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Abstract In MRI applications
where short acquisition time is nec-
essary, the increase of acquisition
speed is often at the expense of im-
age resolution and SNR. In such cas-
es, the newly developed parallel ac-
quisition techniques could provide
images without mentioned limita-
tions and in reasonably shortened
measurement time. A newly de-
signed eight-channel head coil array
(i-PAT coil) allowing for parallel ac-
quisition of independently recon-
structed images (GRAPPA mode)
has been tested for its applicability
in neuroradiology. Image homogene-
ity was tested in standard phantom
and healthy volunteers. BOLD signal
changes were studied in a group of
six volunteers using finger tapping
stimulation. Phantom studies re-
vealed an important drop of signal
even after the use of a normalization
filter in the center of the image and
an important increase of artifact
power with reduction of measure-
ment time strongly depending on the
combination of acceleration parame-
ters. The additional application of a

parallel acquisition technique such
as GRAPPA decreases measurement
time in the range of about 30%, but
further reduction is often possible
only at the expense of SNR. This
technique performs best in condi-
tions in which imaging speed is im-
portant, such as CE MRA, but time
resolution still does not allow the ac-
quisition of angiograms separating
the arterial and venous phase. Signif-
icantly larger areas of BOLD activa-
tion were found using the i-PAT coil
compared to the standard head coil.
Being an eight-channel surface coil
array, peripheral cortical structures
profit from high SNR as high-resolu-
tion imaging of small cortical dys-
plasias and functional activation of
cortical areas imaged by BOLD con-
trast. In BOLD contrast imaging,
susceptibility artifacts are reduced,
but only if an appropriate combina-
tion of acceleration parameters is
used.

Keywords MR imaging · 
Parallel imaging · GRAPPA · 
Neuroradiological application

Eur Radiol (2004) 14:2273–2281
DOI 10.1007/s00330-004-2427-9 N E U R O

Jaroslav Tintera
Joachim Gawehn
Thomas Bauermann
Goran Vucurevic
Peter Stoeter

New partially parallel acquisition technique 
in cerebral imaging: preliminary findings

Introduction

In MRI applications where short acquisition time is nec-
essary, the increase of acquisition speed is often at the
expense of image resolution and SNR. Typically, the ac-
quisition speed is highly critical in cardiac MRI or con-
trast-enhanced MRA (CE MRA). In such cases, the new-
ly developed parallel acquisition techniques could pro-

vide images without mentioned limitations and in a rea-
sonably shortened measurement time. After successful
application had been carried out in cardiac and pulmona-
ry vascular imaging [1], we used parallel imaging in an
eight-channel coil array for various types of cerebral im-
aging. This approach can potentially shorten measure-
ment time without the loss of spatial resolution in time-
of-flight (TOF) MRA, reduce susceptibility artifacts of
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measurement with EPI technique (BOLD fMRI, diffu-
sion imaging) and perhaps introduce time-resolved CE
MRA of intracranial vessels. On the other hand, some
specific artifacts and SNR reduction can be expected, es-
pecially in case of overestimated demands for acquisi-
tion speed in particular applications.

The Partially Parallel Acquisition (PPA) technique
uses spatial information from an array of simultaneously
working coils to facilitate reconstructions either in k or
image space [2–4]. In generalized autocalibrating partial-
ly parallel acquisitions (GRAPPA, [5]), measurement of
a certain number of k-space lines can be omitted, and the
missing lines are reconstructed from the a priori spatial
information. The results of the technical evaluation of
the coil and of first clinical examinations are reported.

Material and methods

i-PAT head coil and scanner

The new head coil array consists of eight surface coils and pre-
amplifier elements (i-PAT head coil). This was applied in a 1.5-T
Sonata scanner (Siemens, Erlangen). Both standard and GRAPPA
modes were used to test image quality. In most applications (high
resolution 3D imaging, TOF MRA, BOLD fMRI), the results were
compared to those from a standard bird-cage head coil.

Phantom studies

These studies were carried out in a plastic bottle (sphere of 17 cm
in diameter) containing a 0.9% saline solution.

(1) Image homogeneity was tested using a 3D FLASH sequence
with the following parameters: 3D-FLASH, TR=15 ms,
TE=5 ms, flip angle=15°, matrix=256×256, FOV=256 mm,
slice thickness=1 mm and 176 slices.

Three measurements were compared: (a) using the standard head
coil and using the i-PAT coil, (b) without and (c) with a normaliza-
tion filter.

(2) Image quality expressed over artifact power was measured us-
ing a 3D FLASH sequence and an EPI-based GE sequence
with the following parameters: 3D-FLASH: TR=15 ms,
TE=3 ms, flip angle=15°, bandwidth=260 Hz/pixel, ma-
trix=256×256, FOV=230 mm, slice thickness=5 mm and 32
slices;
EPI: TR=6 s, TE=59 ms, flip angle=90°, bandwidth=
1,300 Hz/pixel, matrix=128×128, FOV=230 mm and slice
thickness=4 mm.

Eleven measurements with various acceleration factors (AF=2, 3,
4) and numbers of reference lines (RL=8 or 12, 16, 32, 64) were
performed with FLASH 3D and three with EPI sequence [(AF=2,
RL=24), (AF=2, RL=64), (AF=3, RL=64)], and comparison with
images measured using the same sequence parameters but without
parallel technique were done.

Volunteer and patient studies

After elaboration of the most effective GRAPPA parameters,
mainly the acceleration factor, the following imaging techniques
were tested in volunteers recruited among the authors: 

(1) Intracranial TOF angiography (MRA): 3D-FISP: TR=40 ms,
TE=7.15 ms, flip angle=25°, bandwidth=65 Hz/pixel, ma-
trix=512×256, FOV=210 mm, slice thickness=1 mm, 80 slices
and voxel size 0.8×0.4×1.0 mm. Three volunteers were exam-
ined.

(2) 3D high resolution imaging: MP-RAGE: TR=1,900 ms,
TI=1,100 ms, TE=3.93 ms, flip angle=15°, bandwidth
130 Hz/pixel, FOV=250 mm, slice thickness=1.25 mm and 72
slices. Two volunteers were examined.

(3) Cerebral activation with motor stimulation using finger tap-
ping with BOLD contrast: EPI sequence: TR=3 s, TE=60 ms,
flip angle=90°, bandwidth=1,300 Hz/pixel, matrix=64×64,
FOV=192 mm, slice thickness=5 mm and 23 slices. Each vol-
ume of slices was acquired 160 times with an alternation of
periods of rest (ten volumes) and stimulation (ten volumes).
Standard deviation maps of the signal change in time were cal-
culated to compare the effective SNR and CNR of measure-
ments performed in the head coil, i-PAT coil and also mea-
sured with the GRAPPA technique. Usual fMRI evaluation
was done using SPM99 (realignment, smoothing with
FWHM=8 mm, normalization and f-test statistic with correct-
ed P=0.001). Six volunteers were examined.

(4) In patients with suspected sinus thromboses and uncertain MR
angiographic results in standard phase contrast angiography,
3D contrast-enhanced (CE) MRA with high temporal resolu-
tion was performed using the i-PAT coil: FLASH 3D:
TR=3.14 ms, TE=1.35 ms, flip angle=20°, bandwidth
690 Hz/pixel, FOV=230 mm, slice thickness=2 mm, 64–80
slices, voxel size 1.2×0.6×2.0 mm, AF=3, RL=48, eight 
consecutive repetitive measurements, time/measurement
6.6–8.3 s, total time about 1 min. Measurement was started to-
gether with intravenous 4 ml/s bolus injection of 20 ml con-
trast agent (Magnevist). Five patients were examined.

Results

Phantom studies

RF homogeneity

Maps of relative signal homogeneity were created from
3D FLASH sequence data sets acquired by the standard
head coil and the i-PAT coil with and without a normal-
ization filter by calculation of the intensity difference of
each voxel against a reference value from a small region
of interest (ROI) from the center of the phantom. As can
be seen from Fig. 1, homogeneity of the signal was best
preserved in the use of the standard head coil (a) as com-
pared to the i-PAT coil (b), but improved by the applica-
tion of the normalization filter (c).

Power of artifacts

To compare the influence of the AF and the number of
RLs on 3D FLASH images, these two parameters were
varied and artifact power was calculated as the sum of
the absolute difference of all GRAPPA images through
the total volume to the reference measurements with the
i-PAT coil without GRAPPA mode over the entire vol-
ume. AFs of 2, 3, 4 and the number of RLs of 8, 16, 32,
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64 were used and resulted in an eventual 70% shortening
of the acquisition time, but an increase of artifact power
and image degradation at the same time (Fig. 2). As can
be seen from the plot in Fig. 3, there is no linear relation
between these parameters, but some combinations (high-
er AC and lower number of RLs) are more effective than
others in preserving image quality within a reduced repe-
tition time.

Susceptibility artifacts

These artifacts were measured in T2*-weighted EPI-
based GE sequences as they are used for perfusion or
BOLD contrast measurements. Again, only i-PAT coil
measurements were performed with and without applica-
tion of the GRAPPA mode and variations of the AFs and
number of RLs from (1) AF=2, RL=64 to (2) AF=2,
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Fig. 1 Homogeneity maps: 
a standard head coil, b i-PAT
coil without normalization, 
c i-PAT coil with normalization
filter. Upper row shows sagittal
slice and bottom axial slice

Fig. 2 Image artifacts accord-
ing to all used GRAPPA pa-
rameters. Upper row shows
subtraction images of measure-
ments with AF=2, middle row
with AF=3 and bottom row
with AF=4. Columns show 
difference in number of RL
(64, 32, 16 and minimum)



RL=24 and (3) AF=3, RL=64. Susceptibility artifacts
were reduced only by the combination of AF=2 and
RL=64 as in condition (1), but increased with a further
reduction of RLs or increase of AF (Figs. 4 and 5). Arti-
ficial signal variations calculated as artifact power grew
from 2.27 (1) to 2.66 (2) and 4.48 (3). This means that
the last combination of parameters leads to an almost
two times higher standard deviation of signal intensity as
compared to the reference image.

Volunteer and patient studies

TOF MRA

According to the results of our phantom studies, we
chose the most effective set of GRAPPA parameters with
(1) AF=2, RL=40 and (2) AF=3, RL=64 for intracranial
TOF MRA and compared them to a standard i-PAT coil
3D FISP sequence. The measurement time was reduced
from 9 min 48 s (standard sequence) to 70% (6 min 51 s)
in (1) and to 50% (4 min 53 s) in (2). As can be seen
from Fig. 6, there is no visible loss of quality, mainly of
peripheral artery “enhancement” in condition (1) in spite
of an important time advantage, whereas with further re-
duction of measurement time as in condition (2), image
quality was severely impaired.

3D high resolution imaging

To evaluate the i-PAT coil performance in high-resolu-
tion imaging, a 3D MP RAGE data set was acquired
(176 sagittal slices, no GRAPPA mode), and the images
were compared to those of a standard head coil. This
evaluation was done by visual inspection of main parts
of the sagital image separately (middle part, brain con-
vexity). Although some cortical areas clearly showed
better differentiation of the cortex from the subcortical
white matter using the i-PAT coil (Fig. 7), this improve-
ment of image quality was confined to the brain surface
and the enlargement of grey-white matter contrast.

BOLD imaging

To compare the influence of the i-PAT coil and GRAPPA
technique in fMRI studies, we performed six measure-
ments with healthy volunteers using simple motor stimu-
lation (finger tapping). General noise levels were ex-
pressed as the standard deviation of images acquired
with the standard head coil and the i-PAT coil during rest
and stimulation for each voxel. We found that an average
level of the standard deviation (stdv) in the i-PAT coil
images is 0.39 of that measured with the standard head
coil (Fig. 8).
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Fig. 3 The image quality expressed over the artifact power
against the relative shortening of the acquisition time. All points
plotted with an asterisk were measured with AF=2, square points
with AF=3 and triangle points with AF=4. The number of RL is
decreased sequentially from left to right, which leads to shortened
acquisition time, but also reduced image quality. The plot also
shows that for example the combination of AF=3 and RL=64 is
more effective than AF=2 and RL=8 because in almost the same
measurement time we got lower artifact power. (Points with the
same AF are being placed to the right with decreasing RL in the
graph because the lower RL leads to increased shortening of mea-
surement time)

Fig. 4 Comparison of EPI images (used for BOLD imaging): 
a standard technique without parallel imaging, b GRAPPA with
AF=2, RL=64, c GRAPPA with AF=2, RL=24 and d GRAPPA
with AF=3, RL=64



Two identical fMRI experiments with simple right
hand finger tapping using either the standard head coil or
i-PAT coil were evaluated with SPM (realignment,
smoothing with FWHM=8 mm, f-test, corrected
P=0.001). Also, correlation maps were calculated on re-
aligned, smoothed data (uncorrected P=0.00001) and
used to compare both coils. Comparison of the signal
amplitude from the same ROI in the primary motor cor-
tex shows a clear increase of signal change in cases of 
i-PAT coil. Results are shown in Fig. 9. A clearly larger
extent of activation expressed over the higher number of

active voxels can be seen on fMRI performed in the 
i-PAT coil (Fig. 11).

Similar comparison for i-PAT coil with and without
GRAPPA technique was done. The reduction of the
number of acquired k-space lines using GRAPPA leads
to slight improvement of image distortion. This is partic-
ularly true at the brain edges. On the contrary, a higher
number of artifacts decreased SNR in the image center
(Fig. 10). The absolute difference of the signal intensity
during the time course from the same ROI in the primary
motor cortex is almost of the same level. The graph in
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Fig. 5 Subtraction images of
sequences with GRAPPA pa-
rameters a (1), b (2) and c (3)
and standard EPI images with-
out parallel imaging. Combina-
tion of GRAPPA parameters
(1) leads to clear improvement
of susceptibility artifacts
(arrow)

Fig. 6 Axial MIP from TOF
MRA of the same volunteer
with i-PAT coil and a standard
measurement, b GRAPPA with
AF=2, RL=40 (70% of stan-
dard acquisition time) and c
GRAPPA with AF=3, RL=64
(50% of standard acquisition
time). This comparison shows
that whereas the difference be-
tween a and b is almost invisi-
ble, the measurement with
higher AF as in c is diagnosti-
cally inferior

Fig. 7 Comparison of a stan-
dard head coil and b i-PAT coil
in one selected middle sagittal
slice is shown. Area of lower
signal intensity in the middle
part can be seen in b, but
brighter convexity areas with
higher SNR prefer the i-PAT
coil in these regions



Fig. 11 shows a quantitative comparison of the primary
motor cortex activation. Each of three columns repre-
sents the number of statistically significant voxels (cor-
relation map threshold of P=0.00001) found in the head
coil, i-PAT coil and a combination of the i-PAT with
GRAPPA; results are shown for all six volunteers.

3D CE MRA

Using the i-PAT coil and GRAPPA mode, CE MRA al-
lows the depiction of cerebral sinuses and venous vessels
with good quality within a few seconds. We used this
method in patients with suspected sinus thrombosis, in
whom our standard phase contrast MRA showed a se-
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Fig. 8 Standard deviation maps (two selected slices) from images
acquired with head coil (left) and i-PAT coil (right) showing lower
noise level in i-PAT coil. Standard deviation averaged over all pix-
els containing brain tissue in images acquired with i-PAT coil was
only 38% of the value measured in identical ROI in images from
standard head coil. All maps are displayed with the same window

Fig. 9 a Comparison of BOLD
activation map (group statistic
over all volunteers) by right
hand finger tapping scanned
with head coil (left) and i-PAT
coil (right). Larger extent of
activation is demonstrated with
i-PAT coil; a clear improve-
ment is seen mainly in primary
sensory-motor cortex and basal
ganglia. b Signal course in the
basal ganglia measured in head
coil (left) and i-PAT coil is
compared, and the lower signal
fluctuation level makes the 
activation in this region much
easier to detect



vere asymmetry of the transverse sinus and occlusion
could not be excluded. The repetitive application of a 3D
sequence with GRAPPA parameters AF=3 and RL=48
shows the cerebral flow through of contrast blood in dif-
ferent phases. Whereas imaging of venous vessels is ex-
cellent (Fig. 12), time resolution is not high enough for
a systematic demonstration of a pure arterial phase.

Discussion

Although the robustness of reconstruction has been
pointed out recently in parallel imaging techniques such
as SMASH and SENSE to accelerate the acquisition of
high-quality images [9, 10], our testing of the Siemens i-
PAT coil in combination with the GRAPPA mode re-
vealed some advantages, but also some limitations for its
routine application in neuroradiology: Due to the array
concept of the i-PAT head coil, a considerable image in-
homogeneity with a relative signal drop in the central
caudal part of the coil is typically observed. High-resolu-
tion imaging therefore appeared promising only if it was
confined to superficial, cortical structures showing a bet-
ter S/N and so better differentiation of gray and white
matter. This is well known also from other reports about
surface coil imaging in patients with extratemporal epi-
lepsy [11]. On the other hand, such signal variation is
used in the process of image reconstruction of any PPA
technique. Therefore, one of the main advantages of the
array concept should be in the use of PPA.

However, despite the “autocalibrating” nature of the
GRAPPA mode [5], our phantom measurements using a
3D FLASH sequence showed an important artifact
growth towards the center of the image. Since the
amount of these artifacts depends on the successful esti-
mation of the coil sensitivity factors and complex
weights, the S/N of acquired reference lines can proba-
bly have a strong influence on the final image quality
(artifact power) and control not only the overall image
SNR. Therefore, the artifact power can depend on many
usual sequence parameters determining SNR, but also on
image orientation in the case of PPA reconstruction. It is
even difficult to accept any general conclusion about the
dependence of the image quality on the main GRAPPA
parameters such as AF and RL; we used one sequence
with relevant clinical parameters to test the influence of
both parameters. This function helped us to choose
GRAPPA parameters for typical clinical examination
with the realistic chance of acceptable image quality. Of
course, it does not necessarily mean that exactly the
same function of the artifact power would be observed
with other sequence parameters. Generally, sequence pa-
rameters including slice orientation influence the SNR of
reference lines and together with the used reconstruction
algorithm (GRAPPA in our case) they set the final
amount of artifacts in the image. Since dramatic progress
has been seen in the field of reconstruction algorithms
for parallel imaging during the last years, we can expect
a certain dependence just on the program used (even the
software version) and the manufacturer. Our results of
the phantom study should mainly emphasize the nonlin-
ear and more complex behavior of the artifact power
function with the choice of PPA parameters.

Confirming previous examinations, we also found a
decrease in SNR and an increase in artifact power with
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Fig. 10 Standard deviation maps from images acquired using 
i-PAT coil without (left) and with GRAPPA technique (right).
Slightly higher deviation level (about 11%) also with an increase
of artifacts can be seen in GRAPPA maps

Fig. 11 Comparison of BOLD activation by right hand finger tap-
ping for all our volunteers is shown. In all cases, a clear increase
of the number of statistically significant voxels is demonstrated if
the i-PAT coil is used (middle column). However, in four cases a
reduction of the number of active voxels was observed using 
i-PAT and GRAPPA combination (right column)



enlargement of the AF. As the artifact power also de-
pends on the number of RLs, a combination of a higher
AF with a higher number of RL measurements seems to
be more effective in artifact reduction than a lower AF
with a lower number of RLs in the case of a similar re-
duction of measurement time.

The loss of image quality can be critical, especially in
clinical applications dealing with fine structures such as
MRA, and therefore we chose this method to find a real-
istic set of PPA parameters to shorten the measurement
time while still keeping an acceptable diagnostic quality.
Using the GRAPPA mode and a combination of AF=2
and RL=40, we were able to achieve high-resolution
TOF MRAs of a similar quality as in conventional imag-
ing, but with a 30% reduction of measurement time. A
similar result was reported using a SENSE 3D TOF tech-
nique [12]. As in the phantom studies, a further time re-
duction severely increased the artifact power, and diag-
nostic intracranial TOF MRAs with a 50% time reduc-
tion could not be achieved.

Because of the optimistic reports concerning CE
MRA quality in cardiac and peripheral artery imaging [1,
13], we examined four patients with suspected sinus
thrombosis with a 3D FLASH sequence, i-PAT coil and
GRAPPA mode, but a rather low time resolution of 6–9 s
per data set. The resulting venograms were superior in
contrast and space resolution to our usual phase contrast
angiograms and allowed the diagnosis of a hypoplasia
versus occlusion of a transverse sinus in one case. This
application may turn out to be a further true i-PAT
coil/GRAPPA advantage.

Scan time requirements to visualize cerebral artery
dynamics similar to DSA still remain a great challenge,

and we were not able to achieve a clinically useful com-
promise between time and spatial resolution. An excep-
tion may be the imaging of slow flow, e.g., within (par-
tially coiled) aneurysmal sacs [14] or the demonstration
of high-grade stenoses with turbulent flow as in carotid
bifurcation imaging using SENSE [15] in the extra-cra-
nial region.

Acquisition speed is also very important in such ap-
plications as fMRI, diffusion or perfusion imaging. Since
these methods use mostly EPI sequences today, there is
an intrinsic limitation in spatial resolution, and also im-
ages are strongly influenced by the susceptibility effect.
This is unfortunately in strong contradiction to clinical
demands for diffusion tensor imaging and MR tractogra-
phy where high spatial resolution and no image distor-
tions are needed. One approach could be to use the
HASTE sequence instead of EPI [16]. However, parallel
imaging can overcome these limitations or at least im-
prove the situation, because shorter echo-train length
(ETL) of EPI sequence leads to susceptibility artifact re-
duction. But the reduction of the susceptibility sensitivi-
ty because of shorter ETL can modify the BOLD sensi-
tivity in fMRI studies and also the reduction of SNR, and
an increase of the amount of artifacts proper to PPA can
eventually diminish other advantages of parallel imaging
in combination with fMRI.

As predicted by the authors in [5], susceptibility arti-
facts were decreased in EPI-based GE sequences as they
are used for perfusion and BOLD imaging. However, we
could only confirm this expectation if the combination of
AF=2, RL=64 was used, but higher AF paradoxically did
not have such a positive influence. In our “in vivo” stud-
ies, we could observe a clear reduction of susceptibility
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Fig. 12 An example of time-
resolved CE MRA in a subject
with normal cerebral veins.
Comparison of a standard PC
MRA and b CE MRA demon-
strates the superior quality and
vessel visibility of CE MRA



artifacts and image distortions when a SE EPI sequence
with GRAPPA was used for diffusion tensor imaging.
Obviously, BOLD imaging should also profit from this
improvement, but we can report a strong increase of ac-
tivity detection mainly because of the surface coil prop-
erty of the i-PAT array. On the contrary, the use of the
GRAPPA technique also led to a slight decrease of the
activation. We can speculate that there could be perhaps
two reasons explaining our results: (1) a decreased SNR
and maybe also (2) the fact that all reference lines are ac-
quired before fMRI measurements (during rest condi-
tion). Therefore, a major field of future application
might be imaging of cerebral activation in an event-relat-
ed design where high temporal resolution is needed. A
similar successful application of the SENSE variant
(PRESTO-SENSE) of the parallel acquisition technique
with reduction of measurement time has been reported
by Golay et al. [17] and de Zwart et al. [18].

Conclusion

Apart from cardiac and peripheral vascular imaging, the
newly designed i-PAT coil offers some advantages also
in neuroradiological applications. Being an eight-channel
surface coil array, peripheral cortical structures profit
from high SNR as high-resolution imaging of small cor-
tical dysplasias and functional activation of cortical areas
imaged by BOLD contrast. The additional application of
a parallel acquisition technique such as GRAPPA can de-
crease measurement time in the range of about 30%
without the clinically unacceptable expense of SNR.
This technique performs best in conditions in which im-
aging speed is important, such as CE MRA, and also in
BOLD contrast imaging in which susceptibility artifacts
are reduced, but only if an appropriate combination of
acceleration parameters is used.
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