Functional Mapping of the Human Visual Cortex at 4
and 1.5 Tesla Using Deoxygenation Contrast EPI
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The effects of photic stimulation on the visual cortex of human
brain were studied by means of gradient-echo echo-planar
imaging (EPI). Whole-body 4 and 1.5 T MRI systems, equipped
with a small z axis head gradient coil, were used. Variations of
image intensity of up to 28% at 4 T, and up to 7% at 1.5 T, were
observed in primary visual cortex, corresponding to an in-
crease of blood oxygenation in regions of increased neural
activity. The larger effects at 4 T are due to the increased
importance of the susceptibility difference between deoxy-
genated and oxygenated blood at high fields.

INTRODUCTION

Gradient-echo imaging, using a relatively long echo time,
has been shown by several authors (1-3) to show clearly
the effects of changes in blood oxygenation. Deoxygen-
ated blood, which is more paramagnetic than oxygenated
blood (4), acts as an endogenous contrast agent. The ex-
perimental evidence is consistent with the hypothesis
that the change in relaxation rate is linearly proportional
to the change in total deoxyhemoglobin content with
each voxel (in voxels not containing large vessels). Thus,
an increase of signal implies a decrease of deoxyhemo-
globin within the voxel.

Kwong et al. (5) have used this phenomenon to study
changes in human visual cortex produced by photic stim-
ulation. Volunteers were subjected to intermittent peri-
ods of stimulation by binocular goggles containing flash-
ing light-emitting diodes, while a series of gradient-echo
echo-planar imaging (EPI) images was collected at 2- to
3-s intervals. Regions of interest on the banks of the cal-
carine fissure were found to display rises in intensity
well correlated with the periods of stimulation, with a
risetime of several seconds for each period. Ogawa et al.
(6) have obtained consistent results working at a static
field of 4 T, using the FISP sequence.

These results, indicating a rise in blood oxygenation
during neural activity, are consistent with the findings of
Cooper et al. (7} using recordings of polarographic oxy-
gen with gold electrodes applied to the cortex of human
subjects, and with the PET findings of Fox and Raichle
(8), showing a much greater fractional change in cerebral

MRM 29:277-279 (1993)

From the Laboratory of Cardiac Energetics, NHLBI, National Institutes of
Health, Bethesda, Maryland (R.T., P.J., HW,, R.S8.B.); NMR Center, Massa-
chusetts General Hospital, Boston, Massachusetts (K.K.K.); Department of
Diagnostic Radiology, Clinical Center, NiH, Bethesda, Maryland (D.L.B.);
and Medical Neurology Branch, National Institute of Neurological Disorders
and Stroke, NIH, Bethesda, Maryland (T.Z.).

Address correspondence to: Dr. Robert Turner, Building 10, Room B1D161,
Laboratory of Cardiac Energetics, NHLBI, National Institutes of Heaith, Be-
thesda, MD 20892.

Received June 9, 1992; revised October 21, 1992; accepted November 16,
1992.

0740-3194/93 $3.00

Copyright © 1993 by Williams & Wilkins

All rights of reproduction in any form reserved.

277

blood flow than in oxygen utilization during somatosen-
sory stimulation. Similar results were reported in cat
brain during electrical stimulation by Libbers and Leni-
ger-Follert (9).

Given that for higher magnetic fields the effect of sus-
ceptibility variations is heightened, it was of interest to
determine whether large changes due to photic stimula-
tion would be observable using our 4 T whole-body MR
system. To make a fair comparison, EPI experiments at 4
and 1.5 T were conducted on the same volunteer, select-
ing as far as possible the same slice through the occipital
cortex. We present comparative results at 1.5 T using an
echo-planar sequence previously described (10).

THEORY

The most comprehensive theoretical investigation of the
effects on MRI signal of an intravascular paramagnetic
agent is that of Fisel et al. (11). They used a numerical
simulation to assess the decrease in signal caused by the
phase incoherence created when nuclear spins move in
the locally inhomogeneous magnetic fields associated
with the blood vessels. The vessels were approximated as
arrays of spheres or cylinders, and the attenuation pro-
duced in both spin-echo and gradient-echo images was
assessed. This attenuation was expressed in the form of
the change AR, in relaxation rate which would be ob-
served if the vessels were filled with a substance whose
magnetization differs by an amount M from their sur-
rounding tissue. If the substance is more paramagnetic
than tissue, with a susceptibility difference from sur-
rounding tissue of Ay, then

M = AxB,

If the Einstein diffusion length VvV 2D-TE (where D is
the diffusion coefficient of water) is somewhat larger
than the typical vessel size, as for capillaries and smaller
venules in brain tissue, a quadratic dependence of AR,*
on M is expected, for spherical magnetized regions. This
is predicted both for gradient echo and spin-echo images,
with echo times of 40 ms or greater. In this regime the
major variation of the field which the spins experience
arises from their diffusive motion past the less diamag-
netic vessels. The refocusing pulse in the spin-echo se-
quence is unable to compensate for this effect. For the
cylindrical model the exponent is reduced to 1.6. Thus
for a constant echo time the change in relaxation rate for
a given change in blood susceptibility should vary as a
power of the static field B, in the range 1.6 to 2.0.

Several authors (4, 12, 13) have shown that fully deox-
ygenated red cells have a susceptibility 0.2 ppm greater
than fully oxygenated blood. In experiments at 2 T with
cats undergoing anoxia (3), a change from 100% arterial
hemoglobin oxygen saturation to 40% saturation was
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found to produce a 15% decrease in image intensity in
brain grey matter, for an echo time of 40 ms. Results at 1.5
T (5) using photic stimulation with human volunteers
showed a 1-3% increase in signal intensity in the visual
cortex during stimulation. Since this implies a corre-
sponding decrease in AR,*, this is consistent with an
increase in blood oxygenation, as discussed above.

Thus, experiments at 4 T using photic stimulation
should give an increase of relative signal during stimu-
lation by a factor of up to (4.0/1.5)* = 7.1, for fixed echo
time.

METHOD

Four volunteers {ages between 24 and 46) were studied in
a 4.0 T whole body imaging system fitted with shielded
transverse gradient coils, and a small (27 cm in diameter)
z-gradient coil (14) which gave sufficiently large gradi-
ents and fast enough rise times to allow EPI. To avoid RF
coupling problems, and not for signal-to-noise ratio
(SNR) reasons, a surface coil was used for RF transmis-
sion and reception, at 170.74 MHz.

A GE Omega console was used to obtain EPI images
which were sufficiently free from artifact that significant
anatomical detail could be observed. Some geometrical
distortion is inevitable at tissue-bone-air interfaces, espe-
cially around the petrous bone and the nasal sinuses. The
excellent magnet shim allows satisfactory 128 X 128 gra-
dient-echo EPI images to be obtained with a 20-cm field
of view [FOV). However, it was found to be more conve-
nient for this study to use 64 X 64 images, which had an
echo time of 25 ms, FOV 160 mm, slice thickness 5 to 10
mm, and total acquisition time 41 ms. Longer echo times
gave images of poor quality, as was expected given the
large frequency differences caused by spatial susceptibil-
ity variations at this field.

Sagittal and coronal slices, with 5-mm slice thickness,
were selected intersecting the calcarine fissure and other
portions of the primary visual cortex. Coronal slices with
6-mm slice thickness, for comparison with 1.5 T results,
were also obtained at various positions through the oc-
cipital lobes of the brain. The repeat time was 3 s. Ac-
quisition can be performed in a multislice mode, with up
to 16 slices in a TH period of 3 s, but this was not done
due to limited data postprocessing capabilities.

Photic stimulation was provided by light-proof binoc-
ular goggles fitted with light-emitting diodes which
could be caused to flash at varying rates (Model S10VS,
Grass Instruments), in this case 16 Hz (known to produce
significant stimulation (5)). After the subject had rested
in darkness for several minutes, 64 images were obtained
during each experimental run. The stimulus was initially
off for 30 s (10 images), and was then alternately
switched on and off for 10 images at a time, the final four
images being obtained with the stimulus off. The images
were reconstructed without use of a phase-correction al-
gorithm, and transferred to a workstation for analysis.
Difference images were calculated, in which the mean of
images 4 through 10 was subtracted from subsequent
images, to provide improved visualization of contrast
changes. The first few images were excluded from this
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calculation because they showed marked effects of pro-
gressive magnetic saturation, since brain tissue T, is on
the order of several seconds at 4 T.

For comparison, similar experiments were conducted
with six volunteers using a GE 1.5 T Signa scanner, fitted
with the same head gradient coil, but using a standard 3-
or 5-inch Signa RF surface coil. Special GE software (10)
was used to obtain 64 X 64 pixel matrix gradient echo EPI
images, each image taking 36 ms to obtain, with an echo
time of 40 ms. A single reference scan served to perform
a software phase correction for each of 64 subsequent
imaging scans. Coronal or sagittal slices through the oc-
cipital lobe were obtained. The stimulus conditions were
as described above. Image FOV was 16 cm, with a 6-mm
slice thickness.

RESULTS

For the 4 T images and the Signa 1.5 T images (Figs. 1 and
2) the difference images showed highly localized changes
of intensity during stimulation. The position of these
regions corresponded closely to the calcarine fissure and
other regions of primary visual cortex. The SNR at both
fields was typically 100 or greater in the most posterior
parts of the brain. SNR optimization at 4 T is continuing.
Since T, increases and T.* decreases with static field a
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FIG. 1. Coronal EPlimages at 4 and 1.5 T of the occipital lobes of
the brain of a volunteer, showing activated cortical regions. Images,
obtained using surface coils, had 64 X 64 pixel matrix, 10-mm slice
thickness, 16 cm FOV, and were interpolated for display to 128 x
128 pixel matrix. Care was taken to select the same slice at each
field. Differences in field homogeneity account for most of the
visible differences in the images at the two fields. (a) Source image
at 4T, TE 25 ms, acquisition time 41 ms. A region of interest in the
caicarine fissure is outlined. (b} Difference image at 4 T, obtained
by subtracting the brain resting state image from the image after 25
s of photic stimulation. (c) Source image at 1.5 T, TE 40 ms,
acquisition time 36 ms. A region of interest in the calcarine fissure
is outlined. (d) Difference image at 1.5 T, obtained as in (b).
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FIG. 2. Plot of fractional change in 4 T (squares) and 1.5 T (tri-
angles) EPI image intensity versus time in the eight-voxel regions
of interest in the visual cortex shown in Fig. 1, for a volunteer
experiencing alternate 30-s periods of rest and photic stimulation.
Details of acquisition for the 4 and 1.5 T data are described in the
caption for Fig. 1.

direct comparison of SNR is not appropriate with the
sequence parameters chosen.

In the image data acquired at 4 T a variation of typi-
cally 15% (mean 15.1%, SD 6.0%, n = 20) of image
intensity in the active regions was observed, though
changes of up to 28% could be seen in small regions of
interest in some subjects. Here n refers to the number of
studies, not the number of subjects. At 1.5 T a smaller
difference in image intensity was seen, of 3-7% (mean
4.7%, SD 2.0%, n = 15), which was easily masked by the
misregistration effects of slight movements of the volun-
teer. Such motions can produce spurious changes of 15%
or more in difference images.

At both fields, consistent with the observations of
Kwong et al. (5}, and Ogawa et al. (6), an increase of
signal was noted during stimulation, with a rise time of 4
to 10 s, which appeared to be volunteer-dependent. This
increase is interpreted as arising from an increase in
blood flow sufficient to dilute the deoxyhemoglobin in
the blood to a level below that of the resting state. During
the second and third periods of darkness, the signal from
the visual cortex generally dropped below its resting
value, suggesting continued oxygen uptake following re-
turn of blood flow to normal. No changes in signal could
be seen from tissue clearly outside the visual cortex, for
instance in the observable part of the cerebellum.

The change of signal intensity was compared for a sin-
gle volunteer, examined using the same photic stimulus,
in a coronal slice of the same thickness and approxi-
mately the same position through the visual cortex. Fig-
ure 2 shows the change in image intensity with time, as
a percentage of baseline, during three photic stimulation
episodes at both fields studied. For a region of interest in
the position of the calcarine fissure giving a large change
in signal with photic stimulation, at 4 T the peak-to-peak
signal change was 20 + 3%, and at 1.5 T it was 6 = 0.5%.
This corresponds to an increase by a factor of 5 + 1 in
change of relaxation rate, given the longer echo time used
at 1.5 T. The overall regions of increased intensity with
stimulation in the two studies correspond well, showing
that the less intense activated regions increase propor-
tionately with the most intense, at both fields studied. A
quantitative comparison is hard to make globally, be-

279

cause it would require precise image registration across
studies.

DISCUSSION

At 4 T the contrast changes with activation are more
easily observable than those seen by Kwong et al. (5) at
1.5 T. The evidence from comparative studies with a
single volunteer suggests that the dependence of the
deoxygenation contrast on static field is greater than lin-
ear, the exponent being in the range 1.5 to 1.8. While
further experimental work is needed, it appears that our
theoretical understanding of the field dependence of the
effect is incomplete.

The magnitude of the changes at 4 T, coupled with the
intrinsic signal-to-noise gain achievable at this field, im-
plies that functional brain mapping by MRI will benefit
considerably by the use of high magnetic fields. Details of
the time dependence of vascular changes with activation
and brain response to more subtle stimuli will be open to
study. The increased SNR at 4 T will enable whole-head
multislice examinations with good time resolution, so
that experiments tc observe temporal and spatial patterns
of change in brain activity accompanying sequential pro-
cessing are now conceivable.
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