o n d i n g dif fer
ences in proton den
sity. Therefore, most 
o f the contrast in 
M R I derives f r o m 
re laxat ion d i f fer 
ences rather than 
f r o m changes in 
proton density, and 
the degree o f c o n 
trast depends on the 
sequence used to 
excite the spins. In 
tissue, T1 and T 2 are 
most sensit ive to 
molecular motion. T 2 can never be longer than T1. In 
solids, such as bone, T 2 is much shorter so that the 
T 2 / T 1 ratio approaches zero (solid-like) and the absence 
of a response gives a black image. Typically, T 2 in bio
logical tissue is around 50 to 100 msec. The spin lattice 
relaxation time T1 is in the hundreds to several thou
sands of msec. This limits the maximum pulse repeti
tion rate. 

To create the image, i.e., to provide spatially separate 
pixels forming a picture, gradients in the magnetic field 
are applied so that each line in the image plane tem
porarily has a different magnetic field value. Each value 
is associated with a particular resonance radio frequen
cy, called the Larmor frequency. By suitably manipulat
ing horizontal and vertical field gradients, each line of 
pixels generates a frequency characteristic of the loca
tion in space. Analysis of the resulting FIDs' spectra in a 
band of radio frequencies allows separation of each 

Figure 2. The B O L D hypothesis (blood-oxygenation-
level-dependent contrast) . For explanat ion, s e e text. 
Redrawn f rom E.A.DeYoe et al.7 
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point of the tissue to construct an image. The recon
struction is by a two- or three- dimensional Fourier 
Transform technique. 

So much for the basis of obtaining pictures of struc
tures within the body by magnetic resonance imaging. 
Although MRI scanners have been available for little 
more than a decade, they are now found in every hospi
tal worthy of the name, providing pictures of internal 
anatomy. Our special interest, however, is not anatomy 
but function. Fun-ctional magnetic resonance imaging 
(fMRI) is achieved by the contrast generated by blood-
oxygenation-level-dependent (BOLD) phenomena. 

Functional magnetic 
imaging: a BOLD Step 
In fMRI, of paramount 
importance is the 
"chemical shift" that is 
a small but specific dis
placement of the reso
nance frequency of a 
particular nucleus in 
different chemical 
environments. This 
phenomenon has 
opened the field of 
magnetic resonance 
spectroscopy (MRS) 
for chemical analysis 
and is increasingly 
used to probe, nonin
vasively, the biochem
istry of living people and their organs. 

The advent of functional brain mapping with MRI 
occurred in 1990 when Ogawa et al. demonstrated 
that a rodent brain at high magnetic field strength (7 
T) showed proton signal-intensity alterations related 
to blood oxygenation in regions close to local blood 
vessels.7,8 

It was subsequently demonstrated that the underly
ing mechanism of blood-oxygenation-level-dependent 
(BOLD) contrast is a magnetic-susceptibility variation 
caused by displacement of a fraction of the blood's 
deoxyhemoglobin, an endogenous paramagnetic con
trast agent, with oxyhemoglobin, a weakly magnetized 
(diamagnetic) substance, because of the increased flow. 
Indeed, there is good evidence from thermal measure
ments going back 20 years and from more recent PET 
measurements that a local increase in venous blood oxy
genation of the brain accompanies an increase in the 
neural activity. The resulting change from a paramag
netic to a diamagnetic state in the blood causes changes 
in the local T2* of the tissue surrounding the capillaries, 
which in turn can be observed by a sequence specifically 
made sensitive to such contrast changes (see Fig. 2). 

The time course of changes of oxygenation with 
echo-planar MRI in cat brain was shown by Turner et 
al . 9 Kwong and his colleagues demonstrated BOLD 
changes by high-speed echo-planar imaging in the 
human brain engaged in visual and motor activity.5 

Blood oxygenation changes were detected by using a 

gradient echo (GE) imaging sequence that was sensitive 
to the paramagnetic state of the deoxygenated hemoglo
bin. Evaluation of the blood flow changes was by a spin-
echo inversion recovery (IR), tissue relaxation parame
ter T1-sensitive pulse sequence. During 8 Hz patterned-
flash photic stimulation, an increase in signal intensity 
of GE was 1.8% ± 0.8% and of IR 1.8% ± 0.9% in the 
primary visual cortex of seven normal volunteers. 

BOLD techniques 
There are a number of methods to produce, process, and 
analyze fMRI signals. Acqui-sition methods include gra

dient echo, spin echo, 
fast spin echo, RF 
spoiled-grass, echo-
shifted flash, segmented 
turbo flash and echo-
planar imaging (EPI). 

The first measure
ments of human brain 
activation used high
speed echo-planar 
imaging (EPI) at 1.5 T 
or higher, and many of 
the subsequent results 
reported in the litera
ture were also pro
duced by this method. 
Echo-planar imaging 
has the advantage of 
speed, which is espe
cially desirable for 

reduction of motion artifacts caused by pulsatility of 
the brain from vascularity. 1 0 To convert a scanner to 
echo-planar imaging capability requires hardware mod
ifications to provide additional gradient power and a 
wide bandwidth receiver, at a cost of about $70K for a 
human head-sized gradient/RF coil. 

However, EPI methods suffer lower signal-to-noise 
ratio (SNR) and decreased spatial resolution compared 
to conventional imaging methods. Conventional gradi
ent echo techniques have also been used.11 They require 
no expensive, specialized hardware, and they can yield 
higher resolution (better than 2 mm, in plane). These 
techniques are susceptible to the motion concerns above, 
however, and alternative "spiral" methods have been 
developed for use with conventional scanners, but which 
have diminished sensitivity to motion. 1 3 - 1 5 These spiral 
k-space methods are also more efficient than EPI and 
thereby allow high spatial resolution with good SNR. 

Seeing vision function with PET 
Vision function was explored with PET by Fox and 
Raichle. 1 6 , 1 7 Microelectrode data from the brains of 
monkeys generated new concepts of the functional 
organization of the brain that now could be followed, 
tested, and extended in humans. 

One of the most important discoveries of brain 
function in vision in this century has been the unam
biguous finding of the partialization of different func
tions in the visual cortex by Semir Zeki (University 
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Figure 3 . " Of c o u r s e I want to upgrade to functional magnet ic reso
nance imaging but I haven't been able to get the two million dol lars!" 
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College, London). He made the astounding discovery 
that an area in the visual cortex, which he called Visual 
4 (V4), was primarily concerned with processing color 
vision in monkeys.18 

In the early 1970s, Zeki also found an area in the 
Macaque monkey that he characterized functionally and 
found it to be so specialized for visual motion perception 
that he called it the motion area first and ultimately area 
V 5 . 1 9 , 2 0 Also in the early 1970s, John Allman (California 
Institute of Technology) and his colleagues mapped an 
area in the middle temporal gyrus of the owl monkey 
and called it area MT. 2 1 In independent work in the early 
1980s, Z e k i 2 2 and Allman and his colleagues23 found 
that MT was also specialized for motion perception. The 
terms MT and V5 are often used interchangeably in the 
literature, but perhaps it is best to use MT as the anatom
ical term and V5 as the functional term (just as Area 17 is 
an anatomical name for the striate cortex and V1 is its 
functional appelation). 

A question immediately arose: "Are there homologs 
of Simian V4 and V5 in the human brain and if so, 
where?" Zeki and his colleagues have shown with PET 
that area V4 in the human brain is located in the lingual 
and fusiform gyri of the prestriate cortex.24 They have 
also shown a unique area located in the region of the 
temporal-parietal-occipital junction that shows an 
increase of activity when subjects are viewing moving 
targets (area V5). 2 5 In this way it is possible to tie in the 
invasive investigation of the monkey visual system by 
means of micro-electrodes, tapping single neurons, 
with the similar function in the human brain that is not 
accessible to invasive methods. Zeki was able to obtain a 
patient with a severe impairment in the ability to recog
nize the motion of objects (akinetopsia) as a result of 
bilateral lesions in the brain. The position of the lesions 
were in accordance with the previous findings of the 
locus of V5 in normal human brains.26 Other concepts 
of cerebrovisual activity and organization continued to 
be explored. 2 7 - 3 0 

The brain does not passively represent the external 
world but actively constructs it. Imaging methods pro
vide a great opportunity to learn how this is done. 

Seeing vision function with fMRI 
The first fMRI of activity in the human brain was 
achieved by Kwong et al. in 1991. They focused on the 
visual and motor cortex.5 Changes in blood oxygena
tion were detected using a gradient echo (GRE) sensi
tive by a spin-echo inversion recovery (IR), tissue relax
ation parameter T1, sensitive pulse sequence. 
Subtraction of baseline images brought out the activa
tion image more clearly. The signal changes for seven 
normal subjects were 1 to 2%, small but very signifi
cant, the probability of error, p, being < 0.001. 

Shortly after, the results of photic stimulation in the 
human visual cortex were confirmed by Frahm et a l . 1 2 

without using a scanner modified for echo-planar 
imaging sequences. 

DeYoe and his colleagues at the Medical College of 
Wisconsin used an echo-planar fMRI method similar to 
that of Kwong et al. In addition, they have designed and 

built a device for high quality visual stimulation.31 A 
Maxwellian view (60°) is used to provide each eye with 
a separate image for stereoscopic vision with a high-
luminance field of view and correction for ametropia. 

The waterfall motion after-effect, historically called 
the waterfall illusion, has been treated in the scientific 
literature for more than 150 years. If one stares at a 
waterfall for a time and then looks away, one sees the 
central field moving up, in the opposite direction. This 
visual motion after-effect was mirrored in the activity 
of V5 in the human brain by Tootell and his 
colleagues.3 2 Further, they observed that the time 
course of the fMRI after-effect matched that of the psy
chophysical effect. 

Tootell and his coworkers were able to examine indi
vidual differences of activity in V5, which had not been 
possible with earlier PET findings because the respons
es of the subjects had to be averaged to get the result.33 

The group also examined various aspects of retinotopy, 
motion selectivity, and contrast sensitivity, all of which 
was in concordance with the literature of single neural 
unit data from the Macaque monkey. All this sets the 
stage for fMRI exploration of currently unknown visual 
areas using more imaginative stimuli. 

All the above fMRI investigations were done with a 
1.5T magnetic field. Resolution and/or SNR improves 
with higher field levels, and 2T and 3T scanners are 
becoming available. Several 4T machines are in use. 
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Reflection on the future 
The crystal ball is a notoriously poor prognosticator and 
we are not sanguine about its future development (see 
Fig. 3). However, although fMRI cannot read minds 
(yet), there is some reason for optimism that it will be 
possible to obtain a glimpse of some neural, mental 
activities including cognition, attitudes, and emotions. 
As mentioned above, one can measure activity in a voxel 
(single pictorial element of a 3-D image) of the visual 
cortex that appears to be the neural basis of the waterfall 
illusion. It is reasonable that many other perceptual phe
nomena will be found and a better understanding of 
mental activity will undoubtedly follow. 

If one could monitor psychoactive drugs in the 
brain, the specific prescription, its dose and duration, 
could perhaps be more effectively chosen by observing 
the effect on various brain centers. The search for a 
basis of diverse psychoses and neuroses is already an 
active field. 

Many more differences are bound to be revealed, not 
only those between men and women, as mentioned ear
lier, but also among individuals, perhaps of different 
ages, development, occupations, or habitual environ
ments. It might even be possible to train the circuits of 
the brain in specific strategies by fMRI feedback should 
that prove desirable and useful. 

The typical MRI scanner is now used in radiology 
centers for anatomical pictures from within the body. 
In many radiology tasks, especially for soft tissue like 
the brain, MRI is considered superior to x-ray methods 
such as CT-scan, and has largely replaced them. Newer 
scanners are being installed, some with optional echo-
planar capability. If a clinical demand should arise for 
individual fMRI brain scans (perhaps by psychiatrists), 
the increasing base of facilities already available could 
be readily expanded. 

The technology is here and in place. As is often the 
case, all that is needed is a better understanding of what 
it can tell us, the reasons we need that information, and 
funds to support it. 

fMRI is on a path to opening the mind and allowing 
all to see the cognitive brain at work. Some confuse the 
central processing unit with sensors, illustrated in a 
quip by Woody Allen: "It's [the brain] my second 
favorite organ"34 fMRI can demonstrate to everyone 
that it is all in the brain. 
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