HIH RELAIS Document Delivery

NIH-10286732

JEFFDUYN

NIH -- W1l MA34IF
JOZEF DUYHN
10 Center Dirve
Bldg. 10-BEm.1L07
Bethesda, MD 20892-1150
ATTH: SUBMITTED: 2002-08-29 17:22:17
PHOWE: 301-594-7305 PRINTED: 2002-09-03 07:23:0Z2
Fax: - REQUEST MNO.:NIH-10286732
E-MAIL: SENT WIA: LOAN DOC

7967409
NTH Fiche to Paper Journal
TITLE: MAGNETIC RESOWANCE IW MEDICINE : OFFICIAL JOURWAL OF THE

SOCIETY OF MAGWETIC RESOWANCE IW MEDICINE .~ SOCIETY OF
MAGNETIC RESONANCE IN MEDICINE
PUBLISHER-FPLACE : Wileyv-Liss, Inc., a division of John Wil HNew York, NY

VOLUME ~ISSUE-PAGES: 1996 Oct:36(4):620-6 B20-6

DATE: 1996

AUTHOR OF ARTICLE: Yang ¥: Glover GH: +wan Gelderen P; Mattay V3: Santha AR
HEX

TITLE 0OF ARTICLE: Fast 3D functional magnetic resonance imaging at 1
IZSH: 0740-3194
OTHER HOS-LETTERS: Library reports holding volume or yvear

8505245
8892216
SOURCE : PubMed
CALL HIIMBER: W1l MAI4IF
REEQUESTER INFO: JEFFDUYH
DELIVERY : E-mail: jhd@heliz.nih.gov
REPLY: Mail:

NOTICE: THIS MATERIAL MAY BE PROTECTED BY COPYRIGHT Law (TITLE 17, U.S.
CODE)

----Haticnal-Institutes-of-Health,-Bethesda,-MD------——----------"--------————



Fast 3D Functional Magnetic Resonance Imaging at 1.5

with Spiral Acquisition

Yihong Yang, Gary H. Glover, Peter van Gelderen, Venkata S. Mattay, Attanagoda K,
Santha, Roy H. Sexton, Nick F. Ramsey, Chrit T. W. Moonen, Daniel R. Weinberger,

Joseph A. Frank, Jeff H. Duyn

A new method to perform rapid 3D fMR! in human brain is
introduced and evaluated in normal subjects, on a standard
clinical scanner at 1.5 Tesla. The method combines a highly
stable gradient echo technique with a spiral scan method, to
detect brain activation related changes in blood oxygenation
with high sensitivity. A motor activation paradigm with a du-
ration of less than 5 min, performed on 10 subjects, consis-
tently showed significant changes in signal intensity in the
area of the motor cortex. In all subjects, these changes sur-
vived high statistical thresholds.

Key words: MRI, spiral scanning, fMRI, motor cortex.

INTRODUCTION

Since the introduction of a blood oxygenation level de-
pendent (BOLD) contrast in MRI (1), the number of hu-
man brain activation studies employing this contrast has
been rapidly growing. Visual and motor cortices were the
first (2—5) to be studied with functional MRI ({MR]) tech-
niques. Attempts at studying several other brain areas
have followed. However, due to technical difficulties,
not all of the studies presented so far have shown reliable
mapping of activated regions. Some debate persists about
the accuracy of the localization, and whether the ob-
served activation has an intravascular or extravascular
origin (6—12). These considerations are crucial for the
evaluation of the clinical applicability of fMRI, and for
determining its value for important practical applica-
tions such as brain mapping, or presurgical planning
(13-15).

The success of fMRI scanning methods depends
strongly on their ability to discriminate the generally
small signal changes related to the activation against a
background of changes related to instrumental instabili-
ties and physiologic fluctuations. Poor stability requires
an increased number of scans and a lengthening of the
activation protocol to reach adequate statistic signifi-
cance to detect these small signal changes. One approach
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to suppress instabilities related to physiologic fluct
tions is to reduce the scan time below the time sc:
the heart beat and the respiratory cycle, as done using 4
echo planar imaging (EPI) technique (16). This techii
collects a complete scen (one-image slice) in a sing}
pulse repetition (<100 ms). It requires dedicated hargd
ware (fast gradient slew rates), and generally does ng
allow for single-shot 3D MR, but rather a (much slowey
slice by slice, or multi-shot 3D (17, 18) scan protocol. ¢
the other hand, fast gradient echo imaging (FGE MR1, a
called FLASH, GRASS, or FFE) (19, 20), uses multi
pulse repetitions, requires a longer scan time per imageg
and can be used with standard clinical MR scanners
allows both 2D (21, 22) as well as 3D (23, 24) f
although at the cost of a reduced stability as compar
with the 2D EPI fMRI methods (2).

Recently, improvements made in FGE fMRI allow
reduction of the number of pulse repetitions required
scan, leading to a reduced scan time (12, 25, 26). T
was achieved by an increased coverage of k-space per TR
This resulted in an increased number of scans acquire
per functional study, and greater statistical power. I
particular, spiral FGE techniques (27-29) have attractiv
characteristics with respect to sensitivity to motion (26
30-32). In the study presented here, these characteristi¢
are combined with modified gradient schemes and R}
phase modulation to develop a 3D spiral FGE MRI tech
nique with minimal sensitivity to physiologic fluctua
tions.

METHODS

The following rationale served as a basis for the design o
the 3D fMRI scan technique:

1: Minimization of gradient moments at acquisitior
time of the center of k-space reduces motion-relate
signal phase instabilities (30-32). This avoids
need of navigator echo-based phase correction (33
Additional stability improvement can be achiev
by maintaining constant gradient moments acros
repetitions (34), in combination with appropriaté
RF phase modulation schemes (35).

: Spiral scanning allows time-efficient data acqui
tion by optimum use of gradient capabilities (
and sampling during ramping of the gradient amp
tude. Furthermore, it allows efficient (i.e., circu
(36)) k-space coverage.

: 3D scanning reduces the time-of-flight effects (
38) experienced by spins moving into the pla
under study, thereby avoiding enhancement of
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travascular spins (8, 9, 23). Furthermore, 3D tech-
niques facilitate image registration procedures.

he pulse diagram for the 3D spiral scan sequence is
wn in Fig. 1. The scheme represents gradient and RF
reforms of the sequence. Spiral waveforms of 10 ms
¢ applied on the x and y gradients. The waveforms
e designed to be slew rate limited except for the first
points, and their maximum amplitude was 0.75
m to give a 3.8 X 3.8 mm nominal in-plane resolution.
interleaves were measured by adjusting the spiral
aveforms (multiplying the x and y gradients by coeffi-
ients of a rotation matrix} to effectively rotate the k-
hace trajectory in the k -k, plane. At the end of each TR
jterval, crusher gradlent‘; were used to minimize spill-
ver of FID signal into subsequent TR intervals. Their
nplitudes were set to generate about 37 dephasing over
ich voxel dimension. A 65-mm thick slab in the z (axial)
jrection was selected in the superior brain, and a 24-
p phase encodmg cycle was applied in the z direction.
his resulted in a “stacked spirals” (39) k-space acquisi-
on scheme. The field of view (FOV) in the z direction
as set to 96 mum to render a 4-mm resolution in the axial
irection.
‘With spiral acquisition, all gradient moments:
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M(D) = f ‘G - - dt,

0

ith t = 0 at the center of the RF pulse, are inherently
oro at the center of k-space {t = t_). The zero™ (M,(1)
nd first (M, (£)) order moments of the slab select gradient
ere nulled at £ = {c by using two additional gradient
iilses after the slice selection lobe. Furthermore, M,(f)
1 the phase encode gradient and M,(i) and M, (f) for the
iral waveforms were nulled at t = TR by additional
‘adient pulses after the acquisition, to avoid disruption
the steady state by the amplitude changes performed
i these gradients on subsequent TR intervals. The gra-
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1. Pulse sequence for 3D FGE MRI with spiral acquisition,
dicating RF pulse and gradient waveforms. On subseduent in-
Heaves, the spiral waveforms were adjusted to effectively rotate
& k-space trajectory in the k,-k, plane.
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dient pulses used for nulling the spiral waveforms were
composed of trapezoid waveforms of which the ampli-
tudes were adjusted to minimize the gradient moments.
For the different interleaves, these moment-nulling gra-
dients were rotated in the xy plane simultaneously along
with the spiral waveforis to maintain the gradient mo-
ment compensation. In addition, quadratic RF phase
modulation was performed to reduce the contribution of
(motion sensitive) stimulated echoes (40). Because linear
motion in the presence of the crusher gradient results in
a quadratically increasing phase over TR intervals, it
could compromise the effectiveness of the phase modu-
lation scheme in suppressing stimulated echoes. There-
fore, the optimal choice of the phase increment ¢ of the
modulation is critical, and will depend on velocity. For
minimal sensitivity to CSF pulsations, a quadratic RF
phase modulation scheme was implemented with a
phase increment ¢ of 45° (35). Finally, on subsequent 3D
scans, the phase encode scheme was inverted to avoid
large jumps in gradient moments in subsequent TRs, and
therefore to minimize disturbance of the steady state of
moving spins.

Experiments were performed on a 1.5 Tesla GE-SIGNA
scanner (General Electric, Milwaukee, WI) using the stan-
dard GE quadrature head coil and shielded gradients
with maximum strength of 10 mT - m ' and maximum
slewrateof 17 T - m™ ' - 7', The human subject protocol
was approved by the intramural review board of the
National Institutes of Health.

Anatomical scans and functional imaging data were
acquired from 10 right-handed normal subjects. For the
functional scans, the echo time (TE) was 25 ms, and TR
was 42 ms. TE was counted from the center of the RF
pulse to the start of the acquisition window (center of
k-space). The relatively low value of TE was chosen to
allow the short TR of 42 ms, thereby reducing motion
sensitivity (31} and increasing the number of scans in the
available study time. The RF flip angle (FA) was chosen
to be close to the Ernst angle for optimum signal-to-noise
ratio (16°, assuming T, = 800 ms for gray matter). The
acquisition time for a 3D image was 6 s (6 spiral inter-
leaves, 24 phase encodings). Forty-eight 3D scans were
acquired in 288 s, during which the subject switched
between rest and finger tapping every 36 s (4 “off-states”
and 4 “on-states”). The finger tapping was self-paced (2
Hz) and consisted of sequential thumb-to-digit opposi-
tion (in the order of 2, 3, 4, 5, 5, 4, 3, 2) with the dominant
(right) hand. Ear plugs were used to reduce noise, and
foam packs were applied to restrict head motion.

High resolution (0.5 mm) axial 21} time-of-flight (TOF)
images (5 slices, 4 mm in thickness) of the motor cortex
were acquired with a spoiled FGE sequence (TE/TR =
10/60 ms, FA = 50°) to investigate location and size of
the vascular structures. Detailed anatomical structures of
the brain including the gray and white matter and small
vessels were clearly visible on the TOF images.

Data were processed off line on a Sun-SPARC worksta-
tion (Sun Microsystems, Mountain View, CA). For the 3D
spiral imaging data, a regridding algorithm was used for
reconstruction (41). The spiral scan data were convo-
luted with a Gaussian window and re-sampled onto a
Fourier grid. On the k-space data, corrections were made




for the non-uniform spiral sampling density. After Fou-
rier transformation, magnitude images were generated,
and corrections were made for apodization effects of the
convolution window.

All images 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 multi-resolution least squares difference algo-
rithm with cubic spline interpolation (42, 43). The func-
tional data were analyzed by means of a z test adjusted
for total number of voxels by using a Bonferroni correc-
tion {25). The Bonferroni correction « level was deter-
mined for each individual data set. The total number of
voxels in the brain was typically 9500, resulting in an «
level of 5.3 X 107° per voxel. Voxels with z score above
4.41 (a level 0.05, one sided) were considered as signif-
icantly activated (in the following referred to as “activa-
tion”). This is a fairly strict selection, since it is equiva-
lent to the occurrence of, on average, one false positive
(one voxel incorrectly labeled as active) per 20 subjects.
The functional images were overlaid on the TOF images
with the aid of a 3D spiral image that showed similar
gray/white matter contrasts (TE/TR = 16/30 ms, FA =
50°) to the TOF images.

RESULTS

The 3D spiral images were qualitatively comparable with
images obtained with standard FGE MRI with similar
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FIG. 3. Histogram of standard deviation over time for all voxels in
30 data. Compared are the new RF phase modulation scheme (¢
= 45° combined with gradient moment nulling (solid line), and
conventional BF phase modulation (¢ = 117°) with no gradient
moment nulling of spiral waveforms (dotted line).
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FIG. 2. Subset of images acquired
with the spiral sequence (TE/TR =
16/30 ms, FA = 5°). Images (a), {b), |
and (c) are corresponding to threg::
slices (equidistant 12-mm spacing)
of a 3D data set (24 slices). Clearly -
visible are locations of gyri and sulgj,

matrix sizes, and similar experimental parameters (24),
The reduction of scan time by using spiral readout did
not result in visible blurring effects due to B, inhomoge-
neity. Computer simulations showed negligible broaden- -
ing of the point spread function with B, variations of =20
Hz. The spectral line of the signal from the selected brain
slab was within 10-20 Hz full width at balf maximum
(FWHM) in all experiments. In situations where larger B,
variations are expected, blurring effects could be cor-
rected by postprocessing, using B, reference maps (44).
Figure 2 shows a series of images obtained with the 3D
spiral technique. The sequence was run at low flip angle
(FA = 5°) to enhance image contrast and to better appre-
ciate the definition of anatomical details and the scan:
resolution. Clearly visible in these images are the gyri,
sulci, and ventricular spaces. The image resolution is
similar to that of standard FGE sequences run with com-.
parable image matrix sizes.
To verify the effectiveness of the pulse sequence de
sign with respect to motion related instabilities, the se
quence was run repetitively with the subject in resting
state (no finger tapping). As a reference, experiment wa
repeated with the conventional RF phase modulation
scheme (¢ = 117°), and without the gradient momen
nulling over the repetition time for the spiral waveforms
A comparison of histograms of the voxel standard devi
ation over acquisition time for both experiments i
shown in Fig. 3. On three subjects, the average standard
deviation with phase modulation and gradient compe
sation was 14 * 7% smaller than that without thes
schemes. The FWHM of the distribution was reduced 5 *
1% with the schemes.
A set of difference images from a single subject, ob
tained by subtracting the average of “off-states” from thi
average of “on-stales,” is displayed in Fig. 4. The high
signal intensity voxels in the left hemisphere, represent
ing areas of large signal increases upon activation, were
corresponding to locations in the central sulcus, con
tralateral to the active hand. Note the absence of high
signal intensity voxels in other regions, which display
more or less uniform noise. Figure 5 shows the result o
the statistical analysis, for slices 14--17 of Fig. 4, demon
strating the significant signal changes are predominantly
located in primary sensorimotor cortex regions. Some 0
the activated voxels overlap small vessels. An example ©
the time course of a single voxel within an activated
motor cortex is shown in Fig. 6. A composite histogram
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percentage activation of all the voxels surviving the z
eshold from all 10 subjects is shown in Fig. 7. Among
e subjects, the magnitude of the signal increase in
tivated voxels ranged from 0.8-5.0% (mean 1.8% and
ndard deviation 0.6%]).

Locations and volumes of the activated areas of the 10
bjects are summarized in Table 1. Activated voxels
re counted in regions of interest (ROIs), selected a
iori on anatomical images. The extents of the motor
ions were defined as follows: 1) primary sensorimotor
rtex (PSM)—area encompassing the contral sulcus, in-
ding the poslerior half of the precentral gyrus and
terior half of the post central gyrus; 2) supplementary
tor area (SMA)-—area anterior to the mesial aspect of
e precentral gyrus. All of the subjects showed activa-
n in the left motor cortex. Most of the activated volume
s located in the left PSM, whereas less activation was
served in the SMA and other, unidentified areas.
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SCUSSION

8 excellent stability of the 3D spiral technique, as
denced by the uniformity of the noise in the difference
ages (Fig. 4), as well as its consistency to detect acti-
ion with relatively little data {i.e., <5 min) can be
ributed to the following factors. First, the more effi-
nt k-space coverage with spiral trajectories allowed for
uction of the scan time, leading to reduction of phase
ctuations during a single scan. and allowing more
ns to be acquired in the same total study time. Be-

.-4. Difference images, obtained from 3D spiral motor cortex activation study. Displayed is a selection of 8 out of 24 slices, from a
ion encompassing the motor cortex. Bright image intensities correspond to signal increases. Note the focal signal increase in the left
sphere (L), as compared with a virtual absence of signal changes in the right hemisphere (R).

cause magnitude images were used in statistical analysis,
phase fluctuations of the MR signal across scans did not
affect the results. Secondly, there are reduced phase fluc-
tuations at the center of k-space, because of the absence
of moments of the imaging gradients, and because of the
averaging of multiple acquisition of this center, inherent
to interleaved spiral imaging (31). Phase fluctuations
were further reduced by gradient moment nulling of the
slice select waveform. Finally, additional 14% stability
improvement was achieved by gradient moment nulling
over the entire TR and the use of a quadratic phase
modulation scheme with ¢ = 45° (35).

The results of the functional studies on 10 subjects
show a very consistent activation of the motor cortex. All
subjects showed increased signal in the primary sensori-
motor cortex. Less consistent was the activation in the
supplementary motor area, conlirming earlier tIMRI stud-
ies (25). Averaged over all subjects, only 12.8% of the
activated voxels were outside the PSM and SMA. The
mean percentage activation within voxels with z scores
above threshold was 1.82%, which, after correction for
differences in TE, corresponds to previous results from
BOLD-sensitized FGE (25) and EPI {2) techniques. Some
voxels showed larger activation (up to 5% signal in-
crease}, inconsistent with a BOLD effect originating
solely from the capillary bed. Comparison with the high
resolution TOF maps indicated that most of these voxels
were suspect for involvement of the larger veins. This
was also the case for some of the voxels with lower signal




FIG. 5. Time-of-flight

increases. The large percentage activation could be
caused by a BOLD effect either within or around these
vessels (45). This suggests that caution has to be exer-
cised when interpreting the results, since, for example,
draining veins could show activation quite remote from
the activated cortex (8). Further investigations are neces-
sary to discriminate capillary involvement against con-
tributions from the larger veins. This could be facilitated
by increasing the spatial and/or temporal resclution {12)
using the faster gradient switching systems currently be-
ing introduced to clinical MRI scanners.
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FIG. 6. An example of the signal time course of the functional
data from a single voxel in the motor cortex region. Signal in-
creases correlating with the activation paradigm are easily dis-
cemible above the noise fluctuations.

images of slices 14-17 of Fig. 4 (top row), together with an overlay of the functional maps on these images (bottoni
row). Note the focal activation observed in the left primary sensorimotor cortex, and the supplementary motor area.

CONCLUSION

We have developed a fast 3D spiral imaging sequence for
functional studies of human brain. A BOLD-sensitized
3D image can be acquired in 6 s. High signal stability was
achieved by gradient moment nulling and modified RE
phase modulation. Motor cortex activation studies on
standard clinical 1.5 T scanners consistently detecte
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FIG. 7. Composite histogram of percentage activation of all t
activated voxels obtained from all 10 subjects. A peak in th
occurrence is observed around 1.6% signal increase, with a mea
of 1.8% and a standard deviation 0.6%.
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mes {ml) of Significant Activation (z > 4.41) in PSM and
, and Percentages of Combined Volumes of PSM and SMA
e Total Activation Volumes

olunteer Total PSM  SMA (PSMJ“(SOX)A)/T otal
] 231 160 053 92.7
2 181 154 047 94.6
3 120 075 031 88.2
4 232 165 025 81.8
5 0.45  0.42 93.8
5 198 163 043 88.7
7 025 018 72.2
8 156 110 006 73.8
9 120 101 006 89.4
0 0.80 069 008 96.5
139 105 0.6 87.2
0.74 054 0417 8.5

ivation in the expected area, with a study time of less
B 5 min.
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