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Abstract 

Functional magnetic resonance imaging (FMRI) can provide detailed images of human brain that reflect localized changes in 
cerebral blood flow and oxygenation induced by sensory, motor, or cognitive tasks. This review presents methods for 
gradient-recalled echo-planar functional magnetic resonance imaging (FMRI). Also included is a discussion of the hypothesized 
basis of FMRI, imaging hardware, a unique visual stimulation apparatus, image post-processing and statistical analysis. 
Retinotopic mapping of striate and extrastriate visual cortex is discussed as an example application. The described echo-planar 
technique permitted acquisition of an image in 40 ms with a repetition rate of up to 2 per second. However, FMRI responses are 
slow compared to changes in neural activity. Onset of a visual checkerboard test pattern evoked a response that was delayed by 
1-2 s and reached 90% of peak in 5 s. Return to baseline following stimulation was slightly slower. Alternating control (blank) 
and test (checkerboard) patterns every 20 s induced a cyclic response that was detected in the presence of noise using a 
cross-correlation technique that was verified by parametric statistics. FMRI revealed retinotopically organized patterns of 
visually evoked activity in response to annular stimuli that increased in visual field eccentricity. Retinotopy was also observed 
with test patterns rotated around the fixation point (center of gaze). Results from repeated tests 1 week apart were highly 
similar. Compared to passive viewing, an active visual discrimination task enhanced responses from extrastriate association 
cortex. 
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1. Introduct ion 

Brain images produced by functional magnetic reso- 
nance imaging (FMRI)  reflect local changes in cerebral 
blood oxygenation evoked by sensory, motor  or cogni- 
tive tasks (Bandettini et al., 1992b; Frahm et al., 1992; 
Kwong et al., 1992b; Ogawa et al., 1992; Turner  et al., 
1993c). Consequently, F M R I  and other recently devel- 
oped technologies have significantly expanded the pos- 
sibilities for study of human cerebral function and 
pathology. In this respect, F M R I  is potentially revolu- 
tionary since hundreds or even thousands of high-reso- 
lution images can be obtained from a single subject, 
thereby permitting detailed analysis of brain responses. 
Since it is non-invasive and has no significant health 
risks, FMRI  will be applicable to a wide range of 
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studies. Moreover, FMRI  technology is one of the 
more accessible of the new scanning techniques since 
many hospitals and clinics include MRI  facilities that 
could be modified to permit  functional imaging. 

To acquaint the non-specialist with this technology, 
we present  here a review of the basic methodology, 
stressing those elements that we believe to be relatively 
unique to FMRI.  Consequently, we do not review the 
fundamentals  of conventional M R I  and refer the inter- 
ested reader  to texts dealing specifically with that topic 
(Stark and Bradley, 1988; Schild, 1990). Since the field 
is evolving rapidly, we will not discuss all possible 
approaches to functional MRI,  but will address many 
of the major technological issues. 

1.1. Basis of the FMRI signal 

M R I  is based on the detection of electromagnetic 
signals (radio frequency (RF) waves) which emanate  
from spinning hydrogen protons when they are excited 
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Fig. 1. Hypothesized mechanism of blood oxygenation level depend- 
ent (BOLD) contrast underlying common functional magnetic reso- 
nance imaging (FMRI) approaches. See text for discussion. Hb, 
hemoglobin. 

by an RF pulse applied in the presence of an externally 
generated static magnetic field. Due to their abun- 
dance and ubiquitous distribution, hydrogen nuclei 
(single protons) provide the strongest MR signal in 
biological tissues. The RF pulse excites the spinning 
protons and causes their spins to become synchronized 
(phase locked) thereby allowing their individual contri- 
butions to add and produce a strong signal. Micro- 
scopic magnetic inhomogeneities (and other factors) 
within the tissue cause minute shifts in the RFs of 
nearby hydrogen protons within each voxel, ultimately 
causing them to fall out of synchronization (dephasing) 
which reduces the RF signal. Differences in the rate of 
dephasing (termed T2*) can indirectly reflect neuronal 
activity. 

Fig. 1 summarizes the current understanding of the 
blood oxygenation level dependent (BOLD) mecha- 
nism whereby changes in neuronal activity affect the 
MR signal (Thulborn et al., 1982; Ogawa et al., 1990a,b, 
1992, 1993; Ogawa and Tso-Ming, 1990; Turner et al., 
1991, 1993c; Bandettini et al., 1992a,b, 1994a; Belliveau 
et al., 1992; DeCrespigny et al., 1992; Kwong et al., 
1992b; Hoppel et al., 1993; Menon et al., 1993b; Jez- 
zard et al., 1994; Kennan et al., 1994). A sensory, 

motor, or cognitive task produces a localized increase 
in neural activity. This results in a local vasodilatation 
that engenders a rapid increase in blood flow caused 
either by the production of metabolites or, more likely, 
due to a more direct effect on local blood vessels. The 
mechanism for this direct effect is poorly understood 
but may involve activity-dependent release of chemical 
factors such as nitric oxide, adenosine, hydrogen or 
potassium ions, or may involve a direct neuronal link to 
the vascular musculature (Lou et al., 1987; Iadecola, 
1993). Whatever the cause, the change in blood flow 
and, consequently, oxygen delivery is 2-4 times greater 
than the corresponding increase in blood volume 
(Grubb et al., 1974). An excess of oxygenated 
hemoglobin is delivered to the activated region (Fox 
and Raichle, 1986; Fox et al., 1988) thereby reducing 
the amount of deoxy-hemoglobin within brain tissue 
voxels (Bandettini et al., 1992b; Kwong et al., 1992a). 
Deoxy-hemoglobin, but not oxy-hemoglobin, is para- 
magnetic (Pauling and Coryell, 1936; Thulborn et al., 
1982; Weisskoff and Kiihne, 1992). Consequently, the 
presence of deoxy-hemoglobin in a capillary produces 
microscopic magnetic inhomogeneities that increase the 
dephasing of spinning hydrogen protons within a re- 
gion extending approximately 2 times the radius of the 
vessel (Ogawa and Lee, 1992). As the quantity of 
deoxy-hemoglobin in the blood is washed out and 
diluted by the rising blood flow, less rapid dephasing 
occurs and the MR signal decays more slowly; these 
changes are picked up by the RF detector in the 
scanner. Ultimately, regions of the brain that have 
enhanced activity appear as brighter regions on the 
functional MR image. In addition, other activation-in- 
duced factors such as blood volume changes and pro- 
ton movement effects can contribute to the MR signal 
changes. The magnitude of these effects can depend 
heavily on the particular imaging techniques used. 
(Henceforth, we will use the term 'FMR signal' to 
refer primarily to the deoxy-hemoglobin-based changes 
in the RF signal.) 

In the following sections we describe our specific 
techniques for obtaining task-related FMRI images, for 
identifying foci with significant responses and for dis- 
playing the resulting functional images. 

2. Materials and Methods 

2.1. Scanner, pulse sequence 

All images shown in this paper were obtained with a 
1.5 T, General Electric Signa clinical scanner. The 
scanner was equipped with a custom 3-axis head coil 
designed for rapid gradient field switching. This per- 
mitted echo-planar imaging (EPI) in which a single 
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Fig. 2. Schematic of pulse sequence used to control gradient and RF 
fields for gradient-echo, echo-planar functional MRI. TE, echo time; 
G x, Gy, G z, magnetic gradients along the x, y, and z axes of the 
scanner. G z selects the slice of brain that will be activated by the RF 
pulse. G x, Gy provide frequency and phase encoding of positions 
within the excited slice. RF, radio frequency excitation pulse that 
induces a spin flip of 90 °. 

image could be acquired in 40 ms (Wong et al., 1992a). 
To obtain high-quality images with similar sensitivity 
throughout the brain, the head coil also contained a 
shielded, transmit/receive 'birdcage' RF coil (Wong et 

al., 1992b). (The head coil system is commercially avail- 
able through Medical Advances, Milwaukee, WI.) Spa- 
tial resolution was set by a 64 x 64 voxel matrix cover- 
ing a 24 x 24 cm field of view with a slice thickness of 
8-10 mm. This gave an in-plane pixel size of 3.75 x 3.75 
m m .  

Functional images will reflect changes in blood oxy- 
genation if the MR signal is made sensitive to differ- 
ences in the rate of proton spin dephasing (strictly, 
T2*, the effective decay rate of transverse magnetiza- 
tion). This can be accomplished with a gradient-re- 
called EPI sequence using an initial 90 ° RF pulse, an 
effective echo time (T E) of 40 ms and an image repeti- 
tion rate of 2 s (T  R = 2.0 s). Fig. 2 outlines the time 
course of the applied magnetic fields in the x, y, and z 
directions. The magnetic gradient, G z, along the z axis 
(parallel to the scanner bore axis) determined which 
slice of brain was activated by the RF pulse. The G x 

field established a gradient that encoded location on 
the x axis by the frequency of the proton spins. The Gy 
field added short 'blips' that shifted the phase of the 
proton spins for successive locations along the y axis. 
Thus each location within a slice was represented by a 
unique resonant frequency and phase. The whole se- 
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Fig. 3. Schematic of apparatus and experimental design for FMRI. The optical system for visual stimulation and the combined RF/gradient  
head coil are of custom design (Wong et al., 1992a,b). A typical experiment generates a temporal sequence of images. During the scan sequence, 
the subject is alternately engaged in a baseline (control) task and an experimental task (e.g., visual discrimination). Through post-processing, the 
sequence of images is displayed as a movie or a composite image that reflects changes in activation between baseline and experimental tasks. 



174 E.A. DeYoe et al. /Journal of  Neuroscience Methods 54 (1994) 171-187 

quence was repeated for each image from each slice 
through the brain. 

2.2. FMRI experiment design 

A schematic of the basic organization of an FMRI 
experiment is shown in Fig. 3. For most experiments, 3 
highly trained subjects were tested in multiple sessions 
using procedures reviewed by an internal advisory com- 
mittee. Each subject was positioned supine inside the 
MR scanner with his head inside the head coil. The 
subject viewed a distant video image through a custom 
optical system. In a typical FMRI scan sequence, 110 
successive echo-planar images were obtained at a rate 
of 1 every 2 s. The result was a temporal sequence of 
100 brain images for each slice through the brain. The 
first 5-10 scans usually contained transients produced 
as the system settled to dynamic equilibrium. These 
images were discarded, except for the first, which pro- 
vided a low-resolution anatomical image that was in 
register with the remaining functional images of the 
series. (The first image is proton density and T2* 
weighted due to an effectively infinite T R. This high- 
lights cerebrospinal fluid and makes the outline of the 
brain and sulci visible.) During multi-slice acquisition, 
8-9  different slices were obtained during the same 
scan series. Control (e.g., stimulus off) and experimen- 
tal (e.g., stimulus on) task conditions were typically 
alternated in blocks of 10 images (every 20 s), thus 
repeating the experimental condition 5 times during 
the scan sequence. 

2.3. Sensory stimulation 

To provide high-quality visual stimulation within the 
intense magnetic field of the MR scanner, a custom 
Maxwellian-view optical system was designed to project 
images directly onto the retinas of subjects. As illus- 
trated in Fig. 3, this system avoided the use of an 
intervening projection screen. This permitted a large, 
high-luminance field of view and eliminated the need 
for subjects to wear corrective lenses. The display 
system consisted of an image generator and separate 
imaging optics (Fig. 3). The image generator was a 
video projector from which the imaging optics were 
removed. A variable neutral density filter was added to 
permit greater control over image intensity. The video 
projector was driven by a Cambridge Instruments VSG 
video graphics board installed in a micro-computer. 
Within the projector, separate red, green, and blue 
light beams transilluminated 3 LCD panels. The 3 
separate panels were optically combined to produce a 
full color, 320 × 200 pixel, image plane. The image 
plane was viewed through a custom optical system that 
included a wide-field eyepiece, a 45 ° prism, and addi- 
tional objective lenses for adjusting magnification (100 

× total) and minimizing chromatic aberration (Fig. 3, 
top left). Two sets of imaging optics were combined to 
provide full binocular viewing. The apparatus was 
mounted on a sliding optical carriage with horizontal 
and vertical positioning adjustments for easy installa- 
tion and precision alignment for each subject. 

The unique design of this visual stimulator provided 
the following advantages: (1) large field of view (60 ° 
total, 30 ° from a center fixation point), (2) binocular, 
stereoscopic display, (3) high luminance, (4) high satu- 
ration color with potential for narrow band primaries, 
(5) dynamic animation, (6) good spatial resolution, (7) 
insensitive to pupillary changes and refractive errors, 
(8) non-magnetic, (9) independently positionable image 
generator and imaging optics, (10) physically compact 
(needs only 1.5" clearance near eyes), and (11)versatile 
video format (computer-generated or video-taped im- 
ages). The optical system has the disadvantage that 
large deviations of the eyes tend to block the view of 
the display. In addition, the setup and alignment of the 
system with naive subjects requires more time than 
some alternate methods. 

2. 4. Stimulus synchronization and response acquisition 

To provide precise time synchronization between 
the presentation of visual stimuli and the scan se- 
quence, a trigger signal coincident with the acquisition 
of each MR image was fed to a micro-computer that 
controlled the video display. Subjects responded to 
video test stimuli by pressing 1 of 2 response switches. 
Switch signals and scanner trigger pulses were detected 
by interrupt driven software and used to sequence and 
coordinate scanning, visual stimulation and behavioral 
responses. 

2.5. Post-processing and display 

Changes in the MR signal obtained during brain 
activation were usually accompanied by various types 
of artifacts and noise and sometimes were difficult to 
observe in raw images. Consequently, image processing 
techniques were employed to make the responses more 
visible and to identify statistically valid responses. 

Fig. 4 shows a flow chart of the post-processing 
sequence used for producing functional images. Raw 
data generated by the scanner were first converted to 
image format. During this process, phase corrections 
were introduced for static field inhomogeneities that 
otherwise would have distorted the output image. 

Next, the MR signal from each image voxel was 
compared (cross-correlated) with an ideal reference 
wave form representing the alternation of control and 
experimental tasks (Bandettini et al., 1993a). This 
helped to reduce artifacts and identify stimulus-locked 
responses. The reference wave form was either mathe- 
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Fig. 4. Flow chart of post-processing sequence for FMRI data. After 
converting the raw scanner signals to images, the temporal wave 
form from individual voxels can be graphed and viewed (cf., Fig. 6A). 
A reference wave form that is representative of valid responses can 
be constructed from an average of several selected responses (cf., 
Fig. 6B) or can be synthesized mathematically. The reference wave 
form is then cross-correlated with the signal from each voxel to 
produce a correlation coefficient. The magnitude and sign of these 
coefficients can be color coded and used to set the color of each 
pixel in a new type of image termed a correlation image. This image 
can be viewed directly (cf., Fig. 6(2) to identify regions where the 
response is similar in time course to the reference wave form. In 
addition, the frequency distribution of the correlation coefficients 
can be viewed for a blank scan (control task only, no alternation) and 
for the experimental scan (task alternation) (el., Fig. 6D,E). A 
statistically valid response criterion (minimum correlation) is chosen 
and used to select which pixels will be displayed. Each valid pixel is 
color coded to represent the amplitude of the reference wave form 
that best fits the original data. The functional activation data are 
then combined with a high-resolution anatomical image obtained in 
the same session to yield the final functional image (cf., Fig. 6G). 
Both functional and anatomical data can be displayed as a full 
3-dimensional reconstruction using software such as VoxelView (Vital 
Images). 
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Fig. 5. Time course of functional MR signal from primary visual 
cortex in a subject who viewed a full-field checkerboard that was 
counterphase flickered at 8 Hz during the times marked ON. Upper 
graph: high-resolution representation of the rising phase of the FMR 
response computed from an average of 12 repetitions of the same 
scan sequence. Error bars show standard error. Lower graph: re- 
sponse from another scan showing both rising and falling phases. 
The ON/OFF stimulus sequence was repeated 12 times during the 
scan. In post-processing, the sequence was divided into 40 s epochs 
beginning with each ON phase. The successive epochs were then 
averaged to produce the curve. Note that standard errors are smaller 
than for upper graph suggesting that there is less variability within a 
single scan than across multiple scans. 

matically synthesized or obtained empirically from a 
sample of voxels having obvious, robust, stimulus-locked 
responses. The advantage of the latter approach was 
that valid but unanticipated variations in the response, 
perhaps due to shifts in attention or alertness, could be 
included in the estimated ideal response. A high de- 
gree of correlation indicated that responses were time- 
locked to the alternation of control and test stimuli. 

The images were then subjected to a statistical anal- 
ysis in order to provide consistent, objective detection 
of valid responses. A statistically appropriate criterion 
for valid responses can be established by comparing 
the frequency distributions of cross-correlation coeffi- 
cients obtained during an experimental scan series 
(task alternation) and during a blank control series 
having only the control stimulus (fixation point only, no 
task alternation). A threshold correlation of 0.55-0.65 
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or better typically guaranteed that less than 1 pixel in 
every 1000 might be misclassified as a false positive 
(P < 0.001, given a correction for multiple compar- 
isons) (Hays, 1973). 

Pixels having correlations less than the statistical 
criterion were not displayed in functional images. For 
pixels exceeding the criterion, a color scale was used to 
represent the amplitude of the reference wave form 
represented in the original empirical wave form (com- 
puted as the correlation coefficient multiplied by the 
variance of the original data: see Bandettini et al., 
1993a). Thus, the final functional image showed the 
relative magnitudes of response for all pixels passing 
the statistical test for a stimulus-locked signal. 

2.6. Registration of  functional and anatomical images 

Functional data were typically superimposed upon 
high-resolution anatomical MR images obtained with 
standard Tl-weighted imaging techniques. However, 
FMR images can be susceptible to warping caused by 
large-scale magnetic field inhomogeneities (e.g., imper- 
fect shimming or susceptibility anomalies due to air 
passages in the cranial bone). The first image in the 
FMRI series provided a low-resolution anatomical pic- 
ture that was in exact registration with the subsequent 
functional images. Since this image was subject to the 
same warping effects, it could be compared with an 
undistorted high-resolution anatomical image obtained 
using a conventional pulse sequence. On rare occasions 
when distortions were present, they were corrected 
using an inverse warp technique (Jesmanowicz et al., 
1992). 

The final step in post-processing was to combine 
anatomical and functional data from all brain slices 
into a full volumetric reconstruction. This was accom- 
plished with the aid of VoxelView software (Vital 
Images) which permitted independent manipulation of 
each data set and virtual slicing of the data in any 
desired imaging plane. 

3. Results 

3.1. FMR signal quality and time course 

At strongly responding foci in visual cortex, the 
FMR signal .typically changed 3-5% between control 
and test conditions although changes as high as 10% 
were occasionally recorded (1.5 T field, T E = 40 ms, 
T R = 2.0 s). Such responses were readily detected by 
examining the time course of the FMR signal for 
individual pixels (cf., Fig. 6A). However, averaging of 
multiple stimulus presentations significantly reduced 
signal variability, especially when the presentations 
were taken from a single scan series. 

Fig. 5 illustrates the time course of the MR signal 
from a representative voxel in calcarine visual cortex. 
The bottom curve in Fig. 5 is the average of 12 stimu- 
lus repetitions obtained in a single scan sequence. It 
shows the time course of both the rising and falling 
phases of the response. Fig. 5 (top) shows data aver- 
aged from 12 separate scan series that were sampled at 
a higher rate in order to verify the time course of the 
rising phase. Note the somewhat higher standard er- 
rors. Both curves show that the delay from stimulus 
onset to the time at which the signal first departed 
from baseline was between 1 and 2 s and the rise-time 
to within 90% of peak was 5 s. In contrast, the delay 
from stimulus cessation to the beginning of a fall in 
signal intensity was longer, 3-4 s with a fall-time of 
nearly 7 s to within 10% of baseline. Thus there was 
some asymmetry in the rising and failing phases of the 
FMRI response. (Some investigators have described a 
short latency drop of ~ 0.5% in the FMR signal in the 
1-2 s period between stimulus onset and the initial rise 
from baseline (K. Kwong, personal communication). As 
shown in Fig. 5 (top), this is not always evident.) 

3.2. Image processing and valid response detection 

Fig. 6 illustrates the use of the cross-correlation 
technique (Bandettini et al., 1993a) to detect valid 

¢ . -  

Fig. 6. Example of results of post-processing of responses in visual cortex to alternations of baseline and experimental tasks. A: multigraph 
display of the time course of the FMR signal from 25 voxels located near the occipital pole in primary visual cortex. The 200 s scan duration is 
represented by the width of each square in the multigraph display. Note cyclic responses to 5 alternations of a uniform blank field (stimulus off) 
with a counterphase flickered (8 Hz), checkered annulus of 6* diameter centered on a small fixation point. B: average reference wave form 
computed from 10 selected pixeis. C: correlation image (axial view) showing the degree of correlation between the reference wave form and the 
response from each voxel in the slice. Color scale represents positive correlations in red/yellow, negative correlations by blues. D: distribution of 
correlation coefficients from a blank series (control task only, no alternation). Red curve shows gaussian function fitted to data. E: distribution of 
correlation coefficients taken from experimental scan represented by image C. Valid response criteria for both positive and negatively correlated 
responses shown by red arrows. F: sagittal view of brain showing plane of functional images. POS, parieto-occipital sulcus. G: composite 
functional images (axial view) for different correlation criteria shown by number next to each image. Color scale for functional data codes the 
magnitude of the reference wave form represented by the original data from each voxel (computed as the correlation coefficient multiplied by the 
variance of the original data (Bandettini et al., 1993a)). As correlation threshold increases, confidence in the validity of the displayed foci 
increases. For this case, a threshold of 0.65 yielded a probability of false-positive response of P < 0.001 (case CT). 
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Fig. 7. Mapping visual field eccentricity in primary visual cortex of 
calcarine suleus. Axial slice, occipital pole to right. Light-edged foci 
show sites where FMRI response correlated ( > 0.55) with the canon- 
ical response wave form shown at bottom (X axis: time, full scale 200 
s; Y axis: relative response magnitude). Shading within loci repre- 
sents relative magnitude of response as indicated by the scale at 
bottom left. Checkered annuli were counterphase flickered at 8 Hz. 
FMR images in right column show details of enfolded cortex (dotted 
line) and activity in the lower hemisphere. (case AA) (Reprinted with 
permission of the author (DeYoe et al., 1994b)). 

responses (DeYoe et al., 1994b). Fig. 6A shows a 
multi-graph display of the temporal  FMR response for 
a group of 25 pixels located within the region of 
primary visual cortex outlined on the accompanying 
functional image. The responses were from a single 
scan and were not averaged. During the scan series, 
the subject viewed 5 repetitions of an 8 Hz counter- 
phase flickering checkerboard annulus having a diame- 
ter of 6 °. Time-locked responses were apparent  for 
many pixels, although some clearly lacked stimulus-re- 
lated responses (Fig. 6A). The reference wave form 
shown in Fig. 6B was computed as the average of 
responses from 10 selected pixels chosen from the 
responsive region. Fig. 6C illustrates the results of the 
cross-correlation between the reference wave form and 
the time course for each image pixel. Note that low 
correlat ion values were distr ibuted ubiquitously 
throughout much of the image and background but 
that high correlation values were clustered in occipital 
cortex with some smaller foci in the right frontal lobe. 

The frequency distribution of the correlation coeffi- 
cients for the experimental task series and a blank 
control series are illustrated in Figs. 6E and 6D, re- 
spectively. The distribution for the blank series was 
closely approximated by a gaussian function (ignoring 
the < 10 -15 contribution of the 'tails '  above 1.0 and 
below - 1 . 0 )  and permitted estimation of the likeli- 
hood of mistakenly classifying a pixel as having a valid 
response (false positive) given a minimum correlation 
criterion. Fig. 6G illustrates functional images obtained 
for different correlation criteria. In these images, the 
data in pixels having correlations less than the criterion 
value (ignoring sign) were not displayed. In the remain- 
ing pixels, the amplitude of the reference wave form 
represented in the empirical data was coded using the 
color scale shown at the bot tom of the figure. 

For a correlation criterion of 0.65 the probability of 
obtaining false-positive responses was only about 1 
pixel in 1000-10,000 given a conservative correction for 
multiple comparisons (Hays, 1973). At that criterion, 
artifacts due to subject motion and chance correlations 
were virtually eliminated. Close comparison between 
the resulting functional image (Fig. 6G, 0.65), the cor- 
relation image (Fig. 6C) and the multigraph displays 
(Fig. 6A) showed good correspondence between valid 
response foci and pixels having obvious stimulus-locked 
responses. 

3.3. Example application: mapping visual field eccentric- 
ity 

We previously reported (Miller et al., 1993; DeYoe 
et al., 1994a) that FMRI  can be used to show the 
relationship between the position of a stimulus in the 
visual field and the location of activity in the visual 
cortex. Subjects passively viewed a counterphase modu- 
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lated checkered annulus presented at a fixed eccentric° 
ity centered on a small fixation point. A different 
eccentricity was presented during each of 6 scan se- 
quences. No averaging was used. 

As illustrated in Fig. 7 (left column), a small (1.4 °) 
checkered annulus elicited activation in striate cortex 
only at the occipital pole. Annuli presented at increas- 
ing eccentricities activated successively more anterior 
regions of the calcarine sulcus. The most eccentric 
annulus (24 °) activated only the anterior calcarine while 
sparing the occipital pole. 

The progression of activity loci was somewhat differ- 
ent in each hemisphere in part reflecting differences in 
the anatomy of the cortex or, perhaps, the fine pattern 
of vasculature innervation in each hemisphere. De- 
tailed inspection of optimal sections (Fig. 7, right col- 
umn) showed an orderly progression of loci that fol- 
lowed the circuitous course of the cortical mantle within 
the calcarine fissure of the right hemisphere (lower 
hemisphere in figure). 

D, 

% 

I=, 

3.4. Repeatability 

The results shown in Fig. 7 are shown again in Fig. 8 
but are compared with data obtained from a repetition 
of the same experiment 1 week later. In this case, a 
mathematically synthesized reference wave form was 
used to perform identical cross-correlation analyses on 
both sets of data. The image slice planes were closely 
matched, although there was no deliberate attempt to 
make them identical. A good, although not perfect, 
correspondence between the 2 data sets is apparent. 
The most discrepant panels (A vs. ,~ and D vs. D') 
differ mainly in the appearance of a few additional loci 
that exceeded the correlation criterion for a valid re- 
sponse. These discrepancies might reflect variation in 
the location and orientation of the slice planes or, 
perhaps, variation in the subject's alertness (most ex- 
periments were run between 23:00 and 04:00 h!). 

3.5. Mapping visual field angle by 'phase tagging' 

Fig. 9 illustrates a method of mapping visual field 
topography that takes advantage of the phase of the 
cyclic FMR response. In this experiment, a checkered 
hemifield was rotated about the fixation point by 18 ° 
for each image (every 2 s) and continued for 5 com- 

2 c m  
m 

o r -  

Fig. 8. Repeatability of FMRI activation patterns. A - F :  same experi- 
ment  as shown in Fig. 7 except reference wave form was a mathemat- 
ically synthesized, full-wave rectified sine wave. , ~ - F ' :  data from the 
same experiment performed 1 week later. Same subject, stimulus and 
post-processing as A - F .  Slice position is slightly different as evi- 
denced by details of gyral patterns. Note similar patterns of activa- 
tion in the 2 experiments (cases AA, AD). 
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plete rotations. Thus, each point in the visual field was 
alternately exposed to the checkered hemifield 50% of 
the time and the blank hemifield 50% of the time but 
the timing varied with angular position. As a result, the 
t ime course at each responsive voxel in visual cortex 
was cyclic but had a phase (time delay) depending on 
the corresponding meridian (clock position) within the 
visual field. The complete progression of retinotopic 
activation was mapped  by performing the cross-correla- 
tion analysis with a set of  reference wave forms span- 
ning a complete range of phase shifts (0-360 ° = 0-40  
s). Close examination of the sequence reveals a circu- 
lating pat tern encompassing the primary visual cortex 
of the calcarine sulcus. Additional regions of  activation 
in extrastriate cortex dorsal and ventral to the calcarine 
show additional retinotopically organized regions. 

3. 7. Effects o f  active vs. passive task 

In the previous experiment,  the subject did not 
simply view the display passively but was asked to 
discriminate the relative eccentricity of a small test 
pat tern superimposed on the checkered hemifield as it 
rotated. The advantage of using an active task was 
illustrated by results from another  experiment illus- 
t rated in Fig. 10. In this experiment,  subjects were 
asked to discriminate and report  the spatial configura- 
tion of target  pat terns superimposed upon a checkered 
annulus used to map visual field eccentricity. The 
target patterns consisted of asymmetrical configura- 
tions of 3 groups of ellipsoid shapes that were delin- 
eated by a shifted checkerboard pattern.  Successive 
presentations of  the target  pat tern were either rotated 
around the center of  the annulus or mirror-reversed. 
The subject's task was to press a button to indicate if 
each new pat tern  was rotated or mirrored relative to 
the preceding pattern.  When the annulus was present,  
a new target pat tern was  shown immediately following 
each response (typically every 2 - 4  s). During the inter- 
leaved blank periods, subjects simply responded at 
random with roughly the same rate, although no stimu- 
lus was present  o n  the screen. Fig. 10 illustrates the 

observed differences in the extent of activation of 
extrastriate cortex in the lingual and fusiform gyrii 
during both passive view and active discrimination 
tasks. Discrimination produced robust  activation 
throughout a region that  was only weakly active during 
passive viewing. 

4. Discussion 

F M R I  holds exceptional promise as a tool for ex- 
ploring human brain function since it is non-invasive, 
provides good spatial resolution, permits huridreds or 
even thousands of images to be obtained from a single 
subject, and is potentially available at hundreds of 
facilities operating clinical M R I  scanners. Using the 
techniques described here, spatial localization of indi- 
vidual loci within a few millimeters can be achieved 
and differences of  1 -2  s in the onset of activation can 
be differentiated. Imaging of association cortex as well 
as primary and secondary sensory and motor  areas is 
readily obtained especially when using suitable behav- 
ioral tasks. With an RF coil designed to achieve uni- 
form sensitivity, functional images encompassing virtu- 
ally the entire cerebral cortex can be compared for a 
variety of  task conditions. 

Although F M R I  has many advantageous features 
there are some potential  limitations. It is not clear if all 
structures in the brain can be imaged equally well with 
FMRI .  Areas  near  the base of  the brain close to bone 
cavities and clusters of large blood vessels (e.g., Circle 
of  Willis) may be particularly difficult to study due to 
magnetic field irregularities and blood pulsatility arti- 
facts. However,  there are preliminary reports  that sub- 
cortical structures such as the lateral geniculate nu- 
cleus and spinal cord can be imaged (Frahm et al., 
1993b; Yoshizawa et al., 1993). White mat ter  and fiber 
tracts may not yield strong signals (Turner  et al., 1991) 
presumably due to the relative paucity of  vasculariza- 
tion and lower metabolic demand (Sokoloff et al., 1977; 
Duvernoy et al., 1981). Also, certain task manipula- 
tions may not induce activity changes that can be 

4--- 

Fig. 9. 'Phase tagging' of retinotopic activation in striate and extrastriate visual cortex. Top: sagittal view of occipital lobe showing plane of 
composite functional images displayed,below. C.S., calcarine sulcus (also identified by yellow arrows in panel 1). 1-10: coronal views of activation 
induced by a flickering checkered hemifield that was rotated by 18 ° before each image acquisition (every 2 s). Five complete rotations of the 
stimulus were accomplished during the 200 s scan sequence. On each presentation, the subject was required to detect an increase or decrease in 
the eccentricity of a small black target randomly positioned within the checkered hemifield. Activation foci were detected by cross-correlation 
using a series of 20 reference wave forms that were delayed (phase shifted) by additive increments of 2 s. (Only 10 of the complete set of 20 
patterns are shown here.) Foci shown in orange were optimally activated at a retinotopic position shown by the inset for each image. Activity foci 
shown in blue were maximally activated at a phase 180 ° later. The correspondence between stimulus phase (clock position) and evoked activation 
was cal~rated by assuming that a stimulus centered on the vertical meridian evoked activity centered on the midline of the brain near the 
calcarine sulcus (panels 1 and 6). (This assumption is in accord with previous work in humans (Horton and Hoyt, 1991).) Note that activity near 
the calcarine sulcus (yellow arrows) circulates in a clockwise direction, sweeping through the complete angular representation of position in the 
visual field. Additional foci above and below the calcarine activation represent retinotopic organization in extrastriate visual areas (case DB). 
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A. Passive Vieuw 

B. Discrimination 

I 
2 

stimutus 

Fig. 10. Active discrimination task enhances activation of extrastriate 
cortex within ventral occipital cortex. (Note cerebellum visible be- 
tween the hemispheres.) Stimulus and post-processing were identical 
for both task conditions but during active discrimination, subject 
indicated if global pattern of ellipsoid shapes superimposed on the 
annulus was rotated or mirror-imaged relative to immediately pre- 
ceding stimulus. 

resolved with FMRI. For example, neurons of visual 
cortex that code different directions of visual motion 
are intermingled on a microscopic scale (Born and 
Tootell, 1992). Consequently, a comparison of func- 
tional images obtained with rightward versus leftward 
motion might reveal little change. On the other hand, 
comparison of motion versus no motion, or motion vs. 
color, should be more successful since these tasks 
should differentially activate cells in cortical areas that 

are separated by relatively large distances (DeYoe and 
Van Essen, 1988; Corbetta et al., 1991b). 

4.1. F M R I  signal quality, noise and artifacts 

With the techniques described here, the strongest 
activation-induced FMR signals had very good signal 
quality even without averaging. We have previously 
shown that the ratio of the mean signal change to the 
inherent variability of the FMR signal (Z score) for 
finger tapping responses in motor cortex ranged from 
6.5 to 8.2 at a field strength of 1.5 T. Increasing static 
field strength improved the Z score to 10.5 (at 3.0 T) 
whereas lower field strengths yielded lower values (2.5 
at 0.5 T) (Bandettini et al., 1994b). This indicates that 
simple sensory or motor tasks can induce a signal 
change that can be 7-10 standard deviations above the 
background 'noise' measured when the subject is at 
rest. However, the maximum signal change can vary 
significantly across the cortex depending on degree of 
activation, vascularization, voxel size, slice position, 
slice orientation and echo time. Very large signal 
changes of up to 30% have been reported when using 
small voxel sizes (1 x 1 x 2 mm), but these were often 
associated with large blood vessels (Lai et al., 1993). 
Moreover, it is evident that an important aspect of 
obtaining good FMR signals is the design of the behav- 
ioral task. This may be especially true for higher areas 
of 'association' cortex that can be strongly modulated 
by attentional factors (Corbetta et al., 1991a). 

Although changes in blood oxygenation are thought 
to be the primary mechanism for FMRI, the recorded 
signals can also be affected by factors such as changes 
in blood volume, blood velocity, oxygen extraction frac- 
tion, pO 2, pCO 2, and hematocrit (Thulborn et al., 
1982; Ogawa et al., 1990b, 1993; Kwong, 1992; Bandet- 
tini et al., 1994a; Jezzard et al., 1994). Movement of 
water protons relative to magnetic field inhomo- 
geneities can also play a role (Hoppel et al., 1993; 
Kennan et al., 1994). Due to the complexity of these 
various factors, a comprehensive, quantitative model of 
the FMRI mechanism has yet to be developed. As a 
result, optimal imaging for a particular experimental 
goal requires careful consideration of the imaging pro- 
tocol. 

There are several sources of artifacts and noise that 
may contaminate FMRI images and complicate their 
interpretation. Large artifacts can arise from subject 
movements or pulse- and respiration-induced motion 
of the brain and vasculature (Hajnal et al., 1993). It is 
possible for such artifacts to be synchronized with 
stimulus presentation if the subject's position, arousal 
or other factors are not carefully matched between 
control and experimental conditions. Heart  and respi- 
ration have also been shown to contribute periodic 
variations to the FMR signal that can appear as lower 
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(aliased) frequencies that add 'noise' to the recorded 
signals (Jezzard et al., 1992; Weisskoff et al., 1993; 
Biswal et al., 1994). Techniques such as cardiac or 
respiratory gating (synchronization) to minimize cyclic 
artifacts are difficult to apply in a straight forward 
manner since MR signal contrast is sensitive to small 
variations in the period between sequential acquisi- 
tions (TR). 

4.2. Spatial localization / resolution 

The limits of FMRI spatial resolution have not yet 
been established definitively. At the time of this writ- 
ing, there has not been a thorough study of the ability 
of FMRI to resolve two closely spaced, simultaneously 
active foci. The results reported here (Fig. 7) show that 
shifts of a few millimeters in the position of individual 
foci can be resolved when using a voxel size of 3.75 x 
3.75 mm and a slice thickness of 4-8 mm. Smaller 
voxel sizes of 1.8 x 1.8 x 4 mm have been used success- 
fully for EPI (unpublished data) and voxels as small as 
0.78 x0.78 x 4.0 mm have been used with slower 
multi-shot FMRI techniques (Frahm et al., 1993a). (In 
rats at 7 T, voxels as small as 0.117 >< 0.117 x 0.5 mm 
have been used with single-image acquisition times of 
6-15 min (Ogawa et al., 1990b).) However, voxel size is 
not the only factor determining the effective resolu- 
tion. The ability of FMR images to portray details of 
neuronal activation may be limited by biological rather 
than technological factors. Since FMRI depends on 
changes in oxygenation of blood within arterioles, cap- 
illaries and veinules, the vessel innervation density and 
the coupling of flow changes between adjacent vessel 
branches may limit the degree to which blood hemody- 
namics can reflect the fine pattern of neuronal activity. 
In addition, large veins and sinuses that drain distant 
regions of activation can sometimes generate signals 
that are displaced from the region of neuronal activity 
(Lai et al., 1993; Turner et al., 1993a). Although, recent 
experiments with high-resolution gradient-recalled 
imaging have suggested that many of the largest func- 
tional signals arise from blood vessels on the surface of 
the brain (Lai et al., 1993), this does not preclude 
contributions from small vessels and capillaries within 
the parenchyma. Recent experiments indicate that 
functional imaging with spin-echo rather than 
gradient-echo techniques may preferentially show sig- 
nals from smaller vessels although with some sacrifice 
of overall signal amplitude (Bandettini et al., 1994a). 
The advantages of both approaches can be conserved 
by simultaneously acquiring both gradient-echo and 
spin-echo images. This has the added benefit that the 
size of blood vessels contributing to the signal in each 
voxel can be estimated (Bandettini et al., 1994a). 

Despite the above concerns, the techniques de- 
scribed here demonstrate that FMRI can easily show 

detailed patterns of activity within individual cortical 
areas. Certainly the resolution available with current 
FMRI techniques is adequate for many experiments 
concerning the functional roles of macroscopic cortical 
areas. 

4.3. Temporal resolution 

The results reported here and elsewhere (DeYoe et 
al., 1992) show that local changes in deoxy-hemoglobin 
levels following cerebral activation are highly consis- 
tent but delayed and slowed relative to the underlying 
neuronal activity. More direct measures of cerebral 
function have a significantly faster time course. Single- 
cell responses in primary visual cortex typically begin 
within 40 ms of stimulus onset (Bartlett and Doty, 
1974) and electrical potentials measured from the scalp 
have typical latencies of 10-100 ms (Martin, 1991). 
Although the sluggishness of the FMRI response is 
undoubtedly due to events subsequent to the neuronal 
activation, it is not yet clear if the limiting step is the 
triggering of local vasodilatation, the dynamics of blood 
flow, the clearing of deoxy-hemoglobin, or other fac- 
tors. Nevertheless, the consistency of the MR signal 
permits resolution of time differences as small as 1-2 s. 
Thus, this technique may be capable of resolving some 
temporal features of complex cognitive or performance 
tasks involving extended cerebral activation, and it may 
be useful for observing the temporal sequence of acti- 
vation associated with repetitive or multi-step behav- 
ioral tasks. 

4.4. Post-processing techniques 

Although good-quality FMRI signals can be easily 
observed in simple difference images, post-processing 
can greatly improve image quality and confidence in 
the interpretation of results. Although simple averag- 
ing and differencing techniques can be helpful, the use 
of the cross-correlation technique illustrated here and 
described by Bandettini et al. (1993a) makes use of the 
temporal properties of the signal to identify valid re- 
sponses and to reduce or eliminate artifacts. A new 
type of image can be constructed by displaying correla- 
tion magnitudes for each pixel using different colors 
(Fig. 6C). This directly shows where task-related re- 
sponses occur, but does not preserve information about 
response magnitude. A useful alternative is to display 
magnitude data in pixels that attain a correlation above 
a pre-selected minimum thereby showing differences in 
response amplitude for all valid pixels. 

It is important to point out that the choice of 
reference wave form for the cross-correlation can af- 
fect details of the resulting images, although results 
tend to be similar for square, sine, rectified-sine and 
empirically derived reference functions (e.g., compare 
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Figs. 7 and 8). Empirically derived functions have the 
advantage that higher correlation values are typically 
obtained. In part, this is because legitimate variations 
in the response (e.g., variations in subject performance) 
are incorporated into the reference. On the other 
hand, mathematically synthesized wave forms avoid 
bias that could arise in the selection of data used to 
calculate empirical reference functions. However, 
choosing a synthesized reference is complicated by the 
lack of a completely satisfactory model that predicts 
the delay, smoothing and variability introduced by 
hemodynamic processes. In particular, variations in the 
delay (phase) of the response from voxel to voxel must 
be explicitly taken into account. Where such variations 
might be significant, several reference functions with 
different phase shifts can be used and the correspond- 
ing functional images compared. By presenting differ- 
ent stimulus conditions at different times during a scan 
sequence, it is possible to deliberately introduce delays 
in the responses of different activity foci. This 'phase 
tagging' can be used to map a wide range of stimulus 
values (e.g., retinotopic positions, Fig. 9) in a single 
scan sequence (also see Engel et al., 1993). 

4.5. Statistical reliability 

Besides enhancing signal-to-noise ratio and reducing 
artifacts, post-processing techniques can provide statis- 
tical tests of reliability for the resulting images. Simple 
statistical tests based on response magnitude (e.g., Z 
scores) may not reject artifacts having large, erratic 
peaks that can occur due to brain motion or pulsation. 
The cross-correlation approach used here greatly re- 
duces these artifacts and provides a response measure 
that, for a blank trial (no task activation), is typically 
distributed as a gaussian function in the range from 
- 1  to + 1. (In theory there must be some discrepancy 
between the sampling distribution of a correlation co- 
efficient and a gaussian, but practically the approxima- 
tion is very close if the standard deviation is less than 
0.2.) Consequently, deviations from this distribution 
due to task activation can be easily identified and the 
likelihood of mistakenly accepting a randomly high 
correlation as a valid response can be estimated. 

4.6. Applications and significance o f  F M R I  

Although still a new technology, FMRI has been 
used in a variety of studies, albeit many preliminary, 
that have begun to extend our understanding of corti- 
cal motor systems (Bandettini et al., 1993b; Berkelbach 
van der Sprenkel et al., 1993; Fieldman et al., 1993; 
Kim et al., 1993; Rao et al., 1993a,b), visual processing 
(DeYoe et al., 1993, 1994a; Engel et al., 1993; Schnei- 
der et al., 1993), auditory sound and language process- 
ing (Binder et al., 1993, 1994; Singh et al., 1993; Turner 

et al., 1993b), speech production (Benson et al., 1993; 
Cuenod et al., 1993a; Hinke et al., 1993; McCarthy et 
al., 1993; Rueckert et al., 1993), memory function 
(Blamire et al., 1993; Cohen et al., 1993) and cerebellar 
function (Bates et al., 1993; Cuenod et al., 1993b; 
Ellermann et al., 1993). A particularly intriguing appli- 
cation is the study of mental imagery (Le Bihan et al., 
1992; Menon et al., 1993a; Rao et al., 1993a; Takahashi 
et al., 1993). The interpretation of such experiments 
requires a careful consideration of possible artifacts 
(e.g., shifts in attention) and different mental strategies 
that may be adopted by different subjects. Neverthe- 
less, the ability to perform such experiments shows the 
tremendous potential of the FMRI technology. 

A number of other studies have explored the use of 
FMRI for clinical applications such as pre-surgical 
identification of normal and diseased brain tissue (Cao 
et al., 1993; Connelly et al., 1993a; Jack et al., 1993), 
exploration of brain mechanisms underlying Alzhei- 
mer's disease (Mattay et al., 1993), obsessive compul- 
sive disorders (Breiter et al., 1993), visual field defects 
(Sorensen et al., 1993), and epilepsy (Connelly et al., 
1993b; Morris et al., 1994). Although such studies are 
primarily exploratory at the moment, the desire to 
apply this technology to clinical problems is strong. 

FMRI will likely play an important role in defining 
and identifying functionally specialized areas of the 
cortex not only in vision but in virtually every other 
sensory, motor, and cognitive system. In conjunction 
with well-designed behavioral tasks, FMRI may also 
provide clues to the unique computations performed 
within different brain regions. Such insights could be 
invaluable for directing higher resolution studies using 
invasive techniques (e.g., optical imaging, single-unit 
recordings) to explore the cellular mechanisms of neu- 
ronal processing. 

In summary, FMRI has the potential to become an 
extremely powerful tool not only in neuroscience but in 
a variety of clinical and academic fields. Hopefully, 
FMRI will facilitate studies in which previous knowl- 
edge about separate brain regions will be brought 
together to form a more integrated view of overall 
brain function. If even partially successful, FMRI will 
not only provide a significant advancement in our 
understanding of normal brain function but will also 
provide a powerful tool for the assessment and man- 
agement of brain pathology. 
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