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A 3D sequence for dynamic susceptibility imaging is proposed
which combines echo-shifting principles (such as PRESTO),
sensitivity encoding (SENSE), and partial-Fourier acquisition.
The method uses a moderate SENSE factor of 2 and takes
advantage of an alternating partial k-space acquisition in the
“slow” phase encode direction allowing an iterative reconstruc-
tion using high-resolution phase estimates. Offering an isotro-
pic spatial resolution of 4 � 4 � 4 mm3, the novel sequence
covers the whole brain including parts of the cerebellum in
0.5 sec. Its temporal signal stability is comparable to that of a
full-Fourier, full-FOV EPI sequence having the same dynamic
scan time but much less brain coverage. Initial functional MRI
experiments showed consistent activation in the motor cortex
with an average signal change slightly less than that of EPI.
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High temporal resolution in combination with large brain
coverage is desirable in MR imaging studies like functional
BOLD imaging or bolus tracking for perfusion investiga-
tions. Increasing the acquisition rate leads to an improved
description of the hemodynamic response or the signal
change caused by passing contrast media. At the same time
it should allow for better correction for periodic physio-
logical noise due to respiration and cardiac pulsation since
the frequencies of the corresponding signal variations are
better characterized.

Currently, multislice, single-shot EPI is widely used in
experiments that require dynamic susceptibility-weighted
imaging because of its robustness and availability. Despite
the commonly accepted advantages of EPI, several disad-
vantages have been revealed. First, the long readout trains
lead to susceptibility artifacts or geometric distortions,
especially in lower brain regions. Second, the use of slice
thicknesses of up to 10 mm leads to signal loss due to
phase dispersion in the presence of susceptibility gradi-
ents. The recently proposed“ z-shim” techniques (1–4) are
able to recover these signal losses but decrease temporal

resolution. Third, the multislice acquisition may result in
inflow and slice-timing effects in functional studies. Re-
cently, parallel imaging techniques like SENSE (5) and
SMASH (6) have been used to accelerate MR imaging.
However, note that with respect to imaging speed, a T*2-
weighted EPI sequence with a given echo time has only
limited benefit from these techniques since they would
lead to dead times between excitation and data sampling.

The acquisition scheme of the PRESTO (7) sequence
offers time-efficient 3D T*2-weighted imaging because of
the echo-shifting principle. The method has already
proven its feasibility in different functional (8–10) and
perfusion studies (11,12). In combination with SENSE,
whole brain coverage can be obtained in 1 sec (13) using a
reduction factor of 2. Further scan time reduction by
higher SENSE factors leads to highly increased spatially
dependent noise related to the geometry of the coil array
used (5). Therefore, we propose the combination of SENSE
with a reduction factor of 2 and a novel partial-Fourier
acquisition scheme to accelerate the PRESTO sequence.

The commonly used zerofilling approach to reconstruct
partial-Fourier data introduces losses in spatial resolution.
Iterative methods proposed, e.g., by Cuppen and van Est
(14) and Liang et al. (15) that generate symmetric data in
k-space by using phase estimates are able to restore these
losses completely, if complete high-resolution phase infor-
mation is present (15). In practice, low-resolution phase
estimates are obtained by acquiring a few lines in addition
to one-half of k-space. In the case of dynamic studies,
full-Fourier data acquired prior to the time series can be
used to correct the phases of the individual dynamic par-
tial-Fourier scans (16). To take temporal changes of the
high-resolution phase estimates into account, we propose
to alternate the sampled half of k-space with each acquired
volume. This allows a combination of two successive dy-
namic scans in order to calculate a high-resolution phase
estimate that will be updated every second volume acqui-
sition and allows for the correction of the individual par-
tial-Fourier acquisitions. Since the 3D acquisition enables
the separation of the fast phase encode (“blip”) direction
from the partial-Fourier direction, all echoes in the partial-
Fourier direction are sampled at the same echo time.
Therefore, no phase (T*2) evolution occurs in this direc-
tion, thus improving the quality of the phase estimates.

A combination of successive acquisitions of parts of
k-space has previously been used in different applications.
Scheidegger et al. (17) concatenated two half-echo acqui-
sitions using different signs of the readout gradient to a
pseudo-echo, thus allowing short echo times in flow im-
aging. Kellman et al. (18) proposed the use of alternating
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TRs to separately measure the odd and even k-space lines
in a SENSE acquisition in order to obtain a low time
resolution full-FOV reference.

In general, susceptibility-weighted dynamic MRI acqui-
sition sequences can be judged by their amount of T*2-
weighting and their temporal signal stability. Therefore,
initial experiments with the proposed sequence focused
on temporal signal behavior after various states of postpro-
cessing, e.g., partial-Fourier reconstruction, use of naviga-
tor echoes, spatial registration, and correction for physio-
logical motion. Furthermore, the novel PRESTO-SENSE
sequence was compared qualitatively with an EPI se-
quence in a functional motor experiment.

MATERIALS AND METHODS

MR Acquisition

Experiments were performed on a Philips Intera 1.5 T
system using a 6-channel headcoil. The maximum gradi-
ent strength, Gmax, was 23 mTm-1 and the slew rate, Smax,
was 120 Tm-1s-1.

Imaging parameters of the PRESTO sequence were:
FOV � 25.6 � 20.0 � 12.0 cm3, matrix � 64 � 50 � 29,
TR � 29 ms, TEeff � 44 ms, flip angle � 11°, scan time per
volume � 0.5 sec. To avoid chemical shift artifacts, a
water-selective excitation was applied using a binomial
(1-2-1)-RF pulse. The acquisition bandwidth in read direc-
tion was 145 kHz and the length of the readout train 19 ms.
Ramp-sampling was performed during half of the time
needed to alternate the readout gradient. A navigator echo
was acquired prior to each echo train in order to improve
temporal signal stability (19,20). The use of SENSE and
partial-Fourier acquisition reduced the number of ac-
quired k-space lines in the y-direction (left–right) from
50 to 17 (see Fig. 1). The sequence was programmed in a
way to acquire with each dynamic scan alternately the left
and the right 70% of k-space in y-direction. The fast phase
encoding (“blip”-direction) was performed along the z-
direction (head–foot).

For comparison, a standard no-SENSE full-Fourier mul-
tislice EPI sequence with the following parameters was
used: FOV � 25.6 � 20.0 cm2, matrix � 64 � 50, TR �
500 ms, TEeff � 44 ms, flip angle � 56°. Keeping the scan
time per volume at 500 ms, five slices with a thickness of

4 mm could be acquired. Fat suppression was performed
with a frequency selective inversion recovery method. The
readout train of the EPI sequence had a length of 37 ms, the
acquisition bandwidth was 110 kHz.

To investigate the temporal signal behavior of sequences
with higher SENSE factors, a full-Fourier PRESTO proto-
col with a reduction factor of 3 in left–right direction was
used. A 2D SENSE protocol with lower SENSE factors in
two directions (21) was not feasible with the given coil
geometry because it would require performing the readout
in the z-direction. The resulting protocol would not be
optimal with respect to imaging speed since the z-direc-
tion (head–foot) exhibits the smallest extension of the
human brain.

During imaging, respiration and cardiac rate were re-
corded with a respiration sensor and a pulse oximeter for
later use in a physiological noise correction algorithm.

Image Processing

To obtain the PRESTO images, two successive dynamic
scans were reconstructed with the iterative Cuppen
method using high-resolution phase estimates obtained by
combining their complementary k-space parts (see Fig. 2).
k-Space lines, acquired with both even and odd dynamic
volume acquisitions, were averaged in the combination
process.

In the Cuppen algorithm, the original data is inverse
Fourier-transformed to the image domain, then conjugated
and multiplied by exp(i2�x,z(y)), where �x,z(y) represents
the phase estimate obtained by inverse Fourier transfor-
mation of the high-resolution reference data. A Fourier
transformation back to the frequency domain results in
data which are used to fill the missing k-space part of the
original data. This process was repeated four times,
whereby during the last iteration the merging of the calcu-
lated and original data included a linear weighting scheme
applied to five k-space lines in order to avoid Gibbs ringing
(15).

Depending on the magnetic field homogeneity, intensity
differences occurred between even and odd images due to
different k-space coverage (see Fig. 3). An intensity correc-
tion was applied by dividing all voxel values of odd im-
ages pic_odd2i–1 (x,y,z) by the ratio of the average voxel

FIG. 1. Acquired k-space points (filled dots) in y-direction for full-FOV, full-Fourier (a); half-FOV (SENSE factor � 2), full-Fourier (b);
half-FOV, partial-Fourier (c), and for half-FOV, partial-Fourier with alternating of the sampled k-space part (d). The number of acquired
ky-lines is reduced from 50 to 25 by the use of SENSE and in addition from 25 to 17 by partial-Fourier acquisition.
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values for odd and even images (2/n � ¥i�1
n/2 pic_odd2i�1(x, y,

z) and 2/n � ¥i�1
n/2 pic_even2i (x, y, z), respectively):

pic_oddcorr,2i�1(x, y, z) �
pic_odd2i�1�x, y, z)

¥i�1
n/2 pic_odd2i�1�x, y, z)

¥i�1
n/2 pic_even2i�x, y, z)

,

i � 1, . . . ,n/2 . [1]

Here n denotes the total number of acquired dynamic
scans (odd and even).

Two slices at both edges of the 3D slab were discarded
because of folding artifacts due to nonrectangular excita-
tion profiles. Images were reconstructed with and without
the use of navigator echoes in order to investigate their
influence on signal stability. The next postprocessing step
consisted of registering the image time series to the last
dynamic scan. For this, a pyramidal approach proposed by
Thevenaz et al. (22) was used. In a last step, the recorded
physiological information was used in the RETROICOR
(23) algorithm in order to decrease periodic signal changes
due to respiration and heartbeat.

After each of the aforementioned postprocessing steps,
the temporal signal stability averaged over the whole brain
was calculated. First, all voxels on the brain surface were
discarded, since they often show high signal fluctuations
due to slight subject motion. The (temporal) standard de-
viation of all remaining voxels (�16,000 in total) was then
normalized to the mean voxel value (24). The small signal
changes in activated regions had no significant influence
on the signal stability averaged over the acquired brain
volume. Therefore, all presented stability results were ob-
tained from the functional MR data.

Navigator echoes were also used for the EPI sequence.
The dynamic scans were corrected for motion and physio-
logical noise in the same manner as the PRESTO images.
Temporal stability averaged over the five acquired slices
was calculated after all postprocessing steps.

fMRI Experiments

The functional experiment consisted of a block motor para-
digm with four rest and three activation periods. Each
period had a duration of 20 sec corresponding to
40 dynamic scans. Numbers from 2 to 5 were presented

FIG. 2. Construction of reference data
which are inverse Fourier-transformed to
obtain high-resolution phase estimates
for the Cuppen partial-Fourier recon-
struction. Sampled k-space for even and
odd dynamic scans is shaded. The data
of two successive dynamic scans that
cover alternately both parts of k-space
are combined, whereby lines acquired
with both acquisitions are averaged
(dark shade).

FIG. 3. Signal loss in the case of magnetic field
inhomogeneities in y-direction due to susceptibility
gradients. If, e.g., for an even dynamic scan, the
resulting center of k-space for a given voxel is
shifted in the direction of the unsampled part of
k-space, signal loss will occur for all even dynamic
scans. However, the alternating sampling scheme
recovers this signal loss for all odd dynamic scans.
An intensity correction has to be applied to use
both even and odd acquisitions in dynamic imag-
ing.
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randomly to the subjects via a screen in the magnet room
during the activation periods. The subjects had to tap the
corresponding finger of the right hand against the thumb.
The total duration of the experiment was 2 min 20 sec. It
was performed once using the proposed PRESTO sequence
and once using EPI. The order of the used sequences was
alternated for different subjects. Five subjects participated
in the study.

A correlation analysis (25) was performed to identify
activated voxels. A correlation threshold of 0.26 was cho-
sen, corresponding to a P-value of 1 � 10-5. The image time
series were not filtered temporally and neither clustering
nor correction for multiple comparisons was applied to the
functional maps.

RESULTS

Figure 4 illustrates the signal behavior in the partial-Fou-
rier direction in the presence of strong susceptibility gra-
dients. In Fig. 4a,b, one slice of the average even and the
average odd 3D volume is shown. For even dynamic scans
(ky-direction from –ky,max to 0.4 � ky,max) a signal loss
occurs in a right frontal region of the brain, whereas for
odd dynamic scans (ky-direction from �ky,max to –0.4 �
ky,max) the image intensity is diminished in a left frontal
region. This alternate signal loss is caused by susceptibil-
ity gradients which shift the k-space center out of the
acquisition window. To clarify this effect, Fig. 4e shows
the magnetic field gradient in left–right (y-) direction in

Table 1
Temporal Signal Stability of the Partial-Fourier PRESTO-SENSE Sequence After Different Steps of Postprocessing

Subject Raw Even Odd Corr Navi Realign Physcorr

1 5.55 2.53 2.63 2.65 2.17 2.16 2.08
2 5.54 2.32 2.34 2.37 2.35 2.34 2.27
3 5.12 2.46 2.54 2.53 2.30 2.25 2.18
4 5.39 2.73 2.69 2.76 2.32 2.29 2.21
5 5.20 2.34 2.25 2.34 1.98 1.94 1.87

Average 5.36 � 0.20 2.48 � 0.17 2.49 � 0.19 2.53 � 0.18 2.22 � 0.15 2.20 � 0.16 2.12 � 0.16

For the five subjects the values are averaged over the whole brain (except edge voxels). Signal stability is given before intensity correction
for alternate sampling of k-space (raw) and for all even and all odd dynamic scans (even, odd). The next columns show the results for the
intensity-corrected time series (corr), the inclusion of navigator echoes (navi), the application of a motion correction algorithm (realign), as
well as the temporal signal stability after physiological correction using RETROICOR (physcorr).

FIG. 4. Effect of susceptibility gradients on image intensity of alternating dynamic scans. a: One slice above the frontal lobes out of the
volume obtained by averaging all even dynamic scans. b: As a for the average odd volume. c,d: Two magnitude profiles of a row of the
intensity correction matrix calculated from the average even and the average odd dynamic acquisition. The magnetic field gradient in
left–right (y-) direction of the present slice is shown in e. One even and one corrected odd dynamic scan are displayed in f and g,
respectively. The histogram in h shows the distribution of the magnitude values of the correction matrix for the full 3D volume.
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the same slice. Figure 4c,d shows two magnitude pro-
files in the left–right direction of the correction matrix
for the considered slice. It can be seen that only minor
magnitude corrections were performed in regions with
low field gradients in the y-direction, whereas signifi-
cant corrections were applied in the frontal part of the
slice. In Fig. 4f,g, one even and one intensity-corrected
odd dynamic scan are displayed. Figure 4h shows the
distribution of the magnitude of the applied correction
factors for the whole 3D volume.

The temporal stability, TS, averaged over the whole
brain is given in Table 1 following the different steps of
postprocessing. The applied intensity correction to com-
pensate for different k-space coverage during the alter-
nate sampling improved TS, averaged over five subjects,
by more than 50%. The navigator echoes lead to a fur-
ther important improvement of the stability of �12%.
Motion correction resulted only in minor refinements of
TS (�1%), whereas the finally applied physiological
correction lead to a further average stability enhance-
ment of 3.6%. The finally obtained temporal stability
averaged over all subjects was 2.12 � 0.16%, whereby
16,064 � 911 voxels of each subject were considered.

Table 2 shows a comparison of the temporal stability of
the PRESTO sequence averaged over the whole brain and
over five slices, including motor or visual cortices, with
that obtained with EPI in five transversal slices covering
the motor or visual cortex. In the EPI case the slice stacks
were positioned parallel to the 3D slab of the PRESTO
sequence. With EPI a mean stability of 2.00 � 0.27 in
upper brain regions and of 2.33 � 0.21 in lower regions
was obtained. For both EPI and PRESTO, TS was �15%
lower in slices at the position of the visual cortex than in
those containing motor areas.

The full-Fourier PRESTO sequence using a SENSE factor
of 3 resulted in an average signal stability of 3.58%. Figure
5a shows a histogram visualization of the signal stability in
the brain for both sequences. For the higher SENSE factor,
the maximum of the distribution is shifted from �1.6% to
2.6% and the distribution exhibits a broad shoulder with
increased normalized standard deviations corresponding
to multiple folded areas in the brain. Figure 5b shows the
spatial dependence of the stability for the partial-Fourier
and the full-Fourier PRESTO sequence with increased ac-
celeration factor. In both cases the stability map reflects
the geometry factors of the SENSE reconstruction. The
profiles of the stability maps shown in Fig. 5c demonstrate

FIG. 5. Temporal signal stability of the proposed sequence (solid
line) compared to that of a PRESTO sequence using a SENSE factor
of 3 (dashed line). The histograms in a show the distribution of
calculated stability values for both sequences (SENSE factor 2,
partial-Fourier: solid line; SENSE factor 3, full-Fourier: dashed line).
In b, temporal signal stability is converted to gray-scale values for a
given slice of the proposed PRESTO (left) and the PRESTO-
SENSE � 3 sequence (right). The spatial distribution of the signal
stability clearly reflects the geometry factors of the SENSE recon-
struction. c: The marked profiles in b for better visualization.

Table 2
Comparison of the Temporal Signal Stability of the Proposed PRESTO Sequence With That of a Standard EPI Technique

Subject
PRESTO 25sl EPI 5sl EPI 5sl

Whole brain Motor brain Visual area Motor area Visual area

1 2.08 1.69 2.24 1.84 2.20
2 2.27 2.08 2.44 1.89 2.13
3 2.18 2.00 2.30 2.21 2.65
4 2.21 2.02 2.52 2.34 2.26
5 1.87 1.67 2.05 1.70 2.40

Average 2.12 � 0.16 1.89 � 0.20 2.31 � 0.18 2.00 � 0.27 2.33 � 0.21

In the EPI case due to reduced spatial coverage, two time series were performed to obtain results for motor and visual areas, whereas for
PRESTO the corresponding regions where cut out of the 3D volume of one experiment.
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the decrease of temporal stability, especially in the center
of the images, where 3-fold folding occurred.

The proposed sequence results in isotropic 4 � 4 � 4 mm3

voxels and covers the whole brain including parts of the
cerebellum. Twenty-five transversal slices of the first dy-
namic scan of a functional experiment (Subject 5) are dis-
played in Fig. 6. The voxels classified as activated according
to the correlation analysis are overlaid in red. For all volun-
teers, activated voxels were found in motor and visual corti-
ces. In three subjects SMA activation was found.

Figure 7 shows the activated voxels obtained with
PRESTO and EPI in the motor area for Subject 2. Voxels are
also marked in orange for PRESTO that survive a correlation
threshold of 0.19 corresponding to a P-value of 1 � 10-3.

Except for one subject, EPI resulted in a higher number of
activated voxels and in a larger signal change of these voxels
during activation.

Figure 8 shows the signal time-course obtained with
PRESTO averaged over all activated voxels for Subject
5. Averaged over all subjects, a mean signal change of 1.53%
in five slices in the region of the motor cortex was observed
with PRESTO and of 2.19% with EPI. Table 3 summarizes
numerical results such as number of activated voxels and
percentage signal change of the functional experiments.

DISCUSSION
To achieve rapid susceptibility-weighted imaging of the
whole brain, we propose using PRESTO in combination

FIG. 6. Twenty-five central slices out of the
3D volume acquired in 0.5 sec with the par-
tial-Fourier PRESTO-SENSE sequence
(Subject 5). Activated voxels are overlaid in
red and are predominantly located in pri-
mary and supplementary motor areas and
the visual cortex.

FIG. 7. Activated voxels for the par-
tial-Fourier PRESTO-SENSE se-
quence (a) and a full-Fourier no-
SENSE EPI protocol (Subject 2). Vox-
els marked red survived a correlation
threshold of 0.26, the threshold for
orange voxels in a was 0.19. Note
that for a only five slices out of a total
of 25 were selected corresponding to
the location of the EPI slices in b.
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with parallel imaging (SENSE) and partial-Fourier acqui-
sition.

While echo planar-type sequences can take advantage of
parallel imaging techniques with respect to image quality
(fewer distortions due to shorter readout trains), or achiev-
able spatial resolution per imaging time, or acoustic noise
(use of smaller readout bandwidth and lower gradients/
switching rates while keeping imaging time constant) (26),
the necessity of long echo times limits the possibilities to
shorten total imaging time in susceptibility-weighted im-
aging with EPI. This is due to the fact that the effective
echo time of standard EPI sequences occurs after one-half
of the total readout train. If parallel imaging methods are
used to shorten the acquisition window, the readout train
will be shortened symmetrically around the echo time. For
a fixed TE, this introduces dead times between excitation
and data acquisition. However, the echo-shifting principle
of PRESTO fills the waiting periods with further sequence
parts and therefore enables time-efficient use of parallel
imaging techniques in T*2-weighted applications. In addi-
tion, as a multishot method, PRESTO generally uses
shorter readout trains, which makes it less sensitive to
macroscopic susceptibility artifacts than single-shot EPI
techniques.

An important criterion for the quality of dynamic time
series is signal stability over time. In our experiments, an
acceleration factor of 2 lead to a slight additional signal
loss of a few percent only, whereas a SENSE factor of
3 resulted in up to 60% signal loss in regions where the

image was folded three times. This reduced SNR results in
lower and spatially dependent temporal stability, which
may hinder statistical evaluation. Therefore, a moderate
acceleration factor of 2 was chosen for this study.

Despite being a multishot technique and despite the
high sensitivity to motion caused by the crusher gradients
that shift the echo signals, our experiments show that the
temporal stability of the implemented PRESTO method
was comparable to that of a single-shot EPI sequence. The
use of navigator echoes, the low number of excitations,
and the short total acquisition duration per dynamic scan
(the latter two for a 3D volume) may contribute to this
finding. In addition, the crusher gradients that shift the
echo signal of the PRESTO sequence may diminish signal
fluctuations caused by fast-moving blood and therefore
may help to improve temporal stability.

The comparisons between partial-Fourier PRESTO-
SENSE and EPI in this article are meant to demonstrate the
properties of the new technique by comparing them with
those of a well-known acquisition method. Therefore, a
full-FOV, full-Fourier EPI sequence was chosen instead of
a SENSE-EPI protocol which might have rendered the
considered sequences more similar but would penalize the
EPI protocol with respect to SNR. Note that precise quan-
titative comparisons between the proposed multishot 3D
and a single-shot 2D technique are nearly impossible. Due
to different TR and flip angles, signal contributions, e.g.,
by CSF, are different. Furthermore, slice definition differs
from 2D to 3D imaging, as well as inflow effects. In addi-
tion, the presence and orientation of geometric distortions
differ between the considered sequences.

High-quality partial-Fourier images were obtained by
the iterative Cuppen reconstruction using high-resolution
phase estimates. The alternating acquisition scheme al-
lowed an update of the phase estimates every two dynamic
scans. Phase variations during the time series are therefore
taken into account. Note that the time resolution of the
partial-Fourier acquisition is maintained, since the phase
maps were only used in the symmetrization process of the
partial-Fourier data. The frequency of updating phase
maps (1 Hz) is half that of the volume acquisition fre-
quency (2 Hz).

In fast 2D methods that acquire echo trains, T*2-evolu-
tion and off-resonance effects hinder the determination of
phase estimates for the use in the Cuppen reconstruction
algorithm. The 3D acquisition of the proposed PRESTO
technique allowed the separation of the fast phase encode

FIG. 8. Signal time-course averaged over all 402 activated voxels of
Subject 5. Mean signal change due to activation was 1.3%.

Table 3
Number of Activated Voxels and Activation-Related Signal Change for Partial-Fourier PRESTO-SENSE and EPI

Subject

Number of activated voxels Average signal change

PRESTO EPI PRESTO EPI

25sl 5sl 5sl 25sl 5sl 5sl

1 250 70 92 1.65 1.22 1.43
2 204 79 252 1.34 1.31 2.45
3 988 272 175 1.97 1.86 2.12
4 1240 300 891 1.97 1.96 3.21
5 402 88 254 1.29 1.30 1.76

Average 617 � 468 161 � 114 333 � 319 1.64 � 0.33 1.53 � 0.35 2.19 � 0.68

For PRESTO results are given for the region corresponding to the area covered by the EPI sequence, as well as for the full 3D volume.
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from the partial-Fourier direction. Therefore, no TE evo-
lution is present in the partial-Fourier direction, allowing
good phase estimates for the calculation of the unsampled
k-space part.

Magnetic field gradients due to susceptibility changes,
e.g., in the vicinity of the frontal lobes, may result in signal
loss and/or geometric distortions if T*2-weighted se-
quences are employed. Several methods have been pro-
posed to reduce susceptibility-related signal loss. These
include the use of higher spatial resolution to reduce the
B0 changes across voxels (27,28) and in the case of aniso-
tropic 2D imaging (slice thickness 	 in-plane resolution),
the application of tailored RF-pulses (29) or z-shimming
techniques (1–4). Disadvantages of these methods are
longer imaging times (increase of spatial resolution, z-
shimming) or diminished SNR (tailored excitation). The
z-shim problem reveals another advantage of 3D acquisi-
tion techniques. Since they generally use smaller section
thicknesses than 2D acquisitions, more signal will be re-
tained in object regions affected by susceptibility gradients
(4).

For the proposed isotropic 3D PRESTO sequence, the
direction of partial-Fourier encoding is most prone to sus-
ceptibility-related signal loss if the magnetic field gradient
shifts the maximum of k-space in the direction of the
incompletely sampled k-space half (cf. Fig. 3). However, as
long as the shifted signal rests in the window that would
be acquired with a full-Fourier acquisition, the next dy-
namic scan will record it because of the alternating sam-
pling scheme. Clearly, this will lower the achieved “effec-
tive” temporal resolution for the affected region, but it may
be an advantage over classical partial-Fourier acquisition
schemes, where the considered signal would be lost for all
dynamic scans. Whereas a moderate shift of the signal
maximum in k-space influences the image phase, it has
only minor effects on spatial resolution and signal strength
(30,31). The applied intensity correction of the odd dy-
namic scans takes into account the different k-space cov-
erage of even and odd volume acquisitions for moderate
shifts of the signal maximum in the ky direction of k-space.
However, it cannot correct for signal loss or artifacts
caused by severe susceptibility gradients that shift the
signal in k-space out of the region covered by even or odd
dynamic scans.

There are further advantages of the employed 3D acqui-
sition scheme. First, it is less prone to inflow effects than
multislice techniques (8). Second, in a 3D acquisition most
of the signal (the central part of k-space) is acquired in a
short time window. Therefore, no slice timing correction
by interpolation techniques is necessary in the case of
studies that require exact timing information like event-
related fMRI or bolus tracking. Third, a 3D acquisition
results in an image volume that is not corrupted by non-
rectangular slice profiles or out-of-plane motion.

The obtained high temporal resolution of 0.5 sec should
allow a good characterization of dynamic signal changes
caused, e.g., by the hemodynamic response in fMRI or a
passing bolus of contrast agent in perfusion studies. Fur-
thermore, an acquisition rate of 2 Hz enables an accurate
sampling of signal changes with frequencies up to 1 Hz,
e.g., in the range of the cardiac frequency of our healthy
volunteers. Therefore, the achieved temporal resolution

allows good correction for physiological noise using, e.g.,
RETROICOR.

Despite a further reduction of scan time, the use of
higher degrees of undersampling resulted in an unaccept-
able decrease in signal stability in our experiments. Nev-
ertheless, higher acceleration factors may be feasible when
head coils with even more elements become available. In
this case, the proposed partial-Fourier acquisition scheme
will still result in a scan time reduction, since it is inde-
pendent of the parallel imaging approach.

In the functional feasibility studies, a fixed correlation
threshold was used for all volunteers and both acquisition
techniques. The studies showed significant variations in
the number of activated voxels and the average percentage
signal change between the subjects that did not depend on
the sequence used. This is in line with the well-known
intersubject variability of fMRI. In addition, the results of
the functional study show that the number of activated
voxels as well as the average percentage signal change
obtained with PRESTO are consistently lower than those
obtained with EPI. It has been suggested (32) that signals of
large veins (diameter of about 1 mm) are suppressed due to
the additional gradient pulses used for echo shifting. This
inherent suppression may be an advantage if the down-
stream BOLD effect in large veins is to be suppressed.

CONCLUSION

In this article an alternating partial-Fourier sampling
scheme was presented that enables the use of high-resolu-
tion phase estimates in iterative reconstruction algorithms.
A fast susceptibility-weighted 3D technique was obtained
by combining this method with the PRESTO sequence and
parallel imaging (SENSE). The possibility of covering the
whole brain in 0.5 sec on a clinical system makes this
sequence a good candidate for event-related fMRI or bolus-
tracking perfusion studies.
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