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In brain morphometry studies usingmagnetic resonance imaging, several
scans with a range of contrasts are often collected. The images may be
locally distorted due to imperfect shimming in regions where magnetic
susceptibility changes rapidly, and all scans may not be distorted in the
same way. In multispectral studies it is critical that the edges of structures
align precisely across all contrasts. The MPRAGE (MPR) sequence has
excellent contrast properties for cortical segmentation, while multiecho
FLASH (MEF) provides better contrast for segmentation of subcortical
structures. Here, a multiecho version of the MPRAGE (MEMPR) is
evaluated using SIENA and FreeSurfer. The higher bandwidth of the
MEMPR results in reduced distortions that match those of theMEFwhile
the SNR is recovered by combining the echoes. Accurate automatic
identification of cortex and thickness estimation is frustrated by the
presence of dura adjacent to regions such as the entorhinal cortex. In the
typicalMPRAGEprotocol, dura and cortex are approximately isointense.
However, dura has substantially smaller T2* than cortex. This informa-
tion is represented in the multiple echoes of the MEMPR.An algorithm is
described for correcting cortical thickness using T2*. It is shown that with
MEMPR, SIENA generates more reliable percentage brain volume
changes and FreeSurfer generates more reliable cortical models. The
regions where cortical thickness is affected by dura are shown. MEMPR
did not substantially improve subcortical segmentations. Since acquisition
time is the same forMEMPRas forMPRAGE, and it has better distortion
properties and additional T2* information, MEMPR is recommended for
morphometry studies.
© 2007 Elsevier Inc. All rights reserved.

Introduction and background

In multispectral brain morphometry studies using magnetic re-
sonance imaging (MRI), exact alignment of the multiple images
with different contrasts is critical. In particular, accurately segment-
ing structures based on multispectral data are greatly facilitated by

datasets in which the images have no differential distortion. That is,
any distortions that exist in an image are identical across the different
image contrasts. With appropriately chosen parameters, MPRAGE
(Mugler and Brookeman, 1990, 1991) (MPR) provides good con-
trast between gray matter (GM), white matter (WM) and cerebro-
spinal fluid (CSF) and this contrast derives predominantly from
tissue T1 differences. In multispectral protocols, sequences such as
T2-SPACE (Lichy et al., 2005) and multiecho FLASH (MEF)
(Fischl et al., 2004) provide additional contrast types, which can be
critical for accurately segmenting the boundaries of structures such
as the thalamus or the globus pallidum. However, the images re-
sulting from these sequences are differentially distorted because they
typically have different bandwidths. The MEF and T2-SPACE
bandwidths are both relatively high and can be matched so that the
resulting B0 distortions are the same, without sacrificing signal to
noise ratio (SNR). However, the MPR typically has a much lower
bandwidth so that the SNR is higher. A multiecho version of the
MPR (MEMPR) was therefore developed that allows bandwidth and
hence distortion matching with MEF and T2-SPACE, with no SNR
penalty because the SNR can be recovered by combining the mul-
tiple echoes. The MEMPR parameters can be chosen to produce
GM–WM–CSF contrast similar to the more standard single echo
MPR, while providing dramatically reduced B0 distortions that
precisely match the other scans. Furthermore, the T2* information
inherent in the multiple echoes of the MEMPR can be used to seg-
ment tissues such as dura that frequently confound cortical thickness
estimates in regions where dura and cortex are adjacent.

In this study, MEMPR and MPR are compared in the context of
brain morphometry and specifically evaluated for the purpose of
accurately estimating intracranial volume, cortical thickness and
volumes of subcortical structures. Numerous studies that rely on
accurate and undistorted MR images have been published. In par-
ticular, studies on aging and Alzheimer's disease concern regions of
the brain subject to susceptibility induced B0 field offsets. For
example, Raz et al. (1997) demonstrated changes in prefrontal GM
volume with aging (4.9% per decade) and a smaller effect with aging
on the inferior temporal cortex and the hippocampal formation
volumes (2% per decade). Accurate undistorted images are espe-
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cially important when subtle longitudinal changes must be detected.
Rodrigue and Raz (2004) observed that increased age-related
shrinkage of the entorhinal cortex is a sensitive predictor of memory
decline. They report an annualized percent change in entorhinal
cortex volume of 0.37%. Inferior prefrontal cortex is situated in a
region that is affected by susceptibility-induced distortions, while
the entorhinal cortex lies adjacent to dura that has the same signal
intensity in MPR images. Tisserand et al. (2004) observed age-
related longitudinal changes in prefrontal and medial temporal areas
and longitudinal cognitive decline associated with GM density
changes in these areas. Also between children and adolescents,
dramatic changes were observed in cortical thickness measurements
in parietal cortices (Sowell et al., 1999a). They attribute these
changes to regions on the border between GM and WM changing
from GM signal to WM signal in older subjects. They also observed
significant contrast changes in 0.014% of frontal lobe voxels, in-
cluding especially orbitofrontal cortex that lies in a region of sus-
ceptibility change (Sowell et al., 1999b). These authors used both
manual tracing and automatic segmentation methods. Regardless of
the method of analysis, consistent imaging across subjects and ses-
sions is critical in measuring these subtle changes.

Methods

Using higher bandwidth multiecho sequences instead of single
echo lower bandwidth sequences reduces B0-related distortions and
improves the reliability of morphometric measures. Signal lost due
to higher bandwidth can be recovered by averaging the multiple
echoes, or the individual echoes can be used in their native multi-
dimensional space to increase the separation of different structures
such as the pallidum and the putamen of the basal ganglia. In order to
evaluate the possible advantages of MEMPR for brain morphome-
try, we collected MEMPR and single echo MPR scans on twelve
subjects in each of two distinct Siemens (Erlangen, Germany) TIM
Trio 3 T systems using the standard 12-channel head matrix coil.
Two distinct scanners were selected to better assess the test–retest
performance of the sequences across scanning environments. The
protocols were exactly matched geometrically (including resolution,
matrix size and slab positioning) and matched as closely as possible
with respect to sequence timing so as to conserve contrast between
sequence types. Morphometric parameters were estimated using two
methods viz. SIENA (Smith et al., 2002) for overall brain volume
and FreeSurfer (Fischl et al., 2002) for volumes of segmented
structures and cortical thickness. The differences between sequence
types and test–retest reliability of these measurements were as-
sessed. The potential of MEMPR for use with an automatic algo-
rithm that distinguishes between GM and dura was also assessed.
These tissue types are difficult to disambiguate in regions such as the
medial temporal lobe, where they are adjacent and nearly isointense
on typical MPR images.

Protocol

The MPR parameters chosen for this study were selected to
maximize contrast betweenGM,WMandCSF at 3 T. A simple Bloch
simulation was used to estimate the smallest difference in expected
signal intensity (detected transversemagnetization) betweenWMand
GM across the spatial frequency range in the innermost phase en-
coding direction (the direction that is encoded over the period during
which themagnetization recovers after the inversion pulse) for a set of

test parameters and for approximate values of proton density (PD) and
T1 for humanGM andWM found in the literature (Peters et al., 2007;
Wansapura et al., 1999) (Table 1). The test parameters included
inversion time (TI), repetition time (TR), echo time (TE), delay time
(TD), flip angle and the number of innermost phase encoding steps.
Similarly, the smallest difference in expected signal intensity was
found for GM and CSF. The contrast to noise ratio (CNR) per unit
time for two tissue classes, denoted by a and b, varies with spatial
frequency n as follows:

CNRa;b n½ � ¼ jIa �n½ � þ Ia n½ � � Ib �n½ � � Ib n½ �j
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TI=TRO

p
where TRO is the readout time. The set of parameters P maximizing
the minimum WM–GM and GM–CSF contrast per unit time dif-
ferences (CNRPopt) across the spatial frequency range was found:

CNRPopt ¼ max
P

min
n

min CNRWM;GM
P n½ �;CNRGM;CSF

P n½ �
n o

where the vector P contained the following sequence parameters:

P ¼ TR TE TRO TI TD α�:½

A discrete subset of the space P was searched exhaustively to
obtain the optimal parameters: 3D MPR, TR 2530 ms, TI 1100 ms,
TE 3.37 ms, flip angle (α) 7°, 176 sagittal partitions, 2562 matrix,
1 mm isotropic resolution, bandwidth 195 Hz/px, total acquisition
time 10min 49 s. All parameters not included inP were kept fixed or
are irrelevant to the optimization. The optimum is approximate
primarily because T1 and T2 values vary across the brain and change
with age. The search did not explicitly include the total acquisition
time, but this is implied in the contrast per unit time optimality
criterion. The resolution was fixed to 1 mm isotropic because the
segmentation algorithms used are known to perform well with this
type of data (Smith et al., 2002; Fischl et al., 2002). Sophisticated
techniques such as point spread function modeling (Deichmann
et al., 2004) were not implemented in the optimization procedure. To
avoid potential complications in the analysis related to parallel
acceleration, we did not use this feature. However, it is recognized
that acceleration may result in a shorter, more practical protocol for
routine use. The ordering of the inner phase encoding (partition)
loop was linear, in the left–right direction. The direction of the outer
phase encoding loop was anterior–posterior, and the readout direc-
tion was superior–inferior. All excitation pulses were non-selective.
Peak gradient amplitudes were 20 mT/m, 20 mT/m and 28 mT/m,
and peak slew rates were 87 mT/m/ms, 87 mT/m/ms and 122 mT/m/
ms in the x, y and z directions, respectively. Images were recon-
structed with prescan normalization to correct for B1 inhomogene-
ities. Although its use may reduce motion artifacts (Howarth et al.,
2006), fat suppression was not applied.

Table 1
Approximate values for tissue physical parameters used in Bloch simulation
for sequence optimization (PD=proton density) at 3 T

T1 (ms) T2 (ms) PD (%)

Gray matter 1120 100 100
White matter 980 90 90
Cerebrospinal fluid 3500 200 110
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Similar parameters were used by Han et al. (2006) who demon-
strated that MPR performed better on cortical segmentation than
MEF, while MEF outperformed MPR on subcortical segmentation.
MEF bandwidth is typically around 650 Hz/px with 8 echoes,
resulting in 3.3 times less distortion due to B0 inhomogeneities than
MPR. To achieve the same distortion reduction with MEMPR, the
bandwidth was increased to 650 Hz/px, echoes were added, and the
SNR was recovered by combining the echoes to form one root mean
squared (RMS) volume. With 4 echoes, the TR, TI and partition
encoding time for the MEMPR was marginally longer than for the
MPR, resulting in similar WM–GM–CSF contrast. TI was increased
slightly to prevent inverted contrast at the first few encoding steps:
3D MEMPR, TI 1200 ms, TE 1.64+nΔTE ms (n=0,.., 3), where
ΔTE=1.86 ms or 2.95 ms (for bipolar or monopolar echoes, respec-
tively). Four variations on the MEMPR protocol were used, in which
the readout direction for all four echoeswas the same (MEMPR↑↑), all
reversed (MEMPR↓↓) and alternating (MEMPR↑↓ and MEMPR↓↑).
The other parameters, including total acquisition time (10 min 49 s),
were the same as for MPR. The acquisition time for a comparable
MEF is 15 min 6 s (the SNR would be higher due to the longer
acquisition time). For the chosen parameters of the MEMPR and
the gradient system used, the ramps and gaps between the readout
gradients occupy approximately 13.6% of the readout time for
alternating direction and 41.5% for fixed readout direction. The
MEMPR did not employ ramp sampling. The compromise between
bandwidth, number of echoes and echo spacing for these variations
resulted in total readout times (readout per k-space line multiplied by
number of echoes) of 5.13 ms and 6.14 ms for MPR and MEMPR,
respectively, slightly favoring MEMPR in terms of image SNR. The
echo spacing was 7.5 ms, 9.5 ms and 12.8 ms for MPR, bipolar
MEMPR and monopolar MEMPR, respectively, resulting in slightly
different contrasts for these three protocols.

To demonstrate potential improvement in morphometry with
MEMPR, we collected 6 scans on each of 12 healthy volunteers
(mean age 31 (23–41), 4/8 female/male) on each of two Siemens
TIM Trio scanners (mean time between sessions 24 (0–81) days).
The six scans included two single echo MPRs with positive and
negative readout directions (MPR↑ and MPR↓) and the four varia-
tions on the MEMPR (↑↑, ↓↓, ↑↓ and ↓↑).

AutoAlign (Benner et al., 2006; Van der Kouwe et al., 2005) was
used for all sessions, ensuring that the brain was centered in the
volume and oriented the same way for every scan of every subject.
As a consequence of this, part of the neck could easily and con-
sistently be eliminated by masking the same inferior part of each
volume for each subject. This preprocessing step ensured more
consistent and successful brain extraction by BET (Smith, 2002), a
subset of the SIENA processing.

Brain volume change analysis

For every pair of volumes that were compared, FLIRT (Jenkinson
et al., 2002; Jenkinson and Smith, 2001) was used to register the two
volumes to the halfway point between them, thus ensuring that both
volumes were affected equally by resampling. For each scan session,
every pair of a particular sequence type with opposite readout
directions (MPR↑/MPR↓, MEMPR↑↓/MEMPR↓↑, MEMPR↑↑/
MEMPR↓↓) was compared. In addition, all matching sequence types
were compared across the two scanners. SIENA was employed to
calculate the percent brain volume change (PBVC) across each scan
pair. Briefly, SIENA utilizes brain extraction and alignment by
segmenting the volumes to find brain/non-brain edge points, then

estimates the perpendicular edge displacement between correspond-
ing points for the two volumes (Zhang et al., 2001). In all cases, since
no true anatomical change is expected in the short interval between
scans, the correct PBVC is zero. Non-zero results are due to errors in
the PBVC estimate, attributable either to the scans themselves or to
the algorithm used to calculate the PBVC. Since the expected error
due to the algorithm is around 0.2% (Smith et al., 2002), errors in
excess of 0.2% may be assumed to be due at least in part to dif-
ferences in the images. Two ANOVAs were performed using the R
statistical environment (version 2.1.0) to assess the effects of subject,
sequence type and scanner on the PBVC between sequences with
opposite readout directions (to assess the extent of B0-related dis-
tortion on the PBVC) and between scanners (to assess test–retest
reliability of the various sequence types).

Cortical displacement

A complete FreeSurfer (dev 2007/04/09, dev 2007/11/28) (Fischl
et al., 2002) analysis of every halfway-resampled (using SIENA)
single MPR and MEMPR scan was also carried out. This analysis
included reconstructing models of the cortical surfaces, labeling
subcortical structures and estimating cortical thickness and the vol-
umes of subcortical structures. The cortical analyses for theMEMPRs
were also repeated after identification of dura from the cortical model
using the T2* information in themultiple echoes, as explained below.

For each pair of scans with opposite readout direction, Free-
Surfer (dev 2007/04/09) was used to calculate the distance between
the cortical surfaces (pial surfaces) at all points on the surfaces (i.e.
the displacement of the surface assuming that points that are closest
in the Euclidean sense correspond to one another). As was the case
for the PBVC, the surface displacements should also be zero and
non-zero results are attributable either to inaccuracies in the Free-
Surfer cortical modeling or differences in the surface positions as
represented in the images. Han et al. (2006) report that for a sample
size of seven subjects per group, a cortical difference of 0.2 mm
between groups can be detected. They report a point-wise standard
deviation of the measurement error of approximately 0.12 mm. The

Fig. 1. Partial axial slice through right side of brain showing cortex and
adjacent isotense dura (0.35 mm isotropic MPRAGE).
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pial surface displacements were averaged across subjects by map-
ping to a common spherical coordinate system (Fischl et al., 1999).

Cortical thickness correction for included dura

The T2* information encoded in the echoes can be exploited for
segmentation purposes. For example, a linear combination of echoes
can be calculated to optimize contrast between certain structures for
MEMPR in the manner of Han for MEF (Han et al., 2006). A
particular problem with conventional MPR is that there is little
contrast between cortex and dura, and automatic cortical segmenta-
tion algorithms may include dura in their estimates of the cortical
ribbon in certain regions (Fig. 1). Dura has substantially shorter T2*
than cortex, which can be used to identify it if data can be acquired at

longer echo times (e.g. TEN5 ms). These echo times unfortunately
reduce typical T1 contrast between GM and WM, and shorter TEs
are typically used in standard MPR imaging.

The surface deformations used to model the pial surface in Free-
Surfer are carried out by the minimization of a constrained energy
functional with the typical data fidelity and smoothness terms, as
described byDale et al. (1999) and Fischl andDale (2000). In order to
avoid contaminating the pial surface representation with meningeal
tissue, the appearance of which is extremely similar to GM on a
typical T1-weighted image, we added an additional data term to the
energy functional. Specifically, a term is included to prohibit the pial
surface from entering image regions in which the ratio of the image
intensities in the first echo to the last echo is large. This ratio is a
simple way to enhance T2* weighting, as the change between these
echoes will be large only in regions with short T2*, such as dura (at
3 T, T2* of durawas found by directmeasurement for a few examples
to be below 20 ms while for GM it was found to be between 40 ms
and 60ms). Using the initial GM/WMsurface estimate, themean and
variance of theGMcontainedwithin the cortical ribbon are computed
by sampling the ratio image 0.5 mm to 1 mm out from the GM/WM
border. The distribution of ratio values in the putative GM for a
typical subject is shown in Fig. 2. This distribution is modeled as
Gaussian, and a threshold is computed as two standard deviations
above the mean, which captures more than 97% of the ratio values
found in the gray matter. The term to prohibit the inclusion of dura
then shifts surface locations away from image regions in which this
ratio is above the threshold, by moving vertices in the negative of the
gradient direction of the ratio image until they fall below threshold. In
this way, the vast majority of the surface, which is not close to dura, is
unaffected by the surface correction.

The cortical surface models were constructed using FreeSurfer
with and without correction for dura interference, and the change in
cortical thickness between the models was calculated for each sub-
ject. The cortical thickness differences were averaged on the inflated
spherical surface in the same manner as for the cortical displace-
ments in the previous section.

Fig. 2. Histogram of ratio image values sampled 0.5 mm to 1 mm out from
the gray/white junction. The blue line indicates the μ+2σ threshold. Note
the Gaussian shape of the distribution.

Fig. 3. (Left) Comparison of percent brain volume change (PBVC) calculated by SIENA for 12 subjects on 2 scanners for MPR↑ vs. MPR↓, MEMPR↑↓ vs.
MEMPR↓↑ and MEMPR↑↑ vs. MEMPR↓↓. (Right) Comparison of percent brain volume change (PBVC) calculated for 12 subjects using 6 sequence types for one
Siemens 3 T TIM Trio vs. another. Note the scaling difference on the y-axes.
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Structure volumes and structure discriminability

FreeSurfer (dev 2007/11/28) was used to estimate the volumes of
a number of subcortical structures (Fischl et al., 2002), of which a
subset are considered here. The structures considered were the
cerebral white matter, cerebral cortex, lateral ventricle, inferior lateral
ventricle, thalamus proper, caudate, putamen, pallidum, hippocam-
pus and amygdala in each hemisphere. An ANOVAwas performed
using the R statistical environment (version 2.1.0) to assess the
effects of subject, structure, sequence type and scanner on the esti-
mated structure volumes.

Matlab 7.4 (The MathWorks, Natick, MA) was used to calculate
the SNR for the linear discriminant between chosen adjacent pairs
of subcortical structures using individual scans. Structures were

located using the automatic FreeSurfer labeling and masked from
the original volumes to obtain the intensity values for all voxels.
The automatic labeling from the same scan was used, i.e. the
segmented MPR was used to identify structures in the MPR and the
segmented MEMPR was used to identify structures in the matching
MEMPR. Since mislabeled voxels at the edges of regions could bias
the SNR results, the labeled regions were eroded by a single voxel
layer using the SPM5 (UCL, London) 3D erode function in Matlab.
Let v1 and v2 represent the vectors (N1×1 and N2×1 for the MPR
and N1×4 and N2×4 for the MEMPR) of intensity values for the
voxels in the two structures of interest (where N1 and N2 represent
the number of voxels in each of the two structures). Thenσ1 andσ2

are the covariancematrices for the two distributions (1×1 for theMPR
and 4×4 for the MEMPR), and μ1 and μ2 are the means (1×1 for the

Fig. 4. MPR↑ (top left), MPR↓ (bottom left), MEMPR↑↑ (top middle), MEMPR↓↓ (bottom middle), MEMPR↑↓ (top right) and MEMPR↓↑ (bottom right). All
images show white matter surfaces (green) and the two pial surfaces (red) calculated from both the images with opposite readout directions (top vs. bottom rows).

Fig. 5. Average displacement in mm between pial surfaces calculated from scans with opposite readout directions, displayed on right hemisphere rotated to show
cortex where B0 offsets are greatest. MPR↑/↓ (left), MEMPR↑↑/↓↓ (middle) and MEMPR↑↓/↓↑ (right).
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MPR and 1×4 for the MEMPR). The SNR for the optimal linear
(Hotelling) observer is then defined as follows (Duda et al., 2000):

SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ1� μ2ð Þ 1

2
s1 þ 1

2
s2

� ��1

μ1� μ2ð Þ0
s

This reflects the performance of the best linear discriminant that
separates the two distributions.

Results

Brain volume change analysis

SIENAwas used to calculate the PBVC between the pairsMPR↑/
MPR↓, MEMPR↑↑/MEMPR↓↓ and MEMPR↑↓/MEMPR↓↑. Fig. 3

shows the PBVC between the scans of a particular type with oppo-
site readout directions, pooled across subjects and scanners, and the
PBVC change across scanners for each sequence type, pooled across
subjects. Ideally the PBVC should be zero in both cases, as the
comparison is for the same brain. The ANOVA revealed that the
effect of sequence type on the PBVC between readout directions was
significant ( pb0.001) and the effect of subject on this difference
was also significant ( pb0.05), while which scanner was used did
not have a significant influence. A second ANOVA revealed that the
subject had a significant influence on the PBVC between scanners
( pb0.01), while sequence type did not. This may be because the
different sequences provide a differently biased but consistent re-
presentation of the brain volume across scanners, and subjects per-
form differently from day to daywith respect to their ability to remain
motionless in the scanner.

Fig. 6. First (top) and fourth (bottom) echo of MEMPR showing difference in T2⁎ contrast between dura and gray matter. In the first echo, as with single echo
MPR, gray matter and dura are approximately isointense. All images show white matter surfaces (green) and the pial surface calculated without dura avoidance
(yellow) and with dura avoidance (red).

Fig. 7. Average cortical thickness differences in mm due to dura correction for MEMPR↑↑ (left) and MEMPR↑↓ (right).
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Cortical displacement

Fig. 4 shows the 3 pairs of sequence types, with the calculated
pial and WM surfaces for the scans with opposite readout direc-
tions superimposed on both images. In the coronal view, the edges
of structures in the MPR image move by up to 3 mm whereas in the
MEMPR they move by less than 1 mm, as expected based on the
relative bandwidths (195 Hz/px vs. 650 Hz/px). The average dis-
placement of the surfaces across subjects is mapped to the cortical
surface and shown in Fig. 5.

Cortical thickness correction for included dura

Fig. 6 shows the first and fourth echoes for an area where dura
and cortex are adjacent and hard to disambiguate in a typical subject.
The cortical surface corrected after excluding dura is shown in red.

Fig. 7 shows the average shift in pial surface position across the
surface that results from the dura correction. Since theWMsurface is
unaffected by the presence of dura, and cortical thickness is the
distance between the WM and pial surfaces, cortical thickness is
directly influenced by changes in the location of the pial surface.

The dura correctionmethod relies on T2* differences between dura
and GM, and T2* is reduced in susceptibility regions. While the
overlap in Figs. 5 and 7may be partly due to this bias, visual inspection
of the corrected surfaces (see Fig. 6) reveals that dura lies proximal to
the cortex in the corrected regions and also in other regions where the
field is homogeneous but dura is thinner (e.g. superior medial). Fig. 8
shows the regions where the ratio image of the first to the fourth echo
of the MPRAGE exceeds the threshold for detecting dura (blue),
together with the uncorrected and corrected surfaces. In regions where
susceptibility changes are prominent and dura is present, such as the
medial temporal area, dura is eliminated from the surface, whereas in

Fig. 8. Coronal slices through medial temporal susceptibility region (left) and medial frontal susceptibility region (right) showing regions where the first to fourth
echo ratio image of the MEMPR exceeds the threshold for dura/non-cortex detection (blue pixels). The pial surface without dura avoidance is shown in yellow
and the pial surface with dura avoidance is shown in red. Dura is avoided in the medial temporal susceptibility region, whereas the surface is largely unaffected in
the medial frontal susceptibility area where dura does not interfere with cortex.

Fig. 9. Volumes of brain structures averaged across subjects and scanners for three sequence types. 1=cerebral white matter, 2=cerebral cortex, 3= lateral
ventricle, 4= inferior lateral ventricle, 5= thalamus proper, 6=caudate, 7=putamen, 8=pallidum, 9=hippocampus, 10=amygdala. Volumes are shown for left
hemisphere—right hemisphere was similar.
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susceptibility regions where dura does not interfere with cortex, such
as in the medial frontal region, the surface is unaffected.

Structure volumes and structure discriminability

Fig. 9 shows the volumes of ten selected brain structures estimated
using FreeSurfer and averaged across all subjects and both scanners

and separated by sequence type (but averaged across readout pola-
rities). Fig. 10 shows the differences in the volume estimated on one
scanner compared to the other, averaged across subjects and readout
polarities. The ANOVA showed that neither the effect of scanner nor
sequence type on the estimated volumes reached significance.

Fig. 11 shows the SNR for the linear discriminant for various
pairs of adjacent structures for the three sequence types, MPR and

Fig. 10. Volume differences between brain structures scanned between the two scanners, averaged across subjects, for three sequence types. Structure numbers
follow Fig. 9 and are for the left hemisphere. Left and right hemisphere results were similar.

Fig. 11. MPR andMEMPR (same, opposite direction readout) SNR values for linear discriminant between adjacent structure pairs. 1=white/gray, 2=white/thal.,
3=white/caudate, 4=white/putamen, 5=white/pallidum, 6=white/hippo., 7=white/amygdala, 8=gray/hippo., 9=gray/amygdala, 10=putamen/pallidum,
11=hippo./gray, 12=hippo./amygdala, 13=hippo./lat. ventr., 14=hippo./inf. lat. ventr., 15=amygdala/white, 16=amygdala/gray, 17=amygdala/lat. ventr.,
18=amygdala/inf.= lat. ventr., 19= thalamus/caudate, 20= thalamus/lat. ventr., 21= thalamus/pallidum.
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MEMPR (alternating and same readout direction pooled across read-
out polarities).

Discussion

Brain volume change analysis

The sequence type effect on PBVC is most likely due to the fact
that the lower bandwidth of the MPR results in larger distortions and
these distortions switch with readout direction. Therefore, the
calculated PBVC is larger for MPR than for the higher bandwidth
(and hence less distorted) MEMPR. In addition, the remaining B0-
related distortions appear to be mitigated by averaging alternate
echoes, resulting in lower PBVC for MEMPR with alternating
readout direction as compared to MEMPR with all readouts in the
same direction. The subject effect may be caused by some of the
subjects moving during certain scans as can be inferred by visually
inspecting the images and by individual anatomical differences
differentially affecting the extent of B0 inhomogeneity-related dis-
tortions and shimming differences. These scans were not removed
from the statistical analysis as their inclusion did not substantially
alter the significance of the effects, but the implication is that varying
amounts of subject movement during scanning may have a variably
significant influence on morphometry results for individual subjects.

The fact that sequence type significantly affected the PBVC
between scans with opposite direction while it did not significantly
affect the PBVC between scans with the same direction acquired
across scanners suggests that the estimate of brain volume varies
little across scanners (of exactly the same model) if the same
sequence type is used, and that a bias is introduced by sequence
type. The bias is smallest for MEMPR↑↓ where it becomes com-
parable to the variation across scanners—note the difference in the
scale of the two y-axes of Fig. 3.

Cortical displacement

The areas of cortex most affected by the change in readout
direction, as demonstrated by the displacement of the cortical sur-
faces, are the areas of greatest expected susceptibility change. The
effect is more pronouncedwith theMPR scan than with theMEMPR
scan. The displacements were smallest for the averaged MEMPR
with alternating readout direction. Cortical thickness estimates were
less affected than the absolute position of the surfaces. This is
because inhomogeneities in the B0 field vary smoothly over the
thickness of the cortex, causing the inner and outer surfaces of the
cortex to shift in the same direction, thus leaving the distance
between them relatively unaffected even though the absolute shift of
both surfaces may be on the order of millimeters (Fig. 4).

Structure discriminability

The discriminant results suggest that the power of FreeSurfer to
differentiate between adjacent structures using the multiple echoes
with additional implicit T2* information in the MEMPR is similar
and not substantially better than with MPR. While this relates to
the accurate definition of adjacent structures based on contrast as
well as the differential distortion properties of the sequence types,
the results of Fig. 10 comparing brain volumes ostensibly relate
only to the distortion properties of the sequences. However, be-
cause the volume estimates are calculated by FreeSurfer using the
RMS of the echoes in the MEMPR case, there is a slight difference

in contrast between the sequence types. MEMPR↑↓/↓↑ has longer
average TE than MPR, and MEMPR↑↑/↓↓ has longer average TE
still due to the larger echo spacing necessitated by the readout
rewinder. Therefore, the T2* weighting in the RMS increases
progressively across these sequence types. Also, slight differences
in TI and the total time allocated to phase encoding between
inversions results in subtly different T1 weighting. Nevertheless,
the preceding results combined suggest that the subcortical seg-
mentation accuracy based on MEMPR using FreeSurfer is similar
to that based on MPR.

General

The results show substantially reduced B0-related distortions for
MEMPR compared to MPR, resulting in more reliable PBVC
estimates using SIENA, especially if the readout directions for the
four echoes alternate. The displacement of the cortical surface due to
B0 distortions estimated using FreeSurfer was also the smallest with
MEMPR with alternating readout direction. Presumably alternating
the readout direction improves PBVC and cortical position estimates
because the true position of the cortex lies somewhere between the
positions represented by the images with opposite readouts and
therefore the blurred average better represents the true cortical po-
sition. As expected, the regions most affected are the temporal and
inferior prefrontal areas where the largest susceptibility changes
occur. Coincidentally, dura lies close to cortex in these same regions,
and dura correction with FreeSurfer resulted in the largest changes in
cortical thickness in a similar distribution of regions on the cortex.
Contrary to the case for cortical position, the effects on cortical
thickness were slightly greater whenMEMPRwith the same readout
direction was used. This is likely due to the fact that dura is thin and
even the small amount of remaining distortion with the high band-
width MEMPR results in incomplete overlap of dura in the images
with alternating readout direction and therefore a less accurate T2*
estimate and incomplete identification of dura.

Subcortical labeling using FreeSurfer was comparable for all
sequence types. Whether MPR or MEMPR performed better at
discriminating between adjacent brain structures, or consistently
estimating structure volumes between scanners, varied with struc-
ture and subject. Since FreeSurfer and the optimal contrast MPR
protocol evolved synergistically, there is a bias in favor of the MPR.
Also, the two MPR scans were collected before the four MEMPR
scans for all subjects and this may bias the results in favor of the
MPR since subjects may move more during later scans in a session
(all subjects had participated in previous MR studies). Nevertheless,
if the input to FreeSurfer is the MEMPR, the resulting performance
on subcortical segmentation is at least comparable. Based on the
results of Han et al. (2006), in which multiecho FLASH (MEF) was
shown to provide a better basis for segmentation than MPR for all
structures other than cortex, it might be expected that MEMPR
would substantially outperform MPR. However, it should be noted
that in this study only four echoes were collected with the MEMPR
whereas eight echoes were collected with the MEF, while the
bandwidth ratios were the same. Therefore, the MEF had a square
root of two advantage in SNR over the MEMPR. Also, apart from
the discriminability analysis, all other comparisons were carried out
using the RMS average and not an optimal linear weighting of
echoes. Ideally, the segmentation algorithm would operate on the
multiecho data directly, as any lower dimensional projection can
only increase the theoretically optimal error rate for the classifier, but
this is not yet the case. The MEMPR was developed partly with the
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aim of providing exactly registered multispectral data for segmenta-
tion purposes, where the definition of the edges of small structures is
important and must coincide across scans. Since the bandwidth of
the MEMPR can be matched with those of the MEF and the T2-
SPACE sequences, and PD, T1 and T2* can be estimated fromMEF
collected with multiple flip angles (Deoni et al., 2005, 2003), this
combination of sequences provides exactly geometrically matched
multispectral data (quantitative PD, T1 and T2* and optimal GM/
WM/CSF and T2-weighted contrast).

Possible drawbacks of MEMPR include sensitivity to eddy
currents, heating induced by rapid gradient switching, a high data
rate and the need for greater storage capacity. The effects of eddy
currents were not evaluated. Since gradient switching and data
acquisition are slower than for a typical EPI protocol, gradient
heating and data rate are not expected to be problematic at
moderate resolutions. The 3D multiecho reconstruction as
implemented requires that all volumes be held in memory
simultaneously. Therefore, the amount of memory could be
limiting for high resolution MEMPR acquisitions with large array
coils.

Conclusion

The acquisition times for MEMPR andMPR are equal. MEMPR
achieves the same “optimal” GM–WM–CSF contrast with reduced
distortion and comparable SNR and CNR. The MEMPR also pro-
vides additional T2* information, that may be used to segment dura
from cortex. The MEMPR bandwidth can be matched to other scans
in multispectral morphometry protocols so that the fine edges of
structures register precisely across contrasts. MEMPR provides
considerable benefits over MPR in morphometry studies, with few
apparent drawbacks.
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