systems capable of introducing lymphokine
genes into primary human tumor explant
cultures established at the time of surgery.
The development of high-efficiency retrovi-
ral vectors (15) makes this feasible.
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Functional Mapping of the Human Visual Cortex by
Magnetic Resonance Imaging

J. W. BELLIVEAU,* D. N. KENNEDY, R. C. MCKINSTRY,
B. R. BUCHBINDER, R. M. WEISSKOFF, M. S. COHEN, J. M. VEVEA,

T. J. BRaDY, B. R. ROSEN

Knowledge of regional cerebral hemodynamics has widespread application for both
physiological research and clinical assessment because of the well-established interre-
lation between physiological function, energy metabolism, and localized blood supply.
A magnetic resonance technique was developed for quantitative imaging of cerebral
hemodynamics, allowing for measurement of regional cerebral blood volume during
resting and activated cognitive states. This technique was used to generate the first
functional magnetic resonance maps of human task activation, by using a visual
stimulus paradigm. During photic stimulation, localized increases in blood volume

(32 = 10 percent, n =

7 subjects) were detected in the primary visual cortex.

Center-of-mass coordinates and linear extents of brain activation within the plane of

the calcarine fissure are reported.

cognitive psychophysical studies indi-

cate that the brain possesses anatom-
ically distinct processing regions (1, 2). Dur-
ing cognitive task performance, local
alterations in neuronal activity induce local
changes in metabolism and cerebral perfu-
sion [blood flow and, as shown here, blood
volume (3)]. These changes can be used to
map the functional loci of component men-
tal operations (4). Because the cerebral he-
modynamic state in nonactivated brain areas
is quite stable over time, a resting-state
perfusion image can be subtracted from a
stimulated-state image to create a new func-
tional map depicting local changes caused by
the activation task (5). To date, these func-

P HYSIOLOGICAL, ANATOMICAL, AND

tional maps have relied on radionuclide

techniques [primarily positron emission to-
mography (PET)] that suffer from limited
spatial and temporal resolution. Although
accurate center-of-mass coordinates of acti-
vated regions have been obtained, the extent
of cortex involved in a given task cannot be
determined precisely, and distributed re-
gions separated by less than the full width at
half maximum (FWHM) resolution of the
instrument cannot be resolved individually
(6). In comparison, nuclear magnetic reso-
nance (NMR) imaging (or MRI) is a high-
resolution in vivo method for studying hu-
man cerebral anatomy (7). Recent advances
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in scanning speed, coupled with approval of
contrast agents for human use, have yielded
NMR techniques for quantitative imaging
of cerebral blood volume (CBV) (8).

We investigated the human visual cortex
using photic stimulation, a robust stimulus that
produces regional changes in cerebral blood
flow (CBF) of at least 30 to 50% (5, 9).
Dynamic susceptibility—contrast NMR imag-
ing of an intravenously administered paramag-
netic contrast agent [0.5 M, gadolinium dieth-
ylenetriaminepentaacetic acid, Gd(DTPA)?"]
was used to produce regional CBV maps of the
human brain during resting and activated states
(8, 10). CBV maps were correlated directly to
high-resolution (T1-weighted) three-dimen-
sional (3-D) images of the underlying anato-
my, allowing for precise determination of gray-
white matter boundaries and activated-non-
activated borders. Functional CBV and ana-
tomic data sets were translated into propor-
tionately measured stereotactic coordinates
relating to the line between the anterior and
posterior commissures (AC-PC line)- (11).
This translation allows direct correlation to
reported standardized PET maps of the visual
cortex (5, 9).

Seven normal subjects underwent dynam-
ic NMR imaging with a prototype high-
speed imaging device (1.5-T GE Signa,
modified by Advanced NMR Systems Inc,,
Wilmington, MA) based on.a variation of
the echo planar imaging (EPI) technique
first described by Mansfield [in (12)]. Light-
proof, patterned-flash stimulating goggles
(Model S10VS, Grass Instruments, Quincy,
MA) were placed over the subject’s eyes.
The stimulus rate was fixed for predicted
maximum CBF response (5) at 7.8 Hz. A
snugly fitting head holder was used to min-
imize subject movement between scans. A
surface radio frequency (r.f.) coil -over the
occipital pole was used to improve signal-to-
noise over the posterior half of the brain.
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