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To perform true three-dimensional activation experi-
ments in the human brain, dedicated localized echo-
volume imaging (L-EVI) methods were developed.
Three-dimensional acquisition allows generation of
activation maps with minimal vascular enhancement
related to inflow effects. The rapid acquisition of the
L-EVI (- 100 msec) reduces signal instabilities caused
by meotion, facilitating the detection of the small in-
tensity changes expected with brain activation. Single-
shot L-EVI was performed on normal volunteers at 1.5
T, imaging a three-dimensional predefined volume
{240 X 45 x 45 mm?3) in the superior portion of the
brain with a spatial resolution of 3.78 X 5 X 5 mm?.
Increased brain coverage was achieved with a multi-
volume imaging (three-shot) version, which simulta-
neously achieved effective suppression of signals from
cerebrospinal fluid. In addition, both asymmetric spin-
echo (ASE) and spin-echo (SE} versions of the tech-

nigue were used to detect blood oxygenation level

dependent (BOLD) signal changes in the motor cortex
with a finger-tapping paradigm. Images obtained by
the L-EVI sequence were qualitatively comparable to
standard multislice two-dimensional echo-planar im-
ages. Both ASE and SE functional MRI (fMRI) experi-
ments showed consistent activation in the contralateral
primary sensorimotor cortex. Furthermore, significant
differences in location and magnitude of activation
was observed between the two methods, confirming
theoretical predictions.

Index terms: fMRI + Echo volume imaging » Motor cortex « BOLD » EPI
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Abbreviations: ASE = asymmetric spin echo, BOLD = blood oxygenation
Jevel dependent, CSF = cerebrospinal fluid, EPI = echo-planar imaging, EVI
- echo-volume imaging, FLASH = fast low-angle shot, fMRI = functional MRI,
FOV = field of view, L-EVI = localized echo-volume imaging, PSM - primary
sensorimotor cortex, RF = radiofrequency, SE = spin echo, TOF = time of
flight.
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FUNCTIONAL MRI {(fMRI) based on blood oxygenation
level dependent (BOLD) contrast provides a noninvasive
tool for the study of human brain function (1,2). Among
the techniques used for BOLD [MRI, eécho-planar imaging
(EPD) (3) has been particularly successful {4-6} and has
demonstrated the ability to discriminate small activation-
related signal changes from background noise. An im-
portant reason for this success is ‘that EPI collects an
entire two-dimensional scan in a single shot (~100 msec)
and, therefore, is relatively insensitive to signal instabil-
ities caused by physiologic fluctuations, related to car-
diac and respiratory cycles. However, most EPI studies
have used two-dimensional slice acquisitions {6). A po-
tential problem of slice acquisition methods in fMRI is the
artificial enhancement from inflowing spins, which could
generate relatively large activation-related signal changes
in regions such as draining veins (7-10). This can be a
significant effect when measurements are made under
saturating conditions, for example, in experiments with
short TRs and large flip angles. However, this effect could
be reduced by performing a true three-dimensional ac-
quisition (11).

An extension of EPI to single-shot three-dimensional
techniques, also known as echo-volume imaging (EVI),
was first introduced by Mansfield et al (12} and was later
applied to human brain imaging (13). Recently, prelimi-
nary results of EVI activation studies were presented (14).
These studies demonstrated the capability of the method
to scan large brain volumes but had severely limited res-
olution because of signal decay during data acquisition
due to T2* effects. The spatial resolution could be mark-
edly improved by zooming in to a localized volhume, as can
be done in localized EVI (L-EVT} {12). In this study, L-EVI
is applied to activation studies of the human motor cor-
tex, scanning a predefined volume with a norminal spatial
resolution of 3.75 X 5 X 5 mm?.

e MATERIALS AND METHODS

The pulse scheme for the L-EVI sequence is shown in
Figure la. A column (240 X 45 X 45 mm?® with long axis
in the x direction) was selected by a spin-echo (SE) radio-
frequency (RF) sequence, in combination with slice-selec-
tion gradients in two orthogonal directions (y and z). The
RF pulses were Gaussian apodized sinc waveforms with
two sidelobes each. Frequency encodings were applied in
the x direction by an alternating readout gradient. Sixty-
four data points were acquired during each frequency en-
coding with a field of view (FOV) of 240 mm. A 10 X 10
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phase-encoding scheme was applied in y and z directions
using gradient “blips.” The FOV in the y and z direction
was 50 mm to render 5-mm resolution in the two direc-
tions. The k-space trajectory generated by the gradient
scheme is shown in Figure 1b. A data set without gradi-
ent blips was collected and used for phase correction.
Asymmetric SE signals were acquired by offsetting the
relative positions of the data acquisition window and cal-
culated SE position by a time 1. Full k-space data were
acquired in both SE and asymmetric SE {ASE) scans, but
T2* weighting was different in the two scans. Multiple vol-
ume imaging, similar to multiple slice imaging in conven-
tional EPI, can be performed by shifting the frequency of
either the /2 or the m RF pulse.

Experiments were performed on a 1.5-T SIGNA scanner
{General Electric Medical Systems, Milwaukee, WI)
equipped with an insertable gradient/RF coil assembly
{Medical Advances, Milwaukee, WI} with maximum
strength of 20 mT'm~! and maximum slew rate of 100
Tm-1s1.

Anatomical scans and functional imaging data were ac-
quired from six normal subjects. Guided by anatomical
images, a column (240 X 45 X 45 mm?, long axis in left-
right direction} was selected in the superior portion of the
brain covering the primary sensorimotor cortex. Shimming
was performed carefully on the selected volume to mini-
mize distortion in the L-EVI images related to B, field in-
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Figure 1. (a} Pulse sequence for the L-
EVI acquisition, indicating RF pulses and
gradient schemes. (b) The k-space trajec-
tory of the L-EVI sequence.

Figure 2. (a) Image of a sclected col-
umn in the superior portion of the brain
acquired with the L-EVI sequence (TE =
30 msec, T = 30 msec), displayed in axial
slices. {b, ¢, d) Sagittal, coronal, and ax-
ial anatomical images of the brain, re-
spectively, indicating the location of the
selected columm.

homogeneity. SE and ASE functional data sets were
collected to compare the sensitivity to T2 and T2* weight-
ing, respectively. TE and TR were 90 msec and 2 seconds,
respectively, for both the SE and ASE sequence, and offset
time (1) for the ASE sequence was 30 msec. In each data
set, 120 volume scans were acquired in 4 minutes, during
which the subject switched between rest and finger tap-
ping every 30 seconds {four “off-states” and four “on-
states”). The finger tapping was self-paced (~2 Hz} and
consisted of sequential thumb-to-digit opposition with the
dominant hand. Ear plugs were used to reduce notse, and
foamn packs were applied to restrict head motion.

To investigate the approximate location and size of the
larger vascular structures, high-resolution (512 X 512
with FOV 240 X 240 mm? two-dimensional multislice
time-of-flight (TOF) axial images (five slices, 5 mm in
thickness) of the motor cortex region were acquired with
a spoiled gradient-echo sequence {TE/TR = 10/60 msec,
flip angle = 50°). The TOF images were acquired corre-
sponding to the central five slices of the L-EVI image in
the axial direction and were used to indicate voxels in the
EVI data set with possible vascular contributions. Reg-
istration of the EVI data to the TOF images was per-
formed by alignment of the central and precentral sulci.
Detailed anatomical structures of the brain, including the
gray and white matter and blood vessels, were clearly vis-
ible on the TOF images.




Data were processed off line on a Sun-SPARC worksta-
tion (Sun Microsystems, Mountain View, CA). For the L-
EVI data, phase errors were corrected by a reference data
set acquired without gradient blips. The 120 volume im-
ages were registered to the first image to correct for rigid
body motion between scans. The registration routine was
based on a custom written software package using a mul-
tiresolution least-squares difference algorithm with cubic
spline interpolation (15,16).

The time courses of the functional data were then an-
alyzed, voxel by voxel, using a Student { test to identify
voxels with significantly different signal changes between
the “on” and “off" states {(17). A noise threshold for ex-
cluding voxels outside the brain was estimated from a
histogram of the signal intensities of all voxels, and vox-
els with signal intensities below the threshold were ex-
cluded. A statistical threshold was established by the
Student t test adjusted for the total number of cortical
voxels using an unbiased Bonferroni correction (18,19).
The Bonferroni correction « level was determined for each
individual data set. Because brain cortex represents ap-
proximately 50 to 60% of the total brain volume (20), the
total number of cortical voxels in the brain column was
typically 1,000 (55% of ~1,800 voxels in the selected
brain regionj, resulting in an o level of 2.5 X 105 per
voxel. The corresponding Student t cutoff (one-sided
probability of .025) was approximately 4.20 (slightly var-
ying from subject to subject} and voxels with ¢ score
above the threshold were considered as significantly “ac-
tivated.” The activation maps were scaled and overlaid on
the TOF images for further examination.

e RESULTS

The images obtained by the L-EVI sequence were qual-
itatively comparable to the standard EPI images with
similar experimental parameters. A typical single-shot
ASE-EVI data set from a column in the superior portion
of the brain is shown in Figure 2a (displayed in axial

Figure 3. (&) Axial images of a slab
(central six slices) in the superior brain
acquired with the multiple-column {three
columns) L-EVI sequence (top row, TE/
TR = 30/4,000 msec, T = 30 msec), and
with CSF nulling in the steady state (bot-
tom row, TE/TR = 30/1,400 msec, 1 =
30 msec). (b} Coronal anatomical image
of the brain indicating the location of the
three selected columns.

Signal latensities (a. u.)}

Scan Numbers

Figure 4. Examples of signal intensity time courses in the ac-
tivated motor cortex regions for the ASE (solid line} and SE
(dashed line) studies. A finger-tapping task with alternative “rest
{off)” and “active (on)" states was performed in each study. Note
that the signal increases during the “on” states in the ASE stud-
ies are larger than that in the SE studies.

slices). The data was acquired in a total time of 100 msec.
The location of the colurnn is indicated in three ortho-
gonal anatomical images in Figures 2b through 2d.
Multiple volume images can be obtained if larger brain
volumes are desired. As an example, Figure 3a shows a
three-column ASE-EVI image covering a 45-mm-thick
axial slab of the superior brain {top row, TR = 4 seconds).
The locations of the three columns are indicated in a co-
ronal image in Figure 3b. Notice that at TRs on the order
of T1, potential problems arise due to regional saturation.
In multiple volume imaging, this effect can be exploited
to perform cerebrospinal fluid {CSF) nulling. As in stan-
dard (single-volume) EVI, volume selection is performed
by the slice-selective w/2 and w RF pulses. Because in
the multivolume experiments all volumes share the slice
excited by the = RF pulses (Fig. 3b), CSF nulling can be
performed by using the = RF pulse as both the refocusing
pulse of the current volume {eg, V, in Fig. 3b), as well as
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Figure 8. TOF images (top row)
with overlays of the functional maps
on these images acquired with SE L-
EVI (middle row) and ASE L-EVI (bot-
tom row) sequences.

Table 1
Comparison of Activation Studies in the Primary Sensorimotor Cortex using ASE and SE L-EVI Sequences
Number of Percentage of Voxels Average Signal
Activated Voxels Overlapping Large Vessels (%) Change (%)

Volunteer SE ASE SE ASE SE ASE
1 6 18 .0 22.2 1.29 1.69
2 8 23 12.5 26.1 1.26 1.70
3 11 27 18.2 25.9 1.19 1.73
4 9 24 11.1 25.0 1.15 2.13
5 8 19 25.0 26.3 1.30 1.81
6 8 23 25.0 34.8 1.23 1.75
Mean 8.3 22.3 15.3 26.7 1.24 1.80
sD 1.6 3.3 9.6 4.2 .06 17

the inversion pulse for the subsequent volume (eg, V, in
Fig. 3b). This allows for reduction of signal instabilities
generated by motion of the CSF. Images acquired with
CSF nulling (TR = 1.4 seconds, assuming T1 = 2 seconds
for CSF) are shown in Figure 3a (bottom row).

All functional studies showed distinct activation-re-
lated signal changes in the contralateral primary senso-
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rimotor cortex (PSM). Examples of the signal time courses
in the activated contralateral PSM using the ASE and SE
versions of the single-shot L-EVI sequence are shown in
Figure 4. The signal change patterns are similar in the
ASE and SE studies, but the mean amplitude is signifi-
cantly larger in the ASE studies as compared with that
in the SE studies (P < .001). Among the six normal vol-




unteers, signal increase in the activated voxels ranged
from .80 to 4.40% (mean = 1.80% and SD = .17%) in the
ASE studies and from .65 to 2.55% (mean = 1.24% and
SD = .06%) in the SE studies,

Activated areas were examined for size and location by
overlaying the activation maps onto the high-resolution
TOF images. Figure 5 shows an example of the TOF im-
ages as well as the overlays of the activation maps on the
TOF images. The number of voxels in the activated area
and the percentage of activated voxels visibly overlapping
large vessels in the ASE and SE studies are shown in
Table 1. The mean number of activated voxels in the ASE
studies was significantly larger than that in the SE stud-
ies of the six volunteers (P < .00001). The mean percent-
age of the activated voxels visibly overlapping large
vessels in the ASE studies also was significantly larger
than that in the SE studies (P < .01).

® DISCUSSION

Single-shot L-EV1 allows for three-dimensional fMRI
studies of human brain with high temporal resolution.
Reasonable spatial resolution {3.75 X 5 X 5 mm?3) was
obtained by preselection of volume of interest. Increased
volume coverage was demonstrated using a multivelume
acquisition protocol.

The three-dimensional acquisition mode allowed for
BOLD-sensitized imaging while suppressing origination
from vascular structures, possibly remote from activated
regions. Measured signal changes in experiments with
strong inflow effects (eg, single-slice experiments per-
formed under saturation conditions) exceed changes ex-
pected withh BOLD contrast mechanisms, as demon-
strated by earlier experiments {7,8). The magnitude of
BOLD signal increases in the L-EVI studies (1.80% and
1.24% in the ASE and SE studies, respectively) were com-
parable to those of three-dimensional fast low-angle shot
(FLASH) studies (11,18} and theoretical predictions (7),
when corrected for differences in T2* weighting, suggest-
ing that inflow effects were reduced in the L-EVI se-
quence.

In addition, the area of activation and the percent sig-
nal increases in the functional studies were larger in the
ASE studies than in the SE studies. This is in agreement
with earlier fMRI studies that showed that the T2*
change is larger than T2 change during brain activation
(21,22). Furthermore, the functional data illustrated
that the activated regions detected by ASE sequence
were more often visibly overlapping larger vessels, as de-
termined from comparison with high-resolution TOF im-
ages. This observation also is in agreement with an
earlier study showing that T2*-weighted sequences are
relatively more sensitive to BOLD effects in and around
larger vessels (in addition to the capillaries) as com-
pared to T2-weighted sequences, which are assumed to
more selectively measure contributions from the capil-
lary bed (21).
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