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BACKGROUND AND PURPOSE: Diffusion tensor magnetic resonance imaging (DTI) of the brain is
usually acquired with single-shot echo-planar imaging, which is associated with localized signal loss,
geometric distortions, and blurring. Parallel imaging can lessen these artifacts by shortening the length
of the echo-train acquisition. The self-calibrating parallel acquisition techniques, image domain-based
modified sensitivity encoding (mSENSE) and k-space-based generalized autocalibrating partially parallel
acquisitions (GRAPPA), were evaluated with DTI of the brain in 5 healthy subjects.

METHODS: GRAPPA and mSENSE with higher acceleration factors (R) up to 4 were compared with
conventional DTI (with and without phase partial Fourier, another method of reducing the echo-train
length) on a 1.5T Sonata scanner (Siemens, Erlangen, Germany). The resulting images and diffusion
maps were evaluated qualitatively and quantitatively. Qualitative analysis was performed by 3 review-
ers blinded to the technique using image sharpness and the level of artifacts as characteristics for
scoring each set of images. Quantitative comparisons encompassed measuring signal-to-noise ratio,
Trace/3 apparent diffusion coefficient (ADC), and fractional anisotropy (FA) in 6 white-matter (WM) and
gray-matter (GM) regions.

RESULTS: Reviewers scored the GRAPPA and mSENSE R � 2 images better than images acquired
with conventional techniques. FA contrast was improved at the GM/WM junction in peripheral brain
areas. Trace/3 ADC and FA measurements were consistent for all methods. However, R � 3,4 images
suffered from reconstruction-related artifacts.

CONCLUSIONS: GRAPPA and mSENSE (R � 2) minimized the susceptibility and off-resonance effects
associated with conventional DTI methods, yielding high-quality images and reproducible quantitative
diffusion measurements.

Parallel acquisition techniques (PAT), when combined
with single-shot echo-planar imaging (EPI) methods, can

ameliorate artifacts such as signal intensity drop-out, gross
geometric distortions, and blurring due to lengthy echo trains
and T2* decay associated with the EPI readout interval. In the
case of conventional diffusion-weighted EPI, such artifacts
lead to image degradation mainly at the base of the skull, in
infratentorial aspects of the brain, and around the auditory
canals or frontal sinuses, potentially impeding the accurate
detection of ischemic lesions in diseases such as stroke.1-4 Par-
allel imaging uses the spatial information from arrays of radio
frequency (RF) coils to perform some portion of the spatial
encoding normally accomplished by using gradients.5 The
benefits are accelerated image acquisition (ie, shorter echo-
train length for EPI) because of a reduction in the number of

phase-encoding steps that need to be acquired, diminution of
imaging artifacts, and resolution enhancement. A more com-
mon approach for accelerating image acquisition is the phase
partial Fourier (PPF) method,6 which samples k-space asym-
metrically and thereby decreases the amount of phase-encod-
ing steps required, albeit with artifacts incurred as a result of
phase errors and penalties in signal-to-noise ratio (SNR).
However, for both PAT and PPF, some SNR can be regained
by using shorter spin-echo times.7,8

The image domain-based technique sensitivity encoding
(SENSE),9 when used with single-shot EPI-based diffusion
tensor imaging (DTI) of the brain, yielded images with im-
proved spatial resolution and reduced geometric distortions at
1.5T (with R � 2)10 and 3T (with R � 2.4 and 3).7,8 These
aforementioned studies also used PPF of 60%– 80% with all
DTI scans. However, the impact of these SENSE-related ben-
efits on the quantitative measures derived from DTI [Trace/3
apparent diffusion coefficient (ADC) and fractional anisot-
ropy (FA)] was not determined relative to the conventional
DTI technique. Furthermore, to our knowledge, there are no
published systematic evaluations of the newer self-calibrating
parallel imaging methods, modified SENSE (mSENSE)11 or
the k-space-based generalized autocalibrating partially paral-
lel acquisitions (GRAPPA)12 with DTI. Like SENSE, mSENSE
accelerates imaging by undersampling k-space and generating
reduced FOV or aliased images. By using the spatial informa-
tion inherent in each receiver coil in the form of coil sensitivity
maps, the image reconstruction process then effectively un-
folds the aliased image.9,11 However, for SENSE, coil sensitiv-
ity maps are calibrated from a separate scan, whereas for
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mSENSE, sensitivity map calibration is performed by acquir-
ing extra lines within the accelerated acquisition itself that are
not included in the final image reconstruction, a property de-
fined as autocalibration. GRAPPA also employs autocalibra-
tion, but here the missing lines of k-space for final image re-
construction are calculated from the small amount of acquired
lines in the k-space domain, before Fourier transformation of
the data.12 Besides, in GRAPPA, the extra lines acquired for
coil sensitivity calibration can be integrated into the final re-
construction to reduce the effects of any residual aliasing arti-
facts that may be present.13,14

Previous studies comparing mSENSE and GRAPPA for
various applications other than DTI have concluded that
GRAPPA was superior to mSENSE in terms of image quality,
SNR, and restricting aliasing artifacts for true free induction
with steady-state precession (FISP) sequences in cardiac cine
imaging,15 and T2-weighted turbo spin-echo sequences in
lumbar spine imaging.16 However, 1 study noted significant
merits of mSENSE over GRAPPA with respect to image quality
and lesion conspicuity in the case of 3D volume-interpolated
breath-hold examinations for liver imaging.17 The purpose of
our study was to compare the qualitative aspects of the images
and quantitative diffusion parameters obtained with
mSENSE- and GRAPPA-based DTI with higher acceleration
factors (up to R � 4, no PPF) versus conventional DTI with
and without PPF. A rectangular FOV with right-left phase en-
coding was used to further reduce the echo-train length and
capitalize on shorter echo times for gains in SNR. We hypoth-
esized that both GRAPPA and mSENSE would improve the
conspicuity of detailed image features and generate more reli-
able quantitative Trace/3 ADC and FA values, especially in
regions compromised by the common EPI-related artifacts.

Materials and Methods
Images were obtained from a group of 5 healthy subjects (mean age,

28 � 3 years). DTI was performed on a 1.5T Magnetom Sonata scan-

ner (Siemens Medical Systems, Erlangen, Germany) equipped with

gradient coils producing maximal amplitude of 40 mT/m and slew

rate of 200 T/m/s. An 8-channel phased array RF coil (In Vivo, Or-

lando, Fla) was used with conventional DTI (R � 1) with and without

PPF, and mSENSE DTI and GRAPPA DTI without PPF (commercial

parallel imaging software, Siemens 2004A). Conventional single-shot

spin-echo diffusion EPI (R1-no PPF) used: TR/TE/NEX � 3.3 sec-

onds/107 ms/8; matrix, 96 � 128; rectangular FOV, 195 � 260 mm;

20 3-mm contiguous axial sections; bandwidth of 1446 Hz/pixel; echo

spacing of 0.8 ms; right-left phase encode direction; scan time, 3 min-

utes and 10 seconds.

The diffusion tensor was acquired with diffusion gradients along 6

noncollinear directions {b � 1000 s/mm2; (X, Y, Z) gradient direc-

tions � (1, 0, 1) (�1, 0, 1), (0, 1, 1) (0, 1, �1), (1, 1, 0) (�1, 1, 0)} and

one scan without diffusion weighting (b � 0 s/mm2, b0). DTI data

were reacquired for R1 with PPF (6/8) and R � 2, 3, and 4 for both

mSENSE and GRAPPA without PPF (24 reference lines). To better

compare results from the 2 image acceleration methods (ie, PPF and

parallel imaging), PPF was not incorporated with parallel imaging-

based DTI sequences. The geometric acquisition parameters, number

of averages (8), and TR (2.8 seconds) were kept constant for these

sequences, and TE was minimized for each value of R as shown in the

Table. The TR was kept constant to avoid any T1-discriminating ef-

fects that might arise from implementing an effectively lower TR for

the parallel imaging methods (R � 2– 4). TR could have been reduced

by 0.3– 0.8 seconds relative to R1-PPF. The constant number of aver-

ages permitted a clinically reasonable acquisition time for each se-

quence. A 2-L nickel-doped water bottle was used as an isotropic

phantom (n � 5). DTI measurements were repeated on a single vol-

unteer (n � 4) over a 1-week period to evaluate the stability of diffu-

sion metrics in vivo for conventional DTI and mSENSE- and

GRAPPA-based DTI. Trace/3 ADC and FA maps were generated us-

ing MRVision image analysis software (Winchester, Mass).

The b0 and b1000 images and Trace/3 ADC and FA maps of all 5

subjects were reviewed by a group of 3 experienced neuroradiologists

(D.J.E, S.N., T.Y.) blinded to the method used (GRAPPA, mSENSE,

R1-PPF, or R1-no PPF) and its acquisition parameters. A group con-

sensus was reached with regard to the quality of the images with each

set of images ranked from 1 to 4 (1 was the best and 4 was the worst).

Image sharpness and presence or absence of artifacts within the brain

were the 2 characteristics most useful in differentiating between im-

ages acquired with the different methods.

The SNR was calculated on b0 images according to a modification

of the dual acquisition subtraction method18,19 proposed by Reeder et

al20 for magnitude images acquired with parallel imaging. Two se-

quential acquisitions of identical images S1 and S2 were acquired in

this method. An estimate of the mean signal intensity was obtained

from a region of interest (ROI) from the sum of S1 and S2. The SD of

the difference within the same region of interest was obtained from

the subtraction of one image from the other. The SNR was calculated

according to

1) SNR �
mean�S1 � S2�

�2 SD�S1 � S2�

Due to the varying noise profile of accelerated images, the SNR, ne-

glecting the effect of autocalibrating lines, is given by9,20:

2) SNRPAT �
SNRfull

g �R

where SNRfull is the SNR of the conventional image, and g is the

geometry or g-factor that describes the noise enhancement across the

image for a given coil configuration. The g-factor depends on the

spatial location within the image, the R factor, and the geometric

properties of a specific coil array. Based on these features, the mea-

surement of noise in a region different from that of the signal intensity

measurement can lead to incorrect interpretations of regional SNR.

Acquisition times and echo times (TE) for conventional DTI with and without PPF and mSENSE- or GRAPPA-based DTI sequences with
varying acceleration factors (R)

Acceleration Factor

Conventional DTI (R � 1) Parallel Imaging with no PPF

With PPF (6/8) Without PPF R � 2 R � 3 R � 4
Acquisition time (minutes:seconds) 2:44 3:10 2:55 3:01 3:04
TE (ms) 82 107 81 76 71

Note:—TR was kept constant at 2.8 seconds for DTI with PPF and parallel imaging, whereas it was 3.3 seconds for DTI without PPF. DTI indicates diffusion tensor imaging; PPF, phase
partial Fourier; mSENSE, modified sensitivity encoding; GRAPPA, generalized autocalibrating partially parallel acquisitions.
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Region of interest analysis of 6 different regions per subject were

stratified according to their respective range of FA values into catego-

ries such as the major white matter (WM) tracts (genu and splenium

of corpus callosum, FA � 0.67– 0.76), subcortical WM (superior tem-

poral gyrus and middle temporal gyrus, FA � 0.44 – 0.47), and corti-

cal gray matter (GM) (GM regions adjacent to the 2 gyri mentioned

above, FA � 0.16 – 0.19). The ROI traces encompassed the full visible

outline of the structure on one 2D section and were cross-referenced

with b0 images to avoid inclusion of obviously visible CSF-filled

spaces. To account for effects of spatial warping primarily at the edges

of peripheral structures and at the basal levels of the brain, and to

avoid ensuing partial volume averaging with neighboring tissues, the

ROIs were consistently either repositioned or redrawn for images of

the conventional and parallel imaging methods. Paired t tests were

used for statistical analysis of SNR and Trace/3 ADC and FA obtained

from conventional DTI (R � 1) versus mSENSE DTI and GRAPPA

DTI. The reproducibility of quantitative diffusion for R1–PPF and

mSENSE R � 2 and GRAPPA R � 2 were assessed by repeated mea-

surements for a single subject over 4 scans and showed up to a 4%

variation in FA and 5% in Trace/3 ADC in the genu of the corpus

callosum (data not shown).

Results and Discussion
In the qualitative image analysis, the b0, b1000, and Trace/3
ADC images were evaluated as a group, whereas the FA maps
were evaluated separately. For the b0, b1000, and Trace/3 ADC
group, images acquired using mSENSE R � 2 were consis-
tently found to be the best in all 5 subjects, followed by those
obtained using GRAPPA R � 2 (both without PPF) (Figs 1 and
2). Images derived using R1-PPF and R1-no PPF were found
to be poorer in quality for all cases. GRAPPA and mSENSE
R � 2 images appeared sharper and were less vulnerable to
typical EPI artifacts and blurring observed in images acquired
with the more commonplace R1-PPF method (ie, “standard”

DTI). Results from evaluation of the FA
maps were less consistent and contrary
to that of the b0 and diffusion images
and Trace/3 ADC maps. FA maps of the
R1-PPF technique were found to be su-
perior in 4 of the 5 subjects. This tech-
nique generally provided the best overall
FA map of both subcortical and deep
WM in terms of sharpness and contrast
relative to the background GM. How-
ever, closer inspections of the FA maps
obtained with parallel imaging demon-
strated fewer distortions, especially for

basal structures and yielded better-defined WM regions as
seen on magnified sections of the FA maps. Our qualitative
findings are in good agreement with previous studies.7,10,21,22

Images acquired with higher acceleration factors (R � 3
and 4) suffered from pernicious reconstruction artifacts, such
as aliasing and structural noise enhancement as apparent in
the postprocessed Trace/3 ADC and FA maps (Fig 3), thereby
precluding their use for the previous qualitative analysis or the
subsequent quantitative analysis. Potential reasons for the
hindered performance of these techniques at higher R factors
relate to nonideal conditioning in reconstruction, leading to
localized noise enhancement in the unfolded images for
mSENSE or inaccuracies in calculations of missing k-space
lines, which generate aliasing in the case of GRAPPA.13 Fur-
thermore, in GRAPPA, incorporating a single-shot EPI cali-
bration scan (for derivation of coil weights) in the actual DTI
sequence, as opposed to performing a separate scan, may cause
artifacts because of an incompatibility with the applied diffu-
sion encoding gradients.5 Our results are specific to our cur-
rent implementation of parallel imaging, which is an evolving
field on its own, and vary from previous reports that have
demonstrated high-quality DTIs of the brain with SENSE R �
3,7,22 which, unlike mSENSE, obtains sensitivity maps from
separate calibration scans.

From a quantitative perspective, we observed elevations of
mean FA with R1-no PPF (0.05 � 0.01), mSENSE R � 2
(0.08 � 0.01), and GRAPPA R � 2 (0.07 � 0.01) relative to
R1-PPF (0.04 � 0.01) in an isotropic water phantom (Fig 4A).
However, Trace/3 ADC values in the phantom fluctuated to a
lesser extent (3%) when comparing R1-PPF to R1-no PPF and
GRAPPA R � 2, and comparing R1-no PPF to mSENSE and
GRAPPA R � 2 (Fig 4B). The elevations in FA encountered
with parallel imaging relative to conventional DTI are not un-
expected given the known noise-induced bias in FA quantifi-

Fig 1. Representative sets of b0 (T2-weighted), b1000
(isotropic diffusion weighted) images, and Trace/3 ADC
and FA maps of one inferior section (level of pons) from
one subject with conventional (R � 1), and mSENSE and
GRAPPA R � 2 based DTI. Compared with R1-PPF and
R1-no PPF, a reduction in distortions and off-resonance
effects (arrowheads) are apparent with images obtained
with mSENSE and GRAPPA R � 2 DTI. Although FA maps
obtained with R1-PPF were deemed to be the best in 4 of
5 subjects based on their higher SNR and smoother
profiles (qualitative analysis by neuroradiologists), closer
inspection showed that peripheral white matter structures
such as the middle temporal gyrus (magnified, below FA
maps) affected by the distortions with conventional DTI
were better resolved with the mSENSE and GRAPPA R �
2 based DTI methods.
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cation, particularly at low FA values.23 Fig 5 displays a plot
of mean relative SNR values (R2/R1-PPF) for the phantom
and 3 brain regions in 5 subjects. Although we expect only a
�2 loss in SNR with parallel imaging under ideal condi-
tions for g � 1.0,9 the steeper declines in relative SNR with
mSENSE and GRAPPA R � 2 are due to the higher SDs
(mSENSE � 17, GRAPPA � 15) relative to R1-PPF (�6)
measured in ROIs from the difference images of those
methods. This is a result of noise enhancement, which may
be a consequence of the variations in the g-factor owing to
coil configuration or section location with respect to ele-
ments of the coil array.9 Others have noted that enhancing
the distance between the phantom or subjects and the coil

elements can moderate the steep variance in coil-sensitivity
profiles proximal to the coil and limit errors in image re-
construction, thereby optimizing image quality and refin-
ing SNR.1 In our study, although this feature was easy to
implement for the smaller cylindrical phantom, it was not
feasible for an adult human head relative to the sensitive
volume of the coil (24 cm).

FA values in vivo remained fairly consistent for all acquisi-
tion methods, revealing small increases for the mSENSE R � 2
technique of up to 5% for the corpus callosum and subcortical
WM (Fig 4A). Using R1-PPF as the basis of comparison, the
Trace/3 ADC values were observed to fluctuate with decreases
(4%–17%) for R1-no PPF and increases (4%–7%) for the

Fig 2. Image sets (b0, b1000) and Trace/3 ADC and FA
maps of a middle section (level of corpus callosum) from
one subject with conventional (R � 1), and mSENSE and
GRAPPA R � 2 based DTI. Qualitative analysis of the b0
and b1000 images, and Trace/3 ADC maps indicated that
mSENSE and GRAPPA R � 2 DTI generated the sharpest
images and were more adept at handling spatial warping
effects seen in images of the R1-PPF and R1-no PPF
methods. Although FA maps derived from R1-PPF were
considered to be smoother because of their intrinsically
higher SNR in 4 of 5 cases, an in-depth comparison of
these maps to those obtained by using mSENSE and
GRAPPA R � 2 DTI showed that incorporating parallel
imaging allowed better visualization of thinner white mat-
ter tracts such as the middle frontal gyrus (magnified,
below FA maps).

Fig 3. Poor quality Trace/3 ADC and FA maps of one
middle section (level of corpus callosum) from one subject
using mSENSE and GRAPPA R � 3 and 4-based DTI. Maps
obtained from mSENSE R � 4, and GRAPPA R � 3, 4
suffered from reconstruction artifacts such as aliasing and
were not considered for quantitative analysis. Trace/3
ADC maps from mSENSE R � 3 revealed regions with
enhanced noise centrally and were also excluded from
further analysis.
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mSENSE R � 2 and GRAPPA R � 2 methods for the corpus
callosum, subcortical WM, and cortical GM areas (Fig 4B).
Although our normative FA values for R1-PPF based DTI
(the pseudo-“gold standard”) are in firm agreement with
those published previously,24 recent PAT-based DTI stud-
ies of the brain do not mention in vivo FA values,7,10,21,22

limiting our ability to draw comparisons between their data
and our mSENSE and GRAPPA R � 2 derived measures.
Mean SNR values measured by using the R1-PPF method
ranged from 35– 45 in the corpus callosum, subcortical
WM, and cortical GM. Overall, relative SNR (SNRPAT(R2)/
SNRR1-PPF) was reduced to a greater extent in central struc-
tures (such as the corpus callosum) compared with periph-
eral structures (such as subcortical WM) (Fig 5) and is
probably responsible for the small systematic changes in the
diffusion parameters obtained with parallel imaging. How-
ever, in a separate study in which we performed mSENSE
and GRAPPA R � 2 DTI with 16 averages and compared the
data with that from R1-PPF and R1-no PPF with 8 averages
in 4 subjects, the results were no different, suggesting that

alterations in Trace/3 ADC and FA are not entirely SNR-
dependent (data not shown).

Our choice of the right-left phase encoding direction
with a rectangular FOV of 75% enabled a faster k-space
traversal and reduction in echo-train length, which yielded
gains in SNR and marked reductions in geometric distor-
tions in the frontal regions of the brain that are synony-
mous with anteroposterior phase encoding with a square
FOV.1 Our results would translate well to single-shot, EPI-
based DTI at higher fields (3T and above) because the com-
mon EPI-related susceptibility artifacts and T2* blurring
seen here are more pronounced at high field and can be
minimized by use of parallel imaging.7,8 Furthermore, in
addition to gaining SNR from significant reductions in TE
as a result of the shorter echo-train length, parallel imaging
can confer enhancements in resolution (Fig 1 and 2) and
yield improved anatomic detail for more precise Trace/3
ADC and FA measures. Unlike earlier studies,7,8,10 our
study did not incorporate PPF into parallel imaging based
DTI for further comparisons. However, to test the effects of
PPF on PAT, we performed mSENSE and GRAPPA DTI
with 6/8 PPF (R/L phase encoding) for acceleration factors
up to 4 in 1 subject. The use of PPF resulted in a shorter TE
of 72, 68, and 67 ms for R � 2, 3, and 4, respectively. None-
theless, image and diffusion map quality, though acceptable
with R2-PPF, suffered from blurring and lack of sharpness
(data not shown) compared with the R2-no PPF images in
the present study. It is important to note that the differ-
ences between conventional and parallel imaging-based
DTI can be more dramatic when the image acquisition uses
purely axial sections rather than obliques, anteroposterior
phase encoding without rectangular FOV, larger matrix,
and fields higher than 1.5T.

Fig 4. Fractional anisotropy (FA) and Trace/3 ADC (B) values (mean � SD) for 3 brain
regions in 5 normal subjects using conventional DTI R1-PPF, R1-no PPF, and mSENSE and
GRAPPA R � 2 DTI methods. The dashed lines in A indicate FA values obtained with
conventional R1-PPF for different structures and help demonstrate the extent of variations
with measurements made by using other techniques. Although subtle differences are
evident, the values appear to be fairly consistent between parallel imaging and conven-
tional DTI. Values for mSENSE and GRAPPA R � 3, 4 methods are not shown because of
the poor quality of the maps. � indicates significant (P 	 .05) paired differences of R1-PPF
versus R1-no PPF, mSENSE R � 2, and GRAPPA R � 2 methods.

Fig 5. Relative (parallel acquisition technique [PAT] R � 2 / R1-PPF) signal-to-noise ratio
(SNR) measurements (mean � SD) of mSENSE or GRAPPA R � 2 for 3 brain regions in 5
normal subjects. SNR values were fairly close between mSENSE and GRAPPA R � 2
methods for the 3 structures evaluated. Relative SNR values were reduced by 25%–38%
and 8%–10% in the corpus callosum and subcortical white matter in the gyri. Cortical gray
matter demonstrated relative SNR values closer to unity with a higher percentage of error
(35%– 40%) in the measurements. Relative SNR values in the phantom decreased by 56%
and 62% for the GRAPPA and mSENSE R � 2 methods, respectively, in accordance with
theoretical considerations reflecting higher (
1.0) coil g-factors.9
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Conclusion
We have shown images and Trace/3 ADC and FA maps of
good quality with mSENSE and GRAPPA R � 2 based DTI at
1.5T. Improvements in FA contrast at borders between GM
and WM regions were primarily observed in peripheral brain
areas. Despite decreases in SNR, the parallel imaging methods
addressed issues of susceptibility and off-resonance artifacts
noted with conventional DTI (R1-PPF and R1-no PPF) and
yielded higher quality images. Quantitative Trace/3 ADC and
FA measurements were accurate and reproducible with both
parallel imaging methods with an acceleration factor of 2.
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