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Chrit T. W. Moonen

A 3-dimensional MRI method has been developed for func-
tional mapping of the human brain, based on bicod oxygen-
ation level dependent (BOLD) contrast mechanisms. The
method uses recently introduced principles of echo-shifted
FLASH to acquire a single 3D data set in 20 s. The technique
was tested on a conventional 1.5 Tesla clinical scanner with a
standard head coil using visual stimulation with a 8 Hz flash-
ing white light, or a varying checkerboard pattern. Areas of
increased signal intensity were identified in the visual cortex,
consistent with the known functional organization.

Key words: brain, function; brain, MR; MR, rapid imaging;
functional MRI.

INTRODUCTION

The prospect of mapping the functional organization of
human brain without the use of exogenous contrast
agents has gained increased interest since the introduc-
tion of MR functional imaging based on blood oxygen-
ation level dependent (BOLD) contrast mechanisms (1,
2). Most MR functional imaging methods use echo-planar
(EPD) or fast gradient-echo (FLASH) techniques, and re-
petitively scan a single slice (2D) through the brain dur-
ing execution of a specific stimulation paradigm (3-14).
Activation induced changes in deoxyhemoglobin levels
result in changes in microscopic susceptibility effects
and are measured as small increases in image intensity.
The magnitude of these BOLD-related signal increases
are reportedly on the order of 1-3% at 1.5 T and increase
with field strength (6).

When repeatedly exciting a single slice using a short
repetition time and large flip angle, unsaturated water,
flowing into the observed slice from neighboring regions,
may represent a large fraction of the signal intensity. This
sensitivity to “in-flow” may also lead to signal changes
upon activation when, for example, the flow velocity
increases in a vein draining an activated brain region. It
was recently shown that the in-flow effect may dominate
the BOLD effect in gradient echoes under certain experi-
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3-Dimensional Functional Imaging of Human Brain
Using Echo-Shifted FLASH MRI
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Fernando A. Barrios, Guoying Liu, Joseph A. Frank, Daniel R. Weinberger,

mental conditions (15, 16). The inflow effect may include
venous and arterial water, and even CSF, and should thus
be differentiated from “perfusion” effects when the mag-
netization of arterial water only is altered, as described
by Detre et al. (17). Despite the success of several func-
tional 2D MRI studies in identifying the approximate
location of activated brain regions, many studies now
suggest that large vessels may play an important role,
whether the predominant etfect is a true “BOLD” phe-
nomenon or an “in-flow” phenomenon (15, 16, 18-23).

Since, in many cases, the area of cortical activation
during sensory, memory, motor, or cognitive activation is
not always a priori known, nor is it necessarily confined
to a single slice, the desire has grown fo observe multiple
slices simultaneously. Multislice methods would allow
mapping of large parts of the brain. However, interpreta-
tion is complicated by in-flow effects because water ex-
cited during scanning of plane i may give rise to signal
changes in plane j upon flow from i to j within the T,
relaxation time. Simple extension of existing 2D tech-
niques to true 3D versions would limit in-flow effects but
severely restrict the in-plane resolution, due to inherent
limitations on the acquisition time per excitation (in the
case of single shot volume acquisition) or the limited
total acquisition time (in the case of FLASH). Most re-
cently, echo-shifted (ES)-FLASH was introduced (24-26),
reducing the total acquisition time, and allowing the ex-
tension toward full 3D functional imaging. Here, we will
discuss a particular implementation of 3D ES-FLASH for
functional imaging on a standard clinical scanner with a
conventional head coil. Preliminary results have been
presented previously (27).

METHODS

All studies (n = 13) were performed on a 1.5 T GE/
SIGNA scanner {General Electric, Milwaukee, WI) using
the standard GE quadrature head coil. The patient proto-
col was approved by the intramural review board of the
National Institute of Mental Health.

The 3D ES-FLASH pulse sequence (Fig. 1) was based
on its 2D counterpart (24-26), and had additional phase
encoding in the slice select direction. For improved sup-
pression of unwanted coherences, additional gradient
crushers of 3 ms duration in both phase encode direc-
tions before and after the data acquisition period were
used. These crushers were of 0.3 G/cm and 0.6 G/cm
strength, respectively, resulting in selection of a single
TB-shifted gradient echo. Note that the additional gradi-
ents remain identical in all TR periods. The additional
gradient prior to the acquisition peri od serves to dephase
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unwanted gradient echoes, whereas the gradient crusher
after the acquisition period serves to dephase stimulated
and spin echoes. See ref. 25 for the extent of attenuation
of unwanted coherences in ES-FLASH by gradient crush-
ers. The use of strong crushers in this study (as compared
with the ES-FLASH method for bolus tracking reported
in ref. 26) was based on the anticipated small BOLD effect
and thus the increased demand on the attenuation of
unwanted coherences. In addition, RF spoiling was used
to achieve coherent phase between RF and receiver for
the shifted echo and incoherent phase for all other sig-
nals. A 20 ms/30 ms TR/TF combination was used. A
4-cm thick angulated slab was selected with the calcarine
fissure in the center of the slab. A data matrix of 64 X 64
X 16 was used in combination with a 24 X 24 X 6.4 cm
FOV. This resulted in 16 slices of 4 mm width, of which
only the central 10 were used. The sampling frequency
was 8 kHz, and the tolal acquisition time for a 3D data set
was 20 s. An RF flip angle of 6~12° was used. This was
below the calculated ERNST angle for gray matter (13°
assuming T, = 800 ms), resulting in reduced spin satu-
ration and thus reduced in-flow sensitivity. In a single
study, residual inflow effects were assessed by varying
the pulse angle between 6°, 12°, and 24°,

For comparison, single-slice gradient-echo functional
MRI was also performed on all subjects using conven-
tional methods and parameters as described recently (9,
10, 11, 13): flip angle = 40°, TE = 38 ms, TR = 60 ms,
slice thickness = 4 mm, and a location corresponding to
one of the center slices of the 3D volume studied with 3D
ES-FLASH. A 128 X 128 data matrix was used over a 24
% 24 cm FOV. A 20% Hamming filter was used for data
processing,.

Visual stimulation paradigms were used consisting of
eight stages, alternating rest {(dark) stages and stages with
stimulus. Two types of stimuli were used: a flashing light
{8 Hz frequency) (n = 9) or a varying (8 Hz) checkerboard
pattern {n = 4}. Although both types of visual stimulation
may lead to different activation, we concentrated on the
V1 part of the visual cortex which is known to be acti-
vated extensively upon both types of stimulation. Each

otected by copyright law (Title 17, U.S. Code)

ditional lobeé prior to the acquisition
period relative to that after the data
acquisition is 1:2.

Acq

activation study was preceded by a 4-s period in which
no data were collected, in order to reach a steady-state.
The total measurement time amounted to 2.6 min. Ana-
tomical scout images were recorded after each study
using conventional spin echo sequences for proper,
anatomy based, selection of the primary visnal cortex.

Data were processed off-line on Sun-SPARC worksta-
tions (Sun Microsystems, Mountainview, CA) using IDL
processing software (Research Systems, Boulder, COj). For
each activation study, the eight 3D data sets recorded dur-
ing the stimulation protocol were apodized using 20%
Hamming filters in all three directions and subsequently
Fourier transformed. Actual image resolution is approxi-
mately 4.5 X'4.5 X 4.8 mm. First, a correlation image was
created by cross-correlating the time course of the image
intensity with the time course of the stimulation as de-
scribed previously (28, 28). The reference vector was a
boxcar function, with a phase identical to that of the ac-
tivation timing. A correlation level of 0.6 was then used
as a threshold to define pixels for the difference image.
The cut-off level is chosen on the proper filtering of the
majority of white noise voxels outside the brain. The par-
ticular correlation threshold reflects the maximum signal
difference between on/off states, and the number of data
points in the time series. Then, for each slice, a correla-
tion thresholded difference image was created by sub-
tracting the sum of the “baseline” images (images re-
corded during a rest stage) from the sum of the “activated”
images (images recorded during stimulus stage) masked
by the correlation threshold of 0.6.

In order to quantify percentage signal changes and to
evaluate specificity of our method, all studies were ana-
lyzed in the following way. First, the center two slices of
each study were selected. In each slice, three different
anatomical regions of interest (ROIs) were chosen: two
ROIs covering the larger part of the visual cortex (30}, i.e.,
one in the left and the other one in the right hemisphere.
Because of the tortuosity of calcarine fissure we estimate
that at least 50% of these ROIs is taken up by the primary
visual cortex. A third ROI was chosen as a control, in a
fronto-parietal area of no suspected sensory or cognitive
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relevance. All ROTs were of similar size and included
approximately 2.5 ml tissue consisting of predominantly
gray matter. Then, the correlation thresholded difference
images were studied in each ROL and the percentage area
ahove threshold was determined, as well as the average
signal increase in the ROI voxels above threshold. Fi-
nally, the results were averaged over the two selected
slices of each study.

RESULTS AND DISCUSSION

All activation studies resulted in 3D data sets with good
SNR and no significant artifacts. Image SNR for gray mat-
ter varied between 80 and 120 for the center slices of the
3D images. The use of the additional crusher gradients in
both slice-select and phase-encode directions resulted in
improved signal stability in the images. We attribute this
in part to the improved suppression of unwanted signal
from spin echoes and unwanted gradient echoes. In 10 of
the 13 studies performed, the stability (intensity varia-
tion over time) for single gray matter pixels in the rest
images was within *1.5%. Activation of the primary
visual cortex could be easily identified in all these stud-
ies (see below). The remaining three studies showed ex-
cessive instability (2-5%), did not show clear activation
patterns, and were labeled as unsuccessful.

Figure 2a shows an example from a study using check-
erboard stimulation. “Baseline” echo-shifted FLASH im-
ages of six slices are displayed, encompassing the calcar-
ine fissure. The 3D ES-FLASH images show considerable
anatomical detail. Correlation thresholded difference im-
ages (see Methods) are overlayed in color. Largest per-
centage differences were found in the primary visual cor-
tex. Because of the 3D acquisition mode, images can be
reformatted for any desired orientation. Figure 2b con-
tains a series of reformatted sagittal images with the high-
est percentage difference found along the calcarine fis-
sure. The 10 successful studies resulted in activation
images of similar quality with respect to SNR and amount
of pixels identified as “activated.” .

A slightly different activation pattern was observed
depending on the type of visual stimulation. For flashing
light stimulation the activated area was generally larger
than for checkerboard stimulation. However, ROls for
further quantitative analysis were chosen only from the
primary visual cortex as previously reported (30). These
ROIs were further analyzed regardless of whether stimu-
lation with checkerboard or flashing lights was used. The
results of the 10 studies with adequate stability are sum-
marized in Table 1. Note that a large area (27%) within
the visual cortex ROIs is identified as “activated” (corre-
lation coefficient =0.6). The average signal difference is
of the order of 2.5%. For comparisen, the ROI chosen in
the fronto/parietal region showed a much smaller (and
inconsistent among subjects) area identified with a cor-
relation coefficient =0.6. The percent change in these
pixels was 1.0%. However, by selecting only those pixels
with a positive correlation coefficient, a bias is intro-
duced leading to a positive intensity change for these
pixels. We have explored this further by simulating the
influence of this correlation bias with white noise gener-
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ated within +1.5% of maximum amplitude. Using a cor-
relation threshold of 0.6, a 1.1% change was found for
these thresholded pixels. Therefore, the change of 1.0%
in the fronto/parietal region is probably the result of the
correlation bias and is not due to an “activation” effect.

The 3D-ES-FLASH method is rather insensitive to in-
flow effects, especially with respect to the middle slices
of the slah. However, inflow effects cannot be fully ex-
cluded. The studies performed with a varying {lip angle
using checkerboard stimulation showed very similar “ac-
tivation” patterns. Signal increases in anatomically se-
lected ROIs from visual cortex were 3.1%, 3.1%, and
4.2% for flip angles of 6°, 12°, and 24° respectively, sug-
gesting only minor influence of in-flow in the 3D method
at the lower {lip angles.

These results confirm that the 3D BOLD-type func-
tional imaging method based on echo-shifting principles
allows the evaluation of activated regions in a simple
visual stimulation paradigm-using a conventional MR in-
strument and a standard head coil. Difference images
showed that the signal increases in the “hottest” pixels
amount to 2-5% of the value during the dark condition.
This increase corresponds well with previous results
using EPI techniques at 1.5 T. However, conventional 2D
gradient echo techniques at 1.5 or 2.0 T have been re-
ported to show larger signal changes upon stimulatiomn.
At field strengths of 1.5 T and 2.0 T, signal increases
varying between 1% and 40% have been reported (9, 10,
11, 13), depending on technique and experimental pa-
rameters. In a previous study, we have shown that “in-
flow” effects may dominate the signal changes upon ac-
tivation when using a conventional 2D gradient echo
technique with large flip angle (15). To compare activa-
tion maps from the 3D-ES-FLASH and conventional 2D
gradient echo imaging we included activation experi-
ments using the latter technique in all our studies. An
example of the results is shown in Fig. 3. Note that the 2D
FLASH and 3D ES-FLASH results were obtained with
different TE and TR values, and with a different resolu-
tion. Therefore, a quantitative comparison cannot be per-
formed. On a qualitative level, it can be seen that the 2D
difference image, and the image of the corresponding
slice from the 3D data set show similar locations of “ac-
tivated” areas, although some distinct differences are ob-
served. For example, the 2D activation map shows a few
“hot” pixels in the visual cortex but shows a slightly
different part of the visual cortex “activated” as com-
pared with the corresponding slice from the 3D map. In
this subject, the hottest pixels in the 2D image showed
signal changes of up to 20%. Similar results were ob-
tained in all volunteers (22). These results show that
similar, although not identical, maps may be obtained
with both methods despite the possibly different under-
lying physiological effects. Note that the 2D technique is
rather similar to a 2D time-of-flight MR angiographic se-
quence and is sensitive to in-flow, in particular when
using flip angles larger than the Ernst angle.

Several studies suggest that functional MR imaging
based on 2D FLASH methods may show predominantly
draining vessels (15, 16, 18-23). Although the 3D-ES-
FLASH studies suggest a predominant BOLD effect, this

Material may be protected by copyright law (Title 17, U.S. Code)
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FIG. 2. 3D ES-FLASH functional MRI using checkerboard visual stimulation. Difference images were created masked with a correlation
threshold of 0.6 (see text), and are superimposed in color on a dataset acquired during a “dark” stage. The color scale from red to yellow
corresponds with differences of +2% to +4%. The blue color indicates a negative difference. (a) Six axial slices (iop is anterior) selected
from the central part of the 16-slice data set. Signal increases are observed posterior, corresponding with the primary visual cortex. (b) Six
reformatted sagittal slices, calculated from the 16 axial siices. Locations are indicated with the verticat lines in the axial image (bottom).
Anterior and posterior sides are indicated with a and p, respectively.
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Table 1
Signal Increases upon Stimulatien in Three Different ROIs

Left v Right vc  Fronto/parietal

Area (%) 27 27 6
% Increase (SD) 2.6 (1.0) 2.5(0.9) 1.1 (0.6)

The first row gives the percentage pixels (area) in each ROt with a correlation
coefficient above 0.6, Signal increases (second row) were calculated from
these pixels, and subsequently averaged over all subjects (n = 10) with the
standard deviation (SD) calculated for the 10 successful studies.

a b

FIG. 3. Qualitative comparison between (a) 3D ES-FLASH, and
{b) 2D FLASH functional MRI results for an identical brain slice
shown as difference images (light minus dark). All results were
obtained in a single study using a checkerboard visual stimulation
paradigm. The outline of the brain is indicated for reference. (a)
Single slice out of a 3D ES-FLASH dataset. (b) Corresponding
single sfice (difference image) obtained with 2D FLASH. Note the
differences in acquisition parameters; flip angle (a) 12, (b) 40;
resolution (a) 64 x 64, (b) 128 X 128; signal-to-noise ratio (a) 100,
(b) 30.

effect may not necessarily arise only from the capillary
network, but may also involve the effect of larger vessels.

For BOLD-type functional MRI at 1.5 Tesla, particular
attention must be paid to signal stability due to the small
signal changes expected upon stimulation. The purpose
of the additional gradient crushers is to reduce artifacts
by attenuating unwanted coherences and selecting only
the shifted gradient echo (24, 25). This is of particular
importance for CSF which otherwise adds to signal in-
stability due to its macroscopic flow in combination with
the long T,, T,, and T,*. We tentatively attribute the three
unsuccessful 3D ES-FLASH studies to remaining insta-
bilities.

CONCLUSION

A fast 3D functional MRI method has been developed for
use on conventional 1.5 T clinical scanners with a stand-
ard head coil. The stability was sufficient to detect small
signal changes in the visual cortex upon activation by
photic stimulation.
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