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A. Jesmanowicz, Thomas A. Hammeke, Victor M. Haughton, Eric C. Wong,

and James S. Hyde

Recent and fortuitous findings from the fields of human
brain physiology and MR physics have precipitated the
use of MRI for noninvasive mapping of human brain
activation. Using radiotracer methods, Fox et al. ob-
served in 1986 a highly localized decrease in oxygen
extraction fraction (implying an increase in blood oxy-
genation) in regions of neuronal activation (1). Previ-
ously in 1982 Thulborn et al. had demonstrated that
the T, of blood was increased by an increase in blood
oxygenation (2). In 1990, it was subsequently discov-
ered that MR signal in the vicinity of veins (3,4) and
in brain parenchyma (5,6) was decreased by a decrease
in blood oxygenation. This type of physiological con-
trast was named blood oxygenation level dependent
(BOLD) contrast by Ogawa et al. (7). Hence, a mecha-
nism for noninvasive imaging of activated regions in
human brain became a possibility.

The use of BOLD contrast for the observation of
brain activation was first demonstrated in August of
1991, at the tenth annual meeting of the Society of Mag-
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netic Resonance in Medicine (8). The first papers dem-
onstrating the technique, published in July 1992, re-
ported human brain activation in the primary visual
cortex (9,10) and motor cortex (9,11). In these experi-
ments, a small but significant local signal increase in
activated cortical regions was observed using suscepti-
bility-weighted, gradient-echo pulse sequences.

The working model constructed to explain these ob-
servations was that an increase in neuronal activity
caused local vasodilatation which, in turn, caused
blood flow to increase. This resulted in an excess of
oxygenated hemoglobin beyond the metabolic need,
thus reducing the proportion of paramagnetic deoxy-
hemoglobin in the vasculature. This localized reduction
in deoxyhemoglobin caused a reduction in microscopic
By, field gradients in the vicinity of venules, veins, and
red blood cells within veins, thereby causing an increase
in spin coherence (increase in T, and T%).

The physiological mechanisms which regulate cere-
bral hemodynamics and the precise manner in which
the hemodynamic changes alter the MR signal are not
completely understood. Other factors may cause
changes in the apparent T, of activated tissue. These
factors include activation-induced changes of blood in-
flow (12,13), and perfusion (9) rates. In general, the
change in MR signal that accompanies neuronal activa-
tion is highly pulse sequence dependent. The dominant
source of contrast in functional MRI (fMRI) will vary
from flow changes to oxygenation changes and from
larger vessels to smaller vessels, depending on the
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pulse sequence parameters. One can be confident that
BOLD contrast is being observed when the pulse se-
quence is maximally T%- or T>-weighted and minimally
T,-weighted.

Despite these complexities, the application of BOLD
contrast to mapping brain activation has several unique
advantages that make the technique immediately use-
ful. Because endogenous physiological contrast is
used, the technique is completely noninvasive, thereby
lending itself to extended or repeated use in single sub-
jects. This permits the study of long term changes such
as learning or habituation, and permits many experi-
mental manipulations to be used. In addition, the
BOLD contrast-to-noise ratio is high enough so that
significant activation-induced signal changes may be
observed in a single data set in 20 seconds.

fMRI has excellent spatial resolution. The upper
limit of spatial resolution may be determined by the
degree to which larger collecting veins contribute to
the signal changes or cause artifactual signal changes.
A concern is that collecting veins could show signal
changes “‘downstream’’ from the actual region of acti-
vation. In addition, pulsatile artifacts are more likely
to arise from larger vessels. Significant activation-in-
duced signal changes may arise from both collecting
veins and microvessels. If the contribution from larger
collecting veins can be easily identified and/or elimi-
nated, then, not only will the confidence in brain acti-
vation localization increase, but also the upper limits
of spatial resolution will be determined by scanner res-
olution and BOLD contrast-to-noise ratio. Currently,
voxel volumes as low as 1.2 microliters have been used
(14), and experiments specifically devoted to probing
the upper limits on functional spatial resolution have
shown that fMRI can reveal activity localized to
patches of cortex smaller than 1.5 mm (15).

The temporal resolution of fMRI is also relatively
high. The hemodynamic response time, which is on
the order of seconds (9,16,17), sets upper limits on the
functional temporal resolution. Activation durations of
less than a second are detectable (18,19) and relative
differences (between adjacent regions or from different
experiments) in the onset of signal enhancement are
discriminable to within a second (20).

One other advantage of fMRI is the ease of registra-
tion of brain activation images with high resolution ana-
tomical MR images. All brain activation images are
directly registered with the images from the data set
used to create them. In the same scanning session in
which functional MRI time course series are obtained,
other pulse sequences can be used to collect high reso-
lution, high contrast anatomical images on which the
activation images can be directly overlaid after possi-
bly some unwarping. Three-dimensional brain activa-
tion data sets may also be obtained and fused directly
with similar sets of high resolution anatomical images
obtained during the same session. This information can
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then be transformed into a common coordinate system
[e.g., (21)], to aid the specification of the positions of
activity foci within the brain. This transformation can
be helpful for intrasubject averaging, but is also helpful
for combining functional and anatomical MR data with
information from other functional imaging techniques
(19).

Owing to the advantages, ease of use, and accessibil-
ity of fMRI, many areas of the brain and many different
tasks have already been studied. Primary cortical re-
gions that have been studied with fMRI in addition to
motor and visual cortex include the auditory cortex
(22-27) and cerebellum (28-30). Regions activated by
higher cognitive tasks have also been observed. Cogni-
tive tasks have included word generation (31-33), men-
tal imagery (34,36), mental rehearsal of motor tasks
(37-39), complex motor control (36,37), higher visual
processing (39-43), speech perception (25,44), single
word semantic processing (44,45), working memory
(46), and spatial memory (47). Subcortical activity (48)
has also been observed during visual stimulation. Some
further studies using fMRI have observed organiza-
tional differences related to handedness (49), and focal
activity during seizures (50).

In this chapter, we demonstrate several applications
of fMRI using BOLD contrast. Primary and higher
order activity associated with the motor, visual, and
auditory cortices are observed. Specifically, the fol-
lowing applications of fMRI using BOLD are shown: (i)
Mapping of regions activated in the motor strip during
finger, elbow, and toe movement. (ii) Mapping of re-
gions associated with the performance and imagination
of complex finger movement tasks. (iii) Mapping of the
representation of the visual field in the primary visual
cortex. (iv) Mapping of higher order areas beyond pri-
mary visual cortex activated by tasks involving visual
discrimination and attention. (v) Mapping of regions in
the auditory cortex associated specifically with speech
recognition. (vi) Mapping of regions activated by read-
ing and listening to spoken words.

GENERAL METHODOLOGY

All the studies presented in this chapter were per-
formed using single shot 64 X 64 echo-planar imaging
(EPI) on a standard 1.5 Tesla GE Signa scanner. To
perform EPI without additional stress to the standard
gradient amplifiers, we used an insertable balanced
torque three-axis head gradient coil designed for rapid
gradient switching (51). To obtain high quality images
throughout the entire brain volume, a shielded quadra-
ture elliptical endcapped transmit/receive birdcage ra-
diofrequency coil (52) was used. The modular gradient-
radiofrequency coil apparatus is illustrated in Figs. 1
and 2 (see Color Plates 18 and 19 in color section).
Figure 1 (Color Plate 18) shows the radiofrequency coil
removed from the gradient coil and Fig. 2 (Color Plate



19) shows the setup as it would appear before the sub-
ject and coil are placed into the magnet.

In all studies, sequential time series of susceptibility-
weighted gradient-echo images (TE = 40 ms) were ob-
tained. Single or multislice EPI was performed using
time course series ranging from 64 to 1,024 images.
The TR value used ranged from 0.3 to 3 seconds. The
field of view was always 24 cm and the slice thickness
ranged from 3 to 10 mm.

In all studies, brain activation tasks were presented
in a repetitive on/off fashion for several cycles (from
2 to 12 cycles of approximately 8 to 20 seconds ‘‘off™’
and 8 to 20 seconds ‘‘on’’) throughout the EPI time
course. Foci of brain activation were identified by
cross correlation of the time course of each pixel with
a reference wave form resembling the expected activa-
tion-induced response (53). Pixels having a temporal
correlation coefficient below 0.4 to 0.6 were removed.
After thresholding, the vector product of the reference
waveform with each of the surviving time courses was
calculated to yield an index of change in the signal mag-
nitude. These ‘‘activation’” images were then colorized
and superimposed upon high resolution anatomical
scans of the same slice obtained in the same imaging
session.

SOMATOTOPIC MAPPING

Much of our current knowledge of the somatotopic
organization of the primary motor cortex in humans is
derived from the electrophysiological stimulation stud-
ies of Penfield et al. (54). The somatotopic organization
of the primary motor cortex has been examined by pos-
itron emission tomography (PET) (55). A replication
of this work with fMRI is needed because somatotopic
organization of the motor cortex is well-defined and
can serve as a validation of the technique. Alterna-
tively, the results from electrical stimulation and PET
studies may differ from those derived from imaging
studies of voluntary movements observed using fMRI.
This study presents findings using fMRI of primary
motor cortex regions involved in the performance of
simple motor tasks of finger, elbow, and toe flexion.

Eight right-handed subjects were imaged. Three con-
tiguous coronal slices (slice thickness = 10 mm), con-
taining the primary motor cortex, were selected for
functional imaging. The head was flexed forward in the
scanner relative to standard MR orientation (110° from
the canthomeatal line) so as to align the middle slice
with the precentral gyrus.

During each task, 104 consecutive images (TR = 2
s), were obtained during 10 alternating baseline and
activation periods of 10 s each (20 seconds per on/off
cycle). Activation tasks included simple, self-paced,
repetitive flexion and extension movements of the right
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fingers (digits 2—5 in unison), toes, and elbow. All pix-
els having a correlation coefficient value below 0.5
were removed. The functional images were interpo-
lated to 256 x 256 resolution and superimposed upon
256 x 256 resolution anatomical scans obtained in the
same imaging session.

Maximal functional activity was observed in the mid-
dle coronal slice, which most closely corresponded to
the precentral gyrus. Figure 3 (see Color Plate 20 in
color section) presents functional images for subjects
1 through 4, comparing finger and toe movements. No
spatial overlap was observed between toe and finger
activation locations. Toe movements produced signal
changes within the interhemispheric fissure or on the
lateral surface abutting the interhemispheric fissure, or
both. Finger movements resulted in changes approxi-
mately two-thirds of the distance from the lateral fis-
sure to the interhemispheric fissure. The areas of acti-
vation followed the gyral anatomy with almost all
signal changes occurring within the gray matter either
at the cortical surface or within the folds of the cortical
gyri. Figure 4 (see Color Plate 21 in color section) com-
pares finger and elbow movements for subjects 5-8.
Signal intensity changes for elbow movements over-
lapped the more medial signal intensity changes ob-
served with finger movements. The total area of activa-
tion was smaller for both toe and elbow movements
relative to finger movements. Intersubject variability
was present, possibly due to the variations in normal
gyral anatomy as well as some variability in the selec-
tion of the brain slice locations. Occasional areas of
activation were observed in subcortical regions adja-
cent to the third ventricle (subjects 1, 2, 5, and 6)
or the insular region of the left hemisphere (subjects 3
and 5).

Results of this study suggest that fMRI has sufficient
functional spatial resolution to demonstrate somato-
topic organization of the primary motor cortex. In con-
trast to a previous PET study (55), the present fMRI
investigation was able to distinguish arm from finger
movements.

The cortical areas activated by voluntary move-
ments appear to be somewhat larger than those de-
scribed from electrical stimulation studies. This was
particularly true for finger movements and may reflect
the recruitment of muscle groups in the wrist and elbow
during voluntary finger movements or the activation
of areas within sulci that are not available to surface
stimulation. Likewise, the ‘‘ankle’’ regions (on the lat-
eral surface of the interhemispheric fissure) appear to
be active in several subjects during toe movements. It
is also possible that the active regions appear larger
due to spatially removed collecting veins additionally
contributing to the signal changes. Studies which have
correlated fMRI results with electrical stimulation find-
ings derived from patients undergoing intraoperative
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cortical mapping have shown a correspondence only
to within several millimeters (56).

A recent single cell recording study of primates
taught to move individual fingers (57) has shown that
the neuronal populations active with movements of dif-
ferent fingers overlap extensively. In preliminary data
from our laboratory, we have also observed overlap-
ping spatial patterns of activation for movements of
individual fingers. These data suggest that traditional
notions of somatotopic organization, derived from in-
traoperative electrical stimulation studies, may require
revision when applied to the study of voluntary move-
ments.

MAPPING OF COMPLEX MOTOR CONTROL

During the past decade, an increase in cerebral blood
flow in the primary and non-primary motor cortex in
response to voluntary movements has been demon-
strated (58-65). In an influential study using the
33xenon method, Roland et al. (63) showed that simple
finger movements resulted in increases in regional ce-
rebral blood flow confined to the contralateral sensori-
motor hand region. In contrast, he showed that perfor-
mance of a complicated finger sequencing task, while
also producing an increase in cerebral blood flow in the
contralateral sensorimotor area, produced a cerebral
blood flow increase in the supplementary motor area
and bilateral premotor cortex. Imagination of the com-
plex finger task performance produced cerebral blood
flow changes within the supplementary motor area, but
not within the primary sensorimotor cortex.

Previous work in fMRI has demonstrated contralat-
eral activation, and to a smaller degree, ipsilateral acti-
vation of the primary motor cortex, especially in the
non-dominant hand (11,49,65). Recently, a study (36)
has demonstrated additional activation in the supple-
mentary motor area and bilaterally in the premotor cor-
tex associated with the task of tapping out specified
finger sequences, termed ‘‘complex’ finger move-
ments. Activation was also observed in the supplemen-
tary motor area during mental rehearsal of complex
finger movement tasks.

In the present study, cortical and subcortical regions
activated by simple, complex, and mental rehearsal of
complex finger tapping paradigms were observed using
extended time course (one slice) and multislice (whole
brain) fMRI (37). All tasks were performed in a repeti-
tive on/off manner. The on/off cycle length was 32 sec-
onds. Simple finger movement involved tapping of fin-
gers in no particular order against the patient table.
Complex finger movement involved repetitively tap-
ping out, for the duration of each activation time (16
seconds), a different five digit sequence (with numbers
I through 5 representing each finger) presented at the

onset of every activation cycle. Mental rehearsal of
complex finger movement was performed using the
same digit presentation paradigm as with complex fin-
ger movement. During mental rehearsal, the subject
was instructed not to move in any manner.

Single Slice Extended Time Course Analysis

In the single slice extended time course study, six
finger movement paradigms were cyclically presented
in six 320 second sections. Nine hundred and sixty
axial images (slice thickness = 10 mm) of the same
plane were collected (TR = 2 s). The total time course
duration was 1,920 s (32 minutes). During each section,
the subject performed the specific paradigm for ten on/
off cycles. Figure 5 (see Color Plate 22 in color section)
is a high resolution anatomical image of the slice se-
lected for the study. The time course signals from the
seven indicated regions are shown in Fig. 6, with the
activation paradigm shown above each of the six sec-
tions.

Functional images, shown in Fig. 7 (see Color Plate
23 in color section), were created from the extended
time course in the manner described in the general
methodology section. The only difference was that the
time course was divided into six sections correspond-
ing to each paradigm, on each of which the cross corre-
lation with a 160 point (320 second duration) reference
waveform was calculated. Any pixels having a correla-
tion coefficient below 0.4 were removed. The remain-
ing pixels were used to create the brain activation
images.

It is helpful to observe the time courses in Fig. 6 as
well as the functional images in Fig. 7 (Color Plate
23) to obtain a better understanding of the spatial and
dynamic characteristics of the signal changes corre-
sponding with the particular tasks.

Regions 1 and 2 in Fig. 5 (Color Plate 22) are approxi-
mately in the left and right primary motor cortex.
These regions demonstrated (Fig. 6) a strong and well-
behaved cyclic response on the contralateral side dur-
ing both the simple and complex finger movement
tasks. A small negative correlation was observed dur-
ing the imagined tasks (blue regions in the “‘imagined
complex’ images). It is hypothesized that tonic activa-
tion may actually have been inhibited in the primary
motor cortex during imagination as the subject concen-
trated on not moving the fingers.

Regions 3 and 4 are approximately within in the left
and right premotor cortex. Signal enhancement fol-
lowed the time course during the complex and imag-
ined complex tasks but not during the simple tasks.
Also, the timing and amplitude of the activation-in-
duced signal changes were not as high in amplitude
nor as precisely time-locked as in the primary motor
cortices. The functional images in Fig. 7 illustrate bilat-
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FIG. 6. Signal intensity versus time from the regions in
Fig. 5 (Color Plate 22). The 32 minute-long time course
was divided into six sections of 160 images each. During
each of the six sections, the subject performed the spe-
cific paradigm, indicated at the top, for ten on/off cycles,
lasting 32 seconds each. Regions in the primary motor
cortex (7 and 2) showed well-behaved cyclic activation
for the complex and imagined complex movement on the
contralateral hand. Premotor (3 and 4), supplement (5),
and posterior parietal (6 and 7) regions showed increased
cyclic activity, bilaterally, during the performed and imag-
ined complex finger movement sections.

eral activation of the premotor cortex during complex
finger movement and imagined complex finger
movement.

Region 5 is approximately in the supplementary
motor area. The chosen slice may actually have been
below most of the supplementary motor area, but acti-
vation-induced signal enhancement was still observed.
It appears that the supplementary motor area was acti-
vated to some extent throughout the time course. The
functional images in Fig. 7 also appear to show that
complex and imagined complex finger movement
caused more activation in the supplementary motor
area than did the simple finger movement tasks.

Regions 6 and 7 are in the posterior parietal region.
Simple finger movement caused no activation in these
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regions, yet complex and imagined complex finger
movement caused relatively strong signal changes. It
is hypothesized that these regions may be related to
attentional mechanisms or may be involved with finger
positional planning. The regions are posterior and me-
dial to the primary sensory cortices. The functional
images in Fig. 7 illustrate that similar patterns of poste-
rior parietal activation were manifested in the complex
and imagined complex finger movement.

Several other aspects of the functional images in Fig.
7 are significant. Simple right finger movement caused
mostly contralateral activation and minimal ipsilateral
activation. Simple left finger movement caused a large
amount of contralateral activation, but generally more
ipsilateral activation. The cortical activation patterns
with complex left and right finger movements differed
only in the primary motor cortex region. Left and right
complex finger movement demonstrated a similar acti-
vation pattern in the premotor, supplementary, and
posterior parietal regions. Imagination of left and right
finger movement resulted in similar cortical activation
patterns regardless of the hand used. In addition, the
pattern exhibited with imagination of the complex fin-
ger movement task was similar, other than in the pri-
mary motor cortex, to the complex finger movement
task. One conclusion that can be made from this study
is that imagined movements involve areas before the
“final common pathway,”” beginning in the primary
motor cortex. In addition, a strong inference is that the
non-primary regions involved with planning, execu-
tion, and learning complex sequences of finger move-
ment were the same regardless of the hand on which
the task was performed.

Entire Brain Analysis

The use of single-shot EPI in combination with a TR
of 2 seconds allows for the extension of single slice
acquisition to as many as 20 slices with no compromise
in total imaging time or image quality. In the study
presented, finger movement tasks were cyclically pre-
sented in separate time course series (TR = 2 s) con-
sisting of 100 images of each plane. The data set col-
lected consisted of 10 sagittal slices (slice thickness =
8 mm) with an interplane spacing of 2 mm. For each
of the time course series, a total of 1,000 images were
collected. In each time course series, the subject alter-
nated 16 s of activation with 16 s baseline for six on/
off cycles. The paradigms performed were the same as
those described in the previous section. For brevity,
only the results from the time course series involving
simple, complex, and imagined complex finger move-
ment on the right hand are shown. '

Figures 8-10 (see Color Plates 24-26 in color sec-
tion) show high resolution anatomical images with re-
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gions of activation superimposed in color. The slice
sequence proceeds from a view of the left lateral aspect
of the brain in panel 1 to the right lateral aspect in panel
10. Slices 5 and 6 straddle the midline, with slice §
being positioned slightly closer to midline.

Figure 8 (Color Plate 24) shows activation with sim-
ple finger movement on the right hand. The contralat-
eral motor cortex showed activation during simple fin-
ger movement. In addition, the cerebellum was
activated on the ipsilateral side. Regions near the cau-
date nucleus of the basal ganglia also appeared to show
activation. A small amount of activation was apparent
in the supplementary motor area.

Figure 9 (Color Plate 25) shows activation with com-
plex finger movement on the right hand. More exten-
sive activation was apparent both anterior and poste-
rior to the primary motor cortex. Activation was also
more extensive in the cerebellum and supplementary
motor area. Activation in the premotor region and in
the posterior parietal region was bilateral.

Figure 10 (Color Plate 26) shows activation with
imagination of complex finger movement. Activation
was apparent in the supplementary motor area and cer-
ebellum.

Results from the same imaging session involving fin-
ger movement tasks on the left hand (not shown) dem-
onstrate similar results to those shown in the extended
time course study. Non-primary regions activated dur-
ing both complex finger movement and imagination of
complex finger movement were common between
hands.

We are able to perform entire brain fMRI primarily
because of the high sensitivity quadrature coil used and
the ability to easily obtain high B, homogeneity over
a large volume at 1.5 Tesla. With the use of multislice
EPI, a functional study of the entire brain involving
an array of tasks and/or stimuli may be carried out in
essentially the same amount of time as most standard
clinical MRI scans.

Though susceptibility contrast is improved at higher
field strengths, the pulse sequence, imaging hardware,
system stability, and post-processing methodology
also are extremely important in determining the quality
of the brain activation images. From these results, it
appears that susceptibility contrast is sufficient at 1.5
Tesla to carry out mapping of higher cognitive function
in the human brain.

MAPPING THE REPRESENTATION OF THE
VISUAL FIELD

In monkeys, it is known that there is a precise, topo-
graphic relationship between the position of a visual
stimulus in the field of view and the position of the
evoked activity in the primary visual cortex (66-68).
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This cortical representation of the visual field, or
equivalently of the retina, is termed a retinotopic map.
Measurements of human retinotopic organization have
been attempted using electrical stimulation (69,70), and
more recently using PET technology (71-73). Func-
tional MRI holds promise to increase the detail of these
maps using higher spatial resolution and by permitting
a much larger number of observations from each sub-
ject, thus avoiding the necessity of averaging across
subjects. Much of the utility of fMRI depends on its
ability to accurately depict spatial patterns of neural
activity. To test this capacity in the visual system,
fMRI was used to map activation of the primary visual
cortex and additional regions involved with higher pro-
cessing of visual stimuli.

Dynamic, computer graphics-based visual images
were directly projected onto the subjects’ retinae using
a video image generator and separate imaging optics.
The image generator was a modified Sharp XG2000U
video projector driven by Cambridge Instruments VSG
video graphics board installed in a CompuAdd 386 per-
sonal computer. The image plane was then viewed
through a custom optical system that included a wide
field, magnifying eyepiece, a 45° prism, and additional
objective lenses for adjusting magnification and mini-
mizing chromatic aberration. Two sets of imaging op-
tics were combined to provide full binocular viewing
(40).

To map the retinotopic organization of the visual cor-
tex, three highly trained subjects viewed a small white
fixation dot on a uniform black or gray field subtending
60° of visual angle. A black and white checkered annu-
lus surrounding the fixation point was presented for 5
on/off cycles of 10 s on and 10 s off. Time course series
(TR = 2 s) of 100 images (slice thickness = 8 mm)
were used. When on, the checkered pattern was either
counter-phase modulated or flickered at 6-8 Hz.
Three, four, or six successively larger annuli were
tested. The width of each annulus as well as the check
size were scaled in proportion to eccentricity. Func-
tional images were obtained as described previously.
Only pixels having a correlation coefficient of 0.55 or
higher are shown.

Figure 11 illustrates the relative sizes of the annuli
and shows the corresponding brain activation images.
In these experiments, subjects passively viewed the
stimuli and were not required to respond to them. A
small checkerboard annulus presented at the fixation
point elicited activation in striate cortex only at the
occipital poles bilaterally. Annuli presented at increas-
ing eccentricities activated successively more anterior
regions of the calcarine sulcus. The most eccentric
stimulus activated only the anterior calcarine cortex
while sparing the occipital poles. Detailed examination
of the sequence of activity foci in the left hemisphere
(lower hemisphere in Fig. 11), shows a precise progres-
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FIG. 11. Sagittal brain activation images created by pas-
sive viewing of visual stimuli with six different eccentrici-
ties while fixating at the center. The active foci traveled
in an anterior direction along the calcarine fissure as the
stimulus became more peripheral.

sion that closely followed the folded cortical mantle
within the calcarine sulcus. While such a precise pro-
gression is not always observed, these data do show
that under optimal conditions, a very detailed mapping
of the visual field representation is possible with fMRI.
It is certainly clear that resolution is not limited by the
coarseness of the distribution of large blood vessels,
even though such vessels may sometimes introduce ar-
tifacts.
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Activation of the visual cortex during passive view-
ing was typically restricted to calcarine cortex, al-
though additional variable foci were sometimes ob-
served on the medial wall and lateral external surface
of the occipital pole. To obtain more robust activation
of additional visual areas beyond striate cortex, sub-
jects were asked to discriminate and report the spatial
configuration of additional target patterns superim-
posed on the checkerboard annuli. The target patterns
consisted of groups of 1, 2, or 3 oval shapes repre-
sented by a check pattern that was spatially shifted
relative to the checks of the annuli of Fig. 12 (see Color
Plate 27 in color section). Successive presentations of
the target patterns were either rotated around the an-
nuli or mirror-reversed. The subject’s task was to press
a button to indicate if each new pattern was rotated
or mirrored relative to the preceding pattern. During
stimulus “‘on’’ periods, new target patterns were pre-
sented as fast as the subject could respond (typically
every 2 to 4 s). During the blank control periods, sub-
jects simply responded at random with approximately
the same rate, though no stimulus, other than the fixa-
tion point was present on the screen.

Figure 12 (Color Plate 27) shows an example of dif-
ferences in activation of extrastriate cortex during the
passive viewing and active discrimination tasks. In this
slice, discrimination caused robust activation along the
occipitotemporal gyrus within a region that was well
below primary visual cortex. This region was only
weakly and variably active during passive viewing. Ad-
ditional areas of increased activation were observed
dorsal to the calcarine sulcus on the medial wall of the
occipital lobe, and in the parietal and frontal cortex.

The use of an active discrimination task in conjunc-
tion with annuli of varying eccentricity permitted si-
multaneous assessment of the retinotopic organization
of striate and extrastriate cortex. Figure 13 (see Color
Plate 28 in color section) illustrates results from three
axial sections either inferior to, within, or superior to
the calcarine sulcus (top, middle, and bottom rows,
respectively). Within each row is shown the activity
evoked by successively more eccentric annuli. Dotted
lines on either side of each section are approximately
aligned with the major activity foci in each image. For
calcarine and occipitotemporal cortex, a definite ante-
rior shift of the foci was observed for annuli of increas-
ing eccentricity. In contrast, a pair of small but consis-
tent foci in the parieto-occipital cortex did not appear
to shift, though some additional foci of activity did ap-
pear for the largest of the three annuli. Inspection of
sagittal images of the occipital lobe from the same ex-
periment (not illustrated) showed that nearly the entire
medial wall was retinotopically organized with greater
eccentricities represented more anteriorly. Approxi-
mate isoeccentricity contours were continuous and ex-
tended both dorsally and ventrally from the calcarine
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sulcus. An additional distinct focus of activity showing
possible retinotopic organization was observed on the
lateral convexity of the brain at the approximate junc-
tion of the occipital, temporal, and parietal lobes.

These results demonstrate that higher order visual
processing areas can be discerned, using fMRI, if ap-
propriately designed discrimination tasks are used. In
addition, these particular experiments demonstrate,
for the first time, retinotopic organization of extrastri-
ate visual areas beyond primary visual cortex.

AUDITORY SPEECH PERCEPTION

Since our initial report describing superior temporal
gyrus activity during word presentation (22) our labora-
tory has initiated a number of fMRI studies involving
auditory sensation and processing. These studies have
included measurements of stimulus rate effects on sig-
nal changes in the auditory cortex (27), the identifica-
tion of auditory cortical regions associated with speech
perception (25), the identification of regions involved
with single word semantic processing (44,45). We have
also analyzed the spatially distributed phase variation
in the activation-induced signal changes within the tem-
poral lobe (20), and the latency differences between
the temporal lobe and regions associated with semantic
processing (26).

Passive sound presentation is interesting in that it
emphasizes stimulus-dependent ‘‘automatic’’ process-
ing of auditory stimuli and minimizes speech, motor,
attentional, and memory activity. Pure tones and white
noise differ inherently from speech in lacking many
important acoustic cues relevant to speech perception.
Among these is the absence of rapid frequency modula-
tions which define component phonemic sounds in
speech (74). The existence of these complex and rap-
idly changing acoustic elements in speech suggests that
there may be cortical areas, presumably in or near the
auditory association areas, that are primarily responsi-
ble for their analysis and identification. This study (25)
presents findings using fMRI of brain regions involved
in auditory speech perception. Specifically, regions ac-
tivated by speech sounds (words and pseudowords)
and non-speech sounds (noise) were compared.

Five right-handed subjects were tested. Symmetric
lateral sagittal slices (slice thickness = 10 mm) of the
left and right hemispheres were obtained, centered at
positions 8 mm medial to the most lateral point of the
temporal lobe on each side. In each time course series,
64 sequential images were collected (TR = 3 s), during
which activation alternated with baseline every 9 s (6
images/cycle, 18 s/cycle, 10 cycles). During baseline
periods, subjects heard only the ambient scanner
noise. During activation periods, prepared digitized au-
ditory stimuli were delivered. Subjects passively lis-

tened to stimuli; no response was required. Stimuli dif-
fered in both semantic and acoustic (frequency
modulation) content. White noise presentation was
compared to presentation of nouns (i.e., ‘‘barn’’), and
pseudowords (i.e., “‘narb’’) with stimuli matched for
duration, presentation rate, average sound pressure
level, and spectral range. Functional images were cre-
ated as described in the general methodology section.
All pixels having a correlation coefficient below 0.5
were removed. The activation images were superim-
posed upon high resolution scans of the same slices.

Figure 14A—C (see Color Plate 29A—C in color sec-
tion) illustrate typical results from two of the subjects
studied with white noise, pseudowords, and words, re-
spectively. In these and all other subjects studied, the
area activated by white noise was considerably smaller
than that activated by speech sounds, and was re-
stricted to the dorsal aspect of the superior temporal
gyrus. In most instances, this region coincided with
or included the transverse temporal (Heschl’s) gyrus.
Presentation of speech sounds activated a larger region
including more anterior and posterior areas of the dor-
sal superior temporal gyrus, as well as cortex in or
near the superior temporal sulcus bilaterally. Figure 15
summarizes the results by showing the mean number
of active pixels during the three stimulus conditions.
Both words and pseudowords differed significantly
from noise bilaterally, while no significant differences
were seen between word and pseudoword conditions.
Activity occurred symmetrically in the left and right
temporal lobes. Unlike white noise, therefore, process-
ing of speech sounds appears to elicit participation of
extensive auditory association areas even when the
subject is not engaged in any ‘‘active’’ task.

These fMRI data from the human auditory cortex
are in agreement with findings from other functional
imaging studies which suggest that both left and right
temporal regions are involved with processing of audi-
tory speech stimuli (75-78), and that processing of
speech stimuli requires the activity of more widespread
brain areas than does processing of simpler non-speech
sounds (79,80).

READING AND LISTENING TO WORDS

In the above sections, results from carefully con-
trolled experiments regarding higher order motor, vis-
ual, and auditory function were presented. In this sec-
tion, data from two uncontrolled pilot experiments are
presented demonstrating the ease with which activa-
tion-induced signal changes can be obtained in single
studies using equipment already in place in most clini-
cal scanners (lights inside the bore and a patient in-
tercom).

Two contiguous axial sections (slice thickness = 10
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FIG. 15. Mean number of active temporal lobe pixels during three stimulus conditions in four
subjects tested. R, right temporal lobe; L, left temporal lobe. Both word and pseudoword condi-
tions differed significantly from noise bilaterally, while no significant differences were seen be-
tween word and pseudoword conditions. (From the American Neurological Association, with

permission.)

mm) through the auditory and visual cortices were ob-
tained. During the sequential acquisition of 128 images
(TR = 1 s) for each of the two planes, stimuli were
oscillated in an on/off manner for five cycles. Each
cycle consisted of 12 seconds of baseline and 12 sec-
onds of activation. Functional images were created as
described in the general methodology section. All pix-
els having a correlation coefficient below 0.4 were re-
moved.

The activation tasks consisted of either reading si-
lently or listening to spoken words. During the baseline
periods of both studies, the subjects lay with eyes
closed. During the active state of the first study, the
subject silently read text, using only the light inside
the scanner for illumination. During the active state of
the second study, the subject listened to single syllable
words spoken through the patient intercom.

Figure 16A and B (see Color Plate 30A and B in color
section) illustrate the activation images, through the
same two sections, obtained by reading and listening
to words, respectively. The area activated during the
reading tasks covered a region extending from the pri-
mary visual cortex anteriorly to the temporal lobes.
Bilateral temporal lobe activation was observed during
the listening task. Between the tasks, some spatial
overlap was observed in activated regions.

CONCLUSION

Functional MRI using BOLD contrast is a relatively
new method for observing brain activation. Accompa-
nying the novelty of the technique are many unknowns
regarding the upper limits of spatial and temporal reso-
lution as well as an unclear understanding of physiolog-
ical and the biophysical mechanisms which regulate
hemodynamic changes. In addition, the ways in which
the hemodynamic changes affect the MR signal are in-
completely understood. Nevertheless, the applications
described here and elsewhere empirically establish the
utility of this approach.

These studies have demonstrated applications of
BOLD contrast based fMRI to the understanding of
human brain activation. Regions activated in the motor
cortex by movement of fingers, elbow, and toes have
been mapped. Regions involved with performance and
mental rehearsal of complex motor tasks have been
imaged. The primary visual cortex has been retinotopi-
cally mapped, and retinotopic organization of some of
the higher levels of the visual pathways have been ob-
served. Differences have been observed in the tem-
poral lobes during passive listening to white noise as
opposed to speech sounds. Lastly, regions activated
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by the tasks of reading and listening to spoken words
have been observed.

Much additional work will be necessary to under-
stand completely the precise nature-of BOLD contrast.
Nevertheless, it appears that fMRI using the BOLD
approach holds great promise in uncovering unique and
useful information about brain function and physi-
ology.
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C‘OLOR PLATE 19. (Figure 2, Chapter 19) Gradient and ra-
diofrequency coil setup with subject.
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COLOR PLATE 20. (Figure 3, Chapter 19) Coronal functional
images from four subjects comparing the regions of the
motor strip activated by finger and toe movement. No spatial
overlap was observed between finger and toe movement re-
gions.

Fingers

S5

S6

S7

S8

COLORPLATE 21. (Figure 4, Chapter 19) Coronal functional
images from four subjects comparing the regions of the
motor cortex activated by finger and elbow movement. Some
spatial overlap was observed between finger and elbow
movement regions. Regions showing activation for elbow
movement overlapped the more medial regions of activation
for finger movement. In addition, the total area for elbow
movements was smaller.

Posterior

COLOR PLATE 22. (Figure 5, Chapter 19) High resolution
image of the axial slice selected for a course study in
which a subject performed simple, complex, and imagina-
tion of complex finger movements on each hand during
different periods of the same time course. The time
courses of the indicated regions are shown in Fig. 6
(Chapter 19).
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COLOR PLATE 24. (Figure 8, Chapter 19) Sagittal brain acti-
vation images containing the entire brain. Simple finger
movement was performed on the right hand.

COLOR PLATE 23. (Figure 7, Chapter 19) Axial brain activation
images created from the study shown in Figs. 5 (Color Plate 22)
and 6 (Chapter 19). The images of simple, complex, and mental
rehearsal of complex finger movement were created by temporal
cross-correlation of a reference waveform with each of the six seg-
ments of the time course shown in Fig. 6 (Chapter 19).

COLOR PLATE 26. (Figure 10, Chapter 19) Sagittal brain ac-
tivation images containing the entire brain. Imagination of
complex finger movement was performed on the right hand.

COLOR PLATE 25. (Figure 9, Chapter 19) Sagittal brain acti-
vation images containing the entire brain. Complex finger
movement was performed on the right hand.

Passive View Discrimination

COLOR PLATE 27. (Figure 12, Chapter 19) Effect of visual
task. Activation of striate and extrastriate cortex during a
passive viewing task and an active discrimination task. Dur-
ing the active discrimination task the subject reported the
spatial configuration of additional target patterns superim-
posed upon the checkered annuli. Discrimination caused
more extensive activation outside the primary visual cortex.
This is an example of how higher regions of the visual cortex
can be mapped, not by altering the stimuli, but by altering
the manner in which the subject must process the stimuli.

Stimulus
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COLOR PLATE 28. (Figure 13, Chapter 19) Visual field map- Annulus Eccentricity ——
ping. Retinotopic mapping with active discrimination task. " 30 q® 24°
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COLOR PLATE 29. (Figure 14, Chapter 19)
Sagittal images of the left and right temporal
lobes of two subjects. Demonstrated are re-
gions activated during passive listening to
white noise (A), pseudowords (B), and words
(C). The area activated by white noise was
smaller than the area activated by either pseu-
dowords or words. The area activated by pseu-
dowords was generally the same size and
shape as the area acuivated by words. (From
the American Neurological Association, with
permission.)

COLOR PLATE 30. (Figure 16, Chapter 19) Axial brain activation images through the visual cortex and
temporal lobe. A: Subject was reading text, using only the ambient light inside the scanner. B: Subject
was hearing words spoken through the intercom of the scanner.



