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Functional Magnetic Resonance Neuroimaging
Data Acquisition Techniques

JEFF H. DuUYN,! YIHONG YANG, JOSEPH A. FRANK, VENKATA S. MATTAY, AND LEI Hou

Functional MRI studies of human brain require rapid
data acquisition techniques, to map dynamic changes
with sufficient anatomical coverage. In addition, task
activation studies employing functional MRI require a
high scan sensitivity, in order to discriminate the
small, activation-related signal changes from back-
ground noise. An overview is given of current fast scan
methods, which are sensitized to detect susceptibility
changes related to task-induced changes in blood oxy-
genation. Sources of artifacts are discussed, as well as

their effecton image quality. © 1996 Academic Press, Inc.

INTRODUCTION

In addition to mapping of brain anatomy, MRI can be
applied to the study of brain function. Tissue perfusion
can be assessed with magnetic labeling of arterial spins
[1] or the intravenous bolus injection of paramagnetic
contrast agents [2]. Recently it has been demonstrated
that MRI can also indirectly detect changes in brain
activity with task activation studies, either by employ-
ing exogenous contrast agents [3] or by measuring
changes in blood oxygenation level [4, 5].

An important aspect of functional MRI (fMRI) stud-
ies employing blood oxygenation dependent (or BOLD)
contrast is the noninvasive character, and the rela-
tively short acquisition times, allowing for multiple
repetitions to be performed on a single subject. How-
ever, some questions remain unanswered, in particular
those with regard to what contrast mechanisms have
contributions to the signal changes observed in BOLD
fMRI, and what is the optimal data acquisition tech-
nique. In the following, an overview of current acquisi-
tion techniques is presented, and potential contrast
mechanisms are discussed.

MRI DATA ACQUISITION

In MRI, signal is generated by exciting the proton
spins with radio-frequency (RF) irradiation (Fig. 1). This
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causes the magnetization to tilt away from the main
field direction (longitudinal direction) by an angle equal
to the excitation angle (also called flip angle), and results
in the creation of transverse magnetization compo-
nents. In an idealized experiment with perfectly uni-
form magnetic field, the transverse magnetization starts
to precess at the Larmor frequency, generating a signal
with a phase increasing over time. Localization is
achieved by the use of magnetic field gradients [6] (Fig.
1), which induce additional phase accumulations (modu-
lations) of the signal. The phase evolution for each
proton spin is now dependent on its location in combina-
tion with the strength and direction of the applied field
gradient (hereafter called localization gradient), and
the signal is generally composed of many components
with different frequencies (phase evolutions). After
phase-sensitive detection during a readout window T
(Fig. 1), the signal is digitized and saved in a raw data
array. Together with the information concerning the
pulsed gradient (gradient wave from), this data array
constitutes the so called k-space data [7, 8]. To collect a
single two-dimensional (2D) image, an entire plane
(2D-array) in k-space needs to be collected. This gener-
ally requires multiple repetitions of the pulse sequence,
while altering the wave forms of the localizing gradi-
ent. As final step, the MR image is reconstructed by
Fourier analysis of the raw data (k-space data).

For an fMRI experiment, multiple images are ac-
quired sequentially over time, during the execution of a
task activation paradigm. Several image processing
steps are needed to extract activated brain areas from
the time series data. These steps include image registra-
tion, subtraction of images acquired during rest stages
from images acquired during active stages, statistical
significance tests, and overlay on anatomical images.

IMAGE ARTIFACTS

Artifacts in MRI can have various origins. Most
artifacts arise when the phase and amplitude of the MR
signal are affected by sources other than the localiza-
tion gradients. These sources include regional differ-
ences in magnetic susceptibility (e.g., at air—tissue
interfaces), chemical shift (e.g., protons in lipid), trans-
verse relaxation (exponential signal decay over time,
indicated by decay time constant T,), as well as subject
(or tissue) motion and scanner instabilities. Any of

S76



SUPPLEMENT

RF pulse

S77

acquisition window

(Tacq)

| —————p]

localization
gradient

TE
»'

TR

FIG. 1.

Basic MR pulse sequence, showing timing of RF and gradients. MR signal is generated using an RF excitation pulse, and measured

at time Tg during the readout window (T,cq). Localization is performed during T, using a magnetic field gradient. The sequence is repeated

after a repetition time Tr.

these sources can cause signal fluctuations during the
readout window, which are, except for those caused by
motion and scanner instabilities, identical for each
repetition. The severity of artifacts is related to the
duration of the acquisition window T, (Fig. 1), and, in
the case of motion, to the duration of the entire
experiment (i.e., Tr times the number of repetitions
needed to collect the k-space data). In all cases, the
contribution of artifacts is strongly dependent on acqui-
sition technique and parameters.

SINGLE-SHOT MRI

Single-shot MRI techniques aim at collecting the
entire k-space data array in a single repetition of the

pulse sequence. Examples are echo planar imaging
(EPI) [9-11] and spiral imaging [7, 12]. An important
advantage of single-shot techniques is their short scan
time, and with it their relative insensitivity to motion
artifacts. This advantage has helped to make single-
shot imaging an important technique for fMRI. Figure
2 shows an example of results of a motor cortex
activation study obtained with single-shot spiral fMRI
on a normal subject.

Both EPI and spiral techniques require extensive
switching of the direction and amplitude of the localiza-
tion gradient within the acquisition time, and pose high
demands on gradient hardware. Until recently, single-
shot imaging was only feasible on dedicated MRI
scanners, or scanners equipped with insertable head-

FIG. 2. Motor cortex activation experiment using a 36-slice single-shot spiral technique (a subset of 6 locations is shown). Areas of
significant activation are indicated as dark boxes and overlayed on baseline images (top row). Difference images reveal high intensity areas
predominantly in the primary and sensorimotor cortex, and a more or less uniform noise in most other areas (bottom row). Acquisition
parameters: Tao/ Te/Tr = 22/30/49 ms, time resolution (overall Tg) 1.76 s, flip angle 84°, 3.8 X 3.8 X 4-mm voxel size, total scan time 3 min.
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TABLE 1
Sensitivity Image quality Hardware demands
Multishot Low—medium  High Low
Single-shot  High Low-medium High

only gradient coils. With the advent of improved gradi-
ent hardware, this modality is becoming increasingly
accessible on standard MR units.

A disadvantage of single-shot techniques is the rela-
tively long duration of the data acquisition window. With
single-shot MRI, all of k-space needs to be acquired
within a single repetition (Tg), whereas with multishot
techniques, k-space is populated over several Tg's. This
leads to an increased sensitivity to artifacts caused by
magnetic susceptibility effects, chemical shift, and T,.

MULTISHOT MRI

Multishot MRI is less demanding on gradient hard-
ware compared to single-shot techniques; however, this
comes at the price of an increased total scan time and
increased sensitivity to motion. Multishot fMRI per-
forms several repetitions of the pulse sequence to
collect the k-space data required for the image. In order
to reduce the total scan time, T is shortened below the
longitudinal relaxation time T, of the tissue. For opti-
mum signal strength, partial flip angles are used [13].
An example is FLASH imaging [14-17], which acquires
a single line of k-space data per Tg. Increased k-space
coverage per Ty is achieved by the so-called segmented
or interleaved techniques [7], which acquire multiple
lines [18, 19], or a spiral interleave [20-23] per Ty
(Table 1).
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SCAN REQUIREMENTS FOR BOLD fMRI

Sensitivity

Changes in blood oxygenation result in changes in
the apparent transverse relaxation (indicated by T %),
predominantly caused by microscopic susceptibility
effects. At 1.5 T, the activation-related signal changes
generated by this mechanism are on the order of a few
percent [10]. Detection of these small changes above
the fluctuations in the background signal requires a
highly sensitive scan technique (i.e., a technique highly
sensitive to changes in T3%), with an inherently high
background signal stability. The latter is determined
by, e.g., the signal-to-noise ratio, as well as the sensitiv-
ity to motion.

The T3% sensitivity is primarily determined by the
acquisition parameters, the most important of which
being the delay time T between RF excitation and the
center of the data acquisition window (Fig. 1). The
highest signal change with activation is found when
Te = T3, inwhich T % is generally in the range of 60—80
ms for gray matter at 1.5 T. The T 3 sensitivity is less
dependent on the actual acquisition technique.

On the other hand, sensitivity to, e.g., cardiac pulsa-
tions and respiratory motion results in artifacts that
are dependent on acquisition parameters as well as
acquisition technique. Multislice single-shot tech-
niques are more robust in the presence of motion than
3D techniques (Fig. 3a), as are spiral scans compared to
EPI [24] (Fig. 3b). To at least some extent, reduced
sensitivity to motion can be accomplished by shorten-
ing Tk [22]. In cases where this requires a shortening of
Te (since Tg < Tg), the optimum overall fMRI scan
sensitivity isfoundat T < T73.
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FI1G. 3. Comparison of temporal stability of image intensity for baseline images with different scan techniques. Displayed are histograms
of the standard deviation of the intensity, calculated on a pixel by pixel basis (averaged over nine subjects). Acquisition parameters as in Fig. 2.
(a) Multislice spiral versus true 3D spiral. For the 3D experiment, a flip angle of 20° was used. The average standard deviation was 25% higher
in the 3D experiments. (b) Multislice spiral versus multislice EPI. For EPI, Tr was adjusted to 55 ms to accomodate for the increased Tyq = 41
ms. 32 slices were scanned in the same overall Tr. The average standard deviation was 23% higher in the EPI experiments.
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Specificity

Another important issue with fMRI is specificity; i.e.,
how accurately can we determine the locus of activa-
tion. The specificity is dependent on the actual image
resolution, as well of the presence of image artifacts. In
addition, the specificity is strongly related to the con-
trast mechanism responsible for the observed signal
changes. The changes in signal intensity associated
with BOLD contrast mechanism generally not only
arise from the capillary bed, but also involve larger
vessels, possibly some distance away from the activa-
tion site. The most important effects that contribute to
BOLD contrast are as follows:
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Inflow Effects

Inflow effects generally play an important role in
single-slice 2D experiments performed under saturat-
ing conditions, i.e., when TR is not long enough to allow
for substantial recovery of the longitudinal magnetiza-
tion [25]. In this situation, fresh (fully recovered) spins
flowing into the slice (e.g., intravascular spins) contrib-
ute more signal to the image than spins at rest. In
BOLD fMRI studies, flow changes in larger vessels
(>100 pm) can lead to substantial (20-30%) signal
increases [26] with activation (Fig. 4) and compromise
the spatial accuracy of the calculated activation map.
Inflow effects are generally reduced at increased values

inflow suppression

FIG. 4. Inflow effects in single-slice BOLD fMRI experiment of visual activation. An oblique axial slice through the calcarine cortex was
selected. Baseline images (left) and difference images (right) with (top) and without (bottom) inflow suppression are displayed. With inflow
suppression, the activation-related signal changes are reduced dramatically. Acquisition parameters: flip angle/Tg/Tg = 40°/38/60 ms, 4-mm
slice thickness.
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of Tr and reduced flip angles. True 3D scanning also
reduces inflow effects [27], at least in the central
portion of the scanned volume. With multislice 2D
experiments, the contribution of inflow effects to the
activation-related signal change is very much depen-
dent on experimental parameters, and blood flow veloc-
ity, and can result in positive, as well as negative,
signal changes with activation (Fig. 5).

Macroscopic (Bulk) Susceptibility Effects

The representation of BOLD susceptibility effects by
a monoexponential signal decay over time is only valid
in a volume element (voxel) with a large number of
randomly oriented capillaries [28—30], as possibly is the
case in some parts of the brain parenchyma. The
validity of this model in the general case is question-
able, as there are likely to be many image voxels
containing vessels significantly larger than the average
capillary size (2-5 um), for which the assumption of
random distribution of orientations does not hold.
Single-vessel models [31] point to significant activation-
related signal changes due to interference of intra- and
extravascular magnetization, as well as due to interfer-
ence of multiphase extravascular signals. Under cer-
tain conditions, up to 12% signal changes can be
expected for vessels occupying only 4% of the voxel [31].

Signal Changes during Acquisition

Signal changes during the acquisition window can
lead to image artifacts, especially when a long acquisi-
tion window is used (e.g., with single-shot techniques).
In addition to T3-related signal decay, bulk susceptibil-
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FIG. 5. Calculated flow-related signal change for spins moving
perpendicularly to image plane. The rest magnetization in the
central slice in a sequential multislice experiment for spins moving
with the scan direction (positive velocities) and against the scan
direction (negative velocities) was simulated. Note the large signal
loss for spins moving at the same speed as the scan speed (89 mm/s).
Other parameters used in the simulation: flip angle/Tgr = 84°/1800
ms, 4-mm slice thickness, 40 slices.
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ity effects in or around larger vessels can lead to signal
phase and amplitude changes during the acquisition
window. With EPI and spiral imaging, such changes
can lead to shifting of signal intensity in the image,
reducing the accuracy of the activation image (Fig. 6a).
Experimental visualization of this effect can be facili-
tated with bolus-tracking studies with exogenous sus-
ceptibility contrast agents, in which intra- and perivas-
cular frequency shifts are several times higher than
encountered with BOLD fMRI studies (Fig. 6b).

Anatomical Coverage

For most applications of fMRI, it is important to scan
a relatively large part of the brain, either by a slice by
slice (multislice) protocol or by a true 3D acquisition.
Both allow coverage of most of the brain within a few
seconds. In a 3D acquisition, 3D k-space data are
collected over multiple repetitions, and signal modula-
tions related to motion (e.g., CSF pulsations, related to
cardiac and/or respiratory cycle) affect the entire vol-
ume. The lack of single-shot 3D techniques, resulting in
a relatively long scan duration, renders 3D acquisition
susceptible to motion-related artifacts, e.g., a reduced
scan-to-scan stability (Fig. 3a). Therefore, the advan-
tage of a reduced contribution of inflow effects with 3D
scans [31] comes at the price of a lower overall sensi-
tivity.

SCAN OPTIONS

RF Phase Spoiling

MRI experiments with T well below the tissue T,
values, e.g., true 3D experiments, are generally sensi-
tive to motion of those spins [32—34]. In this situation,
patient motion can lead to fluctuation in signal inten-
sity over time. Techniques that employ RF phase
spoiling [35] have reduced sensitivity to motion (Fig. 7).
The observed improvement in signal stability is depen-
dent on the RF phase modulation scheme, as well as on
Tg and flip angle [36].

Echo Shifting

Echo shifting [37, 31] enables scanning with Tg > Tg,
by using pulsed gradients flanking the RF excitation to
delay the signal beyond a subsequent excitation. This
allows shortening of Tk, and a reduction of the “dead
time” between excitation and acquisition, thereby reduc-
ing the total measurement time. The potential advantage
of this scheme for fMRI is twofold: it allows increased
signal averaging at a fixed scan time, as well as reduced
sensitivity to motion related to shortening of T [22].

Unfortunately, in practice, this does not necessarily
translate into an improvement in overall sensitivity.
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FI1G. 6. Off-resonance effects in spiral and EPI fMRI. (a) Calculated effect of off-resonance in EPI and spiral fMRI, assuming a single vessel
in one voxel, parallel with the magnetic field, and occupying 10% of the voxel volume. In both EPI and spiral difference images, the
activation-related frequency shift inside the vessel leads to an intensity increase in the pixel containing the vessel. The frequency shift affects
surrounding pixels as well, and in some pixels leads to intensity decrease. Qualitatively similar effects were observed for vessels running
perpendicular to the magnetic field. Parameters: Te = Taq = 40 ms, blood oxygenation levels 0.55 (rest state) and 0.7 (activated state), 40%
hematocrit, 1.5 T main field. (b) Bolus-tracking experiment with spiral scan. The experiment was performed with T,o/Te/Tr = 22/17/35 ms,
flip angle 50°, 24 X 4-mm-thick slices, time resolution (overall Tg) 840 ms, 0.15 mmol/kg intravenous injection of Gd-DTPA. The short Tg
(relative to T,eq) was chosen to sensitize to effects of T,q. The reconstructed blood volume map (obtained from curve fitting of the time-course
data) shows dark bands surrounding bright areas, indicating signal increase with passage of the bolus of paramagnetic contrast agent. The
effect is attributed to an intra- and perivascular frequency shift associated with the contrast agent.
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FIG. 7. Effect of RF phase spoiling on signal stability in single
slice experiment (no activation). Repeated scanning was performed
with Tg = 40 ms and a flip angle of 40°. Quadratic RF phase
modulation was performed with f = 0° (no spoiling), f = 117°, and f =
45°. Offsets of —0.5, 0, and +1, respectively, were added to the data to
separate the signals. Note the reduction of fluctuations related to
heartbeat and respiratory cycle at f = 45°.

This has the following reasons: (1) The RF flip angle, as
well as the signal strength are reduced with shortening
of T and (2) the use of additional gradient pulses leads
to increased sensitivity to motion. The net effect of echo
shifting on sensitivity depends on the experimental
parameters, but oftentimes is small or even negative.
Figure 8 shows the result of echo shifting on the
background signal stability in a multislice spiral fMRI
experiment. A slight reduction in stability is observed
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FIG. 8. Comparison of temporal stability of image intensity for
baseline multislice spiral images with echo shifting and without echo
shifting, presented as a histogram of the standard deviation of the
intensity (calculated on a pixel by pixel basis). Taq/Te Was 22/51 ms,
Tr/flip angle was 35 ms/15° and 70 ms/21° for echo shifting and no
echo shifting, respectively. The voxel size was 3.8 X 3.8 X 4 mm. For
echo shifting, the standard deviation was corrected for the reduction
in scan time. Note the slight increase in standard deviation with echo
shifting.
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with echo shifting. With true 3D scanning, a larger
reduction in stability was observed.

Spin Echo fMRI

In MRI, part of the signal loss related to susceptibil-
ity effects can be recovered by using a so-called “spin-
echo” sequence, which uses an additional RF pulse (also
called refocusing or 180° pulse). With appropriate
positioning of this pulse, most of the phase dispersal
(differences in phase accumulation) between the spins
is eliminated at time Tg. The spin echo signal decay is
characterized by T, (as opposed to T3%). Also the spin
echo signal is sensitive to blood oxygenation changes,
with a contrast mechanism believed to originate pre-
dominantly in tissue surrounding the capillaries [38,
39], whereas the relative contribution of larger vessels
issmall. T,-weighted fMRI would therefore more specifi-
cally localize the neuronal activity. A disadvantage of
the spin echo sequence is the reduced sensitivity, and
the fact that pure T, sensitivity is only reached at time
Te (peak of the echo). Techniques that use T, of
substantial duration (e.g., similar to or longer than the
echo time Tg) are therefore also sensitive to T % (as well
as bulk susceptibility effects) and can therefore have
significant signal contributions originating from larger
vessels.

CONCLUSION

Recent improvements in scanner hardware have
allowed a more widespread use of single-shot MR scan
techniques for fMRI. Coverage of the entire brain with
high sensitivity is currently achievable with temporal
resolutions of around 2 s. To minimize image artifacts,
the duration of the data acquisition windows needs to
be kept at minimum.
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