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Abstract

Blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI) is
commonly performed using 2D single-shot echo-planar imaging (EPI). However, single-shot EPI
at 7 Tesla (T) often suffers from significant geometric distortions (due to low bandwidth (BW) in
the phase-encode (PE) direction) and amplified physiological noise. Recent studies have suggested
that 3D multi-shot sequences such as PRESTO may offer comparable BOLD contrast-to-noise
ratio with increased volume coverage and decreased geometric distortions. Thus, a four-way
group-level comparison was performed between 2D and 3D acquisition sequences at two in-plane
resolutions. The quality of fMRI data was evaluated via metrics of prediction and reproducibility
using NPAIRS (Non-parametric Prediction, Activation, Influence and Reproducibility re-
Sampling). Group activation maps were optimized for each acquisition strategy by selecting the
number of principal components that jointly maximized prediction and reproducibility, and
showed good agreement in sensitivity and specificity for positive BOLD changes. High-resolution
EPI exhibited the highest z-scores of the four acquisition sequences; however, it suffered from the
lowest BW in the PE direction (resulting in the worst geometric distortions) and limited spatial
coverage, and also caused some subject discomfort through peripheral nerve stimulation (PNS). In
comparison, PRESTO also had high z-scores (higher than EPI for a matched in-plane resolution),
the highest BW in the PE direction (producing images with superior geometric fidelity), the
potential for whole-brain coverage, and no reported PNS. This study provides evidence to support
the use of 3D multi-shot acquisition sequences in lieu of single-shot EPI for ultra high field BOLD
fMRI at 7T.
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INTRODUCTION

Functional magnetic resonance imaging (fMRI) at very high fields (7 Tesla (T) and beyond)
should provide new information about brain function because of the increased signal-to-
noise ratio (SNR) obtainable, coupled with an increased sensitivity to blood oxygenation
level dependent (BOLD) signal changes (Ogawa et al., 1993; Gati et al., 1997). However,
high field imaging also suffers from challenges such as the detrimental effects of larger-
scale variations in magnetic susceptibility (Jezzard and Balaban, 1995) and less uniform
radiofrequency (RF) fields (Vaughan et al., 2001). The advantages and constraints of
different imaging methods are likely to be quite different at higher versus lower fields, and
thus the temptation to adopt and translate methods that worked well at lower fields without
re-evaluating other potential approaches should be avoided. In order to realize the full
potential of higher fields, the questions of what are the optimal ways of acquiring and
processing fMRI data to produce the highest quality activation maps need to be addressed.
The pulse sequence commonly used to acquire functional images with T,™-weighting at 3T
and below is 2D single-shot echo-planar imaging (EPI) (Mansfield, 1977; Mansfield et al.,
1994). Advantages of 2D EPI include high efficiency in terms of SNR per unit time,
immunity to some subject motion, and excellent BOLD sensitivity (Duyn et al., 1996).
Disadvantages include geometric distortions in the presence of off-resonance effects (due to
low bandwidth (BW) in the phase-encode (PE) direction) (Jezzard and Balaban, 1995) and
the predominance of extraneous temporal variance from physiological processes (Weisskoff
et al., 1993). Physiological noise is often proportional to the MR signal (Raj et al., 2000;
Kriger and Glover, 2001), so it is amplified with increasing By and counteracts gains in
BOLD contrast-to-noise ratio (CNR) provided by the use of ultra high field magnets
(Triantafyllou et al., 2005). Triantafyllou et al. (2006) proposed mitigating the relative
importance of physiological noise by acquiring data at a high enough resolution so that the
temporal SNR is dominated by thermal noise. BOLD CNR may then be significantly
increased by smoothing images to the desired resolution instead of directly acquiring voxels
matched to the lower resolution. However, acquiring single-shot echo-planar images with ~3
mm3 voxels at 7T (Triantafyllou et al., 2005) for the sole purpose of mitigating the relative
importance of physiological noise has four drawbacks: (1) the longer echo train required to
traverse more of k-space further decreases BW in the PE direction, thereby amplifying
geometric distortions; (2) the long echo train increases the minimum possible TE, which
needs to be decreased at higher fields (typically at or slightly below T,") to maximize
BOLD contrast (Menon et al., 1993) and avoid excessive signal dephasing; (3) the number
of slices that may be acquired within a typical volume acquisition time (VAT) of 1-4 sec
(for a block design paradigm) is significantly decreased, thereby making a high-resolution
acquisition strategy challenging for studies requiring whole-brain coverage; and (4) the high
gradients and slew rates required to mitigate the previous three challenges increase the
likelihood of undesirable peripheral nerve stimulation (PNS) (Reilly, 1989; Cohen et al.,
1990). Since the pulse sequence (and associated acquisition parameters) selected to acquire
functional data influences both the intrinsic quality of these data and the efficacy of post-
acquisition processing steps to further improve data quality, alternatives to 2D single-shot
EPI should be explored for ultra high field functional imaging.
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Single-shot EPI is efficient because all of 2D k-space (ky x ky) is acquired after a single RF
pulse (with a relatively large flip angle) and little of the time involved in image acquisition
is wasted. Alternatively, k-space may be acquired in two or more segments (so-called multi-
shot imaging) using smaller flip angles and shorter repetition times. As an example, a fast
low-angle shot (FLASH) sequence (Haase et al., 1986; Frahm et al., 1993) may be used to
acquire one line of k-space per RF pulse. The advantage of 2D FLASH over 2D EPI is its
relative immunity to off-resonance effects via accumulation of phase errors during the echo
train readout because only one ky, line is acquired per excitation. Extensions of 2D gradient-
echo EPI to three dimensions include 3D echo-volumar imaging (EVI) (Song et al., 1994;
Mansfield et al., 1995) and 3D EPI (Poser et al., 2010). The goal of 3D single-shot EVI is to
acquire all points in 3D k-space (ky x ky X k;) after a single RF excitation, thereby making it
the most extreme single-shot acquisition possible. The primary disadvantage of 3D EVI is
that its very long echo train makes it especially vulnerable to geometric distortions (due to
magnetic field inhomogeneities) in the second PE direction. The implementation of 3D EVI
would also be challenging for ultra high field fMRI given the issues of decreasing T," and
limitations imposed on gradient strength and slew rates to avoid PNS. In 3D single-shot EPI,
the same volume is excited multiple times and a single k-space plane (ky x ky) is acquired
after each excitation. 3D EPI benefits from volumetric averaging and the possibility of
parallel imaging in two directions, and has been recently demonstrated as a viable
alternative to 2D EPI for fMRI at 7T (Poser et al., 2010). Other methods have evolved in
recent years that in theory come close in terms of their efficiency, and make use of other
factors such as volumetric averaging to increase SNR. These 3D acquisitions can also
achieve high image rates by using small flip angles, short TR values, and parallel imaging.
One approach is a 3D multi-shot gradient echo acquisition, which has also been referred to
as fast field echo (FFE) imaging (van der Meulen et al., 1985, 1988). In 3D FFE, a volume is
excited and individual ky x ky planes are acquired in segments over multiple RF excitations
(using small flip angles and repetition times). A parameter that must be selected for such
sequences is echo train length (ETL), which determines the number of k-space lines
acquired after each RF pulse. At one extreme (ETL = 1) only one line of k-space is acquired
after an excitation, essentially becoming a 3D FLASH sequence (Koopmans et al., 2010). At
the other extreme (ETL = ky) the acquisition essentially becomes a 3D EPI. Another 3D
sequence that may be used is PRESTO (PRinciples of Echo-Shifting with a Train of
Observations) (Liu et al., 1993). The implementation of PRESTO is conceptually similar to
that of FFE with the addition of extra dephasing and rephasing gradients to form the echo
after a subsequent RF pulse (TR < TE). The benefit of echo shifting is a significant
shortening of the VAT, which results in the acquisition of more functional volumes per run.
Other alternative acquisition strategies employing small flip angles and short repetition
times have been investigated, and include transition band (Miller et al., 2003, 2007) and
passband (Bowen et al., 2005) steady-state free precession.

A recent 3T study by Neggers et al. (2008) found that 3D PRESTO implemented with
sensitivity encoding (SENSE) (Pruessmann et al., 1999; Golay et al., 2000) offered superior
BOLD CNR compared to 2D single-shot EPI. This result was attributed to improved
temporal efficiency because echo shifting and parallel imaging in two directions resulted in
the acquisition of four times as many functional volumes during each run. We have
previously reported the use of 3D PRESTO and FFE with moderate ETLs and high SENSE
factors to perform fMRI at 7T with high spatial and temporal resolution (Sexton et al.,
2010). The preliminary results (from four healthy subjects) demonstrated slightly higher
activation statistics for 2D EPI compared to 3D FFE at resolutions of 1.12 x 1,12 x 1.12
mm?3 and 1.67 x 1.67 x 1.67 mm3, and slightly higher statistics for 3D PRESTO compared
to 2D EPI at resolutions of 2.0 x 2.0 x 2.0 mm?3 and 3.0 x 3.0 x 3.0 mm? (Sexton et al.,
2010). Our current work builds upon these results by (1) implementing data-driven metrics
of prediction and reproducibility within a multivariate canonical analysis framework to
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optimally de-noise fMRI data acquired using 3D PRESTO/FFE and 2D EPI at high (1.19 x
1.19 mm2) and moderate (2.19 x 2.19 mm?) in-plane resolutions, and (2) comparing these
optimized data sets at the group level to demonstrate the potential benefits of using 3D
PRESTO and FFE in lieu of 2D EPI for BOLD fMRI at 7T. A criterion of maintaining
identical volume coverage for both in-plane resolutions necessitated partial brain coverage,
so a robust visual stimulus was used to elicit activation in the primary visual cortex.

Image Acquisition

A four-way comparison was performed between 2D single-shot EPI and 3D multi-shot
acquisition strategies at two matching in-plane resolutions. Table 1 presents the parameters
used for each acquisition strategy. The two k-space dimensions were 176 x 176 and 96 x 96,
which (for a 210 x 210 mm? field of view (FOV)) resulted in 1.19 x 1.19 x 2 mm3 and 2.19
x 2.19 x 2 mm3 voxels, respectively. 3D PRESTO? was well suited to acquire 96 x 96 k-
space. 3D FFE was used for 176 x 176 k-space because: (1) the implementation of PRESTO
for this matrix size would have increased the minimum possible TE to significantly longer
than what was desired (28 ms), and (2) if the ETL was reduced to compensate for the longer
individual echoes, then the VAT would have been increased unacceptably. (Alternative
implementations of 3D PRESTO are presented in the Discussion.) The TE and SENSE
reduction factor (R) (Pruessmann et al., 1999) were matched across all four sequences. A TR
of 2 s was selected for EPI, and the TR for FFE was set such that these three sequences had
the same VAT. For PRESTO, the shifting of the echo and matching it to 28 ms resulted in a
minimum VAT of just under a second; however, we elected to increase the VAT to 1 s to
make a 2:1 ratio of PRESTO to EPI volumes. The flip angle used was 125% of the
calculated flip angle (assuming T4 = 1.90 sec for cortical gray matter at 7T (Wright et al.,
2008)) to partially compensate for the “bulls eye” B4 profile that is known to produce lower
flip angles in the periphery of the brain (Vaughan et al., 2001). The volume coverage was
determined by the maximum number of slices obtainable with the high-resolution sequences
and kept constant across acquisition strategies. The ETL and resultant read/PE BWs are also
reported.

Twelve volunteers were studied under a protocol approved by the Vanderbilt University
Institutional Review Board. The twelve subjects (four males, 21-31 years; eight female, 19—
46 years; 29.8+8.8 years) completed eight functional runs (two runs of each of the four
acquisition strategies). Experiments were performed on a Philips 7T scanner with a
quadrature transmit coil and 16-channel receive-only head coil (Nova Medical, Wilmington,
MA). The scanner was operated with a maximum gradient strength of 33 mT/m and a
maximum slew rate of 166 T/m/s. The visual paradigm was a block design with four
segments of 24 s baseline (central fixation) and 24 s activation (stationary 8 Hz flashing
checkerboard wedge (22.5°) in the left visual field). A whole-brain functional localizer with
the same flashing checkerboard paradigm was used to both familiarize subjects with the
stimulus and facilitate slice placement for the main experiment. The localizer was a 3D
PRESTO sequence with the following parameters: FOV = 220 x 202 x 100 mm3, 40 slices,
2.29 x 2.29 x 2,50 mm3 voxels, TE = 24.54 ms, TR = 17.54 ms, 6 = 10°, R = 2.4 in first PE
direction and 1.5 in second PE direction (Rigta = 3.6), ETL = 13, VAT = 2.0 s. Functional
slices for the main experiment (12 x 2 mm thick = 2.4 cm coverage) were planned parallel to
the calcarine sulcus through the volume of maximal activation as identified by the localizer.
The shim volume covered the posterior third of all slices to avoid the frontal sinuses and
achieve a better shim in the occipital lobe. The whole-brain T;-weighted anatomical (1 x 1 x

I\what we refer to as simply ‘PRESTO’ has been called ‘PRESTO-SENSE’ by previous authors.
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1 mm3 voxels, 192 slices, TE/TR = 1.88/4.2 ms, 6 = 7°, R = 2.87, 7 min) was acquired
during planning of the functional slices. The four functional sequences (A, B, C, D) were
implemented with maximum spacing between repeated runs and different
(pseudorandomized) permutations across subjects with the goal of balancing the influence of
subject attention and fatigue across acquisition strategies. For example, the order of runs for
subject #1 was (Al, B1, C1, D1; A2, B2, C2, D2), the order of runs for subject #2 was (D1,
C1, B1, Al; D2, C2, B2, A2), and so on.

Data Processing

NPAIRS

The workflow for data processing and analysis was automated using software written in
Matlab (MathWorks, Natick, MA). Preprocessing was performed using AFNI (Cox, 1996).
Binary masks of the brain were created (3dAut omask) for each functional run using an
iterative algorithm (3dCl i pLevel ) to select a threshold separating brain from background
noise. Each mask was visually verified to retain cortical gray matter, and voxels included
only in both masks (for each pair of runs) that were also within the shim volume were
retained for subsequent analyses. The masked functional data were spatially smoothed
(3dmer ge) with seven full-width-at-half-maximum (FWHM) kernel sizes (7, 9, 11, 13, 15,
17, 19 mm) in the range of values appropriate for group analyses (Strother et al., 2004; Mikl
et al., 2008). Each subject’s anatomical volume was transformed (3dwWar p, @uto_tlrc)
into MNI space (ICBM-152); the same transformation parameters were then applied

(adwar p) to masked functional volumes, resulting in 2 x 2 x 2 mm3 voxels in MNI space.
MRIcron (http://www.cabiatl.com/mricro/mricron) was used after transformations to
visually verify the good overlay of functional data on the anatomical within the shimmed
region. Although numerous post-acquisition algorithms and techniques to improve data
quality are available (Strother, 2006) and could have been used, this study focused on the
effects of spatial smoothing and estimation of the intrinsic data dimensionality (discussed in
the next section) because these two steps have been shown (Strother et al., 2004; Yourganov
etal., in press) to be crucial in optimizing the fMRI data-processing pipeline.

The quality of fMRI data was evaluated via data-driven metrics of prediction and
reproducibility using NPAIRST (Non-parametric Prediction, Activation, Influence and
Reproducibility re-Sampling) (Strother et al., 2002,2010). Reproducibility (r € [0,1])
measures the similarity (Pearson correlation coefficient) of activation maps generated from
two independent data sets, and is monotonically related to the global (statistical parametric
map) SNR (r — 1 as SNR — 00) (as defined in Strother et al., 2002;LaConte et al., 2003).
Prediction (p € [0,1]) originates from the field of statistical learning theory and evaluates the
degree (e.g., posterior probability) to which a trained model can assign correct class labels
(e.g., ‘baseline’ and ‘activation’) to an independent test set. Since the current study has only
two classes, p € [0.5,1] where the lower bound represents the probability of randomly
assigning a correct class label (50%). For EPI and FFE data, 79 volumes were assigned to
either ‘baseline’ or ‘activation’ after discarding the first 2 volumes (approaching steady-state
magnetization) and 15 transition volumes (between baseline and activation); similarly for
PRESTO data, 158 volumes were retained after discarding 5 initial volumes and 29
transition volumes. Each pair of runs (with identical acquisition parameters) was grouped as
a session to create four sessions per subject (one for each acquisition strategy) and twelve
sessions per acquisition strategy (one for each subject).

The implementation of NPAIRS used principal component analysis (PCA) as an initial
feature selection step to capture functional connectivity through the covariance structure,

TNPAIRS is freely available at http://code.google.com/p/plsnpairs
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resulting in 1,896 principal components (PCs) for EPI/FFE (12 subjects x 79 retained
volumes / run x 2 runs) and 3,792 PCs for PRESTO (12 subjects x 158 retained volumes /
run x 2 runs). A denoised subspace consisting of 30% of these PCs was retained for the
subsequent split-half resampling and canonical variate analysis (CVA). For each acquisition
strategy, the re-sampling process split the twelve sessions into two equal groups of six (with
amaximum of 12C¢ / 2 = 462 possible splits). A second PCA was performed on the
independent groups for each split, and a variable number of PCs were used for each CVA —
effectively implementing a penalized discriminant analysis (PDA) with subspace size as the
penalizing hyperparameter (e.g., Kustra and Strother, 2001). Ideally only the PCs that
represent variance due to group BOLD signal changes would be retained for the PDA (i.e.,
PCA denoising and penalization); however, selecting an appropriate number of PCs through
analytical or empirical estimates (Hansen et al., 1999) is a non-trivial task: too few PCs fail
to properly capture the true complexity of BOLD signal changes (excessive bias) whereas
too many PCs include extraneous noise (excessive variance) (Geman et al., 1992) in the time
series (Yourganov et al., in press). This study considered 52 inclusive ranges of PCs (1-2,
1-3, ..., 1-49, 1-50, 1-75, 1-100, 1-150) to investigate all lower PCs that could contain
BOLD-related variance, and the effect that including each additional high-order PC has on p
and r. All possible splits (462) were considered for PC ranges up to and including 1-20 (for
EPI) or 1-50 (for FFE/PRESTO), and 50 splits were used for all higher PC ranges to control
total computation time. For each split, reproducibility was calculated on the composite
activation maps from the two independent groups, and prediction was the mean
classification accuracy achieved when the statistical model was trained using the first group
and tested on the second, and then trained using the second group and tested on the first.
Reported values for prediction and reproducibility were the median prediction and
reproducibility across all split-half samples.

Each (prediction, reproducibility) pair, (p,r), reflects the end result of all (acquisition and
processing) pipeline choices, including any interactions between parameters and/or steps, for
a given range of PCs. Noiseless fMRI data with a perfect model would be mapped to
(p=1,r=1). If equal weightings are given to prediction and reproducibility, as is done in this

study, then the Euclidean distance (1 =r"+(1 = P)” petween (p,r) and the optimal point at
(1,1) may be minimized to select an appropriate number of PCs for each acquisition-
processing pipeline.

Figure 1 presents unprocessed anatomical and functional images from one representative
subject. Fig. 1A is the high-resolution anatomical corresponding to the middle (seventh)
functional slice (parallel to the calcarine sulcus). The rectangle depicts the approximate
placement of the shim volume through this slice (to achieve a good shim in the primary
visual cortex). Fig. 1(B—E) shows the middle functional slice from the first volume acquired
using: (B) high-resolution (HR)-EPI, (C) low-resolution (LR)-EPI, (D) FFE, and (E)
PRESTO. The outline of the brain (excluding dura, most notably in the anterior region) in
(A) is superimposed on each functional image to better visualize geometric distortions in the
PE direction (left to right). As predicted by their respective PE BWSs, the functional images
acquired using EPI exhibit more severe geometric distortions (both stretching and shearing)
than the analogous multi-shot approaches. A visual comparison between Fig. 1(B-E) and the
anatomical shows that: (1) the HR-EPI image has a left shift of ~3—4 pixels within the shim
volume and distortions on the order of a centimeter or more in anterior regions; (2) the LR-
EPI image has shifts of ~2—3 pixels within the shim volume and distortions akin to HR-EPI
outside the shim volume; (3) the FFE image has shifts of ~1-3 pixels within the shim
volume; and (4) the PRESTO image has shifts of ~1 pixel or less within the shim volume.

Neuroimage. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barry et al.

Page 7

Both 3D acquisitions also exhibit much less severe distortions outside the shim volume than
their 2D counterparts.

Figure 2(A-D) plots (p,r) for all 1,456 NPAIRS analyses (4 acquisition strategies x 7 spatial
smoothing (SS) kernels x 52 PC ranges). Line segments connect consecutive (p,r) points as
the PC range increases from 1-2 to 1-150. Each of these 28 curves (7 per subplot) depicts
the trajectory through (p,r)-space for a unique acquisition-processing pipeline, and has a
single point with minimal Euclidean distance to (1,1). This point is identified for each
trajectory and displayed in Fig. 2E. The number of PCs retained at the point closest to (1,1)
represents the optimal balance between bias and variance that jointly maximizes prediction
and reproducibility. Figure 2(Az—Dz) magnifies clusters in Fig. 1E for each acquisition
sequence in Fig. 2(A-D) to clearly show the SS kernel and number of PCs associated with
each point, and the relative distance between points.

Each point in (p,r)-space represents a unique activation map that reflects one of the 1,456
acquisition-processing-denoising pipelines, and an activation map constructed from one of
the 28 optimal (p,r) points (in Fig. 2E) is expected to be of the highest quality possible
(balancing bias and variance) for the specified acquisition-processing pipeline. Figure 3
displays group activation maps associated with optimal (p,r) (identified by arrows in Fig.
2(Az-Dz)) for data processed with the median SS kernel (13 mm FWHM). These maps are
presented with a common threshold of |z| > 5 and dynamic range from z = —6.670 (blue) to z
=18.99 (dark red). Very good agreement in both sensitivity and specificity is observed for
contralateral BOLD activation, as well as a robust ipsilateral ‘negative’ BOLD response
(Tootell et al., 1998;Shmuel et al., 2002;Smith et al., 2004).

Figure 4 presents six scatter-plot comparisons for the unthresholded data sets used to
generate Fig. 3: (A) HR-EPI vs. LR-EPI; (B) HR-EPI vs. FFE; (C) HR-EPI vs. PRESTO;
(D) FFE vs. LR-EPI; (E) PRESTO vs. LR-EPI; and (F) PRESTO vs. FFE. A point above the
line of unity reflects a voxel (within both image masks) exhibiting a higher group z-score
with the acquisition sequence labeled on the vertical axis than the acquisition sequence
labeled on the horizontal axis. For each comparison, the mean ratio of z-scores across highly
significant voxels (z > 7 in one or both of the acquisition sequences) may be used as a scalar
metric to quantify the increase in statistical significance for BOLD activation. For these
group analyses (using a SS kernel of 13 mm FWHM): HR-EPI has a 20.3% increase over
LR-EPI, a 19.8% increase over FFE, and a 15.1% increase over PRESTO; FFE has a 7.50%
increase over LR-EPI; and PRESTO has a 4.55% increase over FFE and a 9.73% increase
over LR-EPI. These six comparisons are repeated for each SS kernel and summarized in
Table 2. Across all seven kernels, HR-EPI exhibits higher z-scores in the most number of
comparisons (20), followed by PRESTO (15), FFE (4), and finally LR-EPI (3).

DISCUSSION

We have demonstrated the feasibility of using 3D PRESTO for BOLD fMRI at 7T using an
optimization and evaluation of functional data based upon NPAIRS metrics. Metrics of
prediction and reproducibility were employed to estimate the intrinsic data dimensionality
(number of PCs) for each acquisition-processing pipeline. Activation maps constructed with
optimized data showed very good agreement in sensitivity and specificity across acquisition
strategies. Voxel-wise comparisons within the intersecting region of active foci revealed
higher group z-scores for 3D PRESTO than 2D EPI acquired with ~2 x 2 x 2 mm?3 voxels.
In fact, LR-EPI produced some of the lowest z-scores overall, and outperformed only FFE
when a moderate SS kernel (7-11 mm FWHM) was used. This observation is particularly
interesting because single-shot EPI is still the pulse sequence of choice for most 7T fMRI
studies. The analyses of EPI data acquired at two resolutions (2.83 mm3 and 9.59 mm3) also
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confirmed previous work stating that amplified physiological noise at ultra high fields can
be mitigated by acquiring EPI data in a regime where voxels are dominated by thermal noise
(~3 mm3 at 7T) and then smoothing to the desired resolution to increase BOLD CNR
(Triantafyllou et al., 2005, 2006).

The use of low flip angles in PRESTO reduces the relative significance of physiological
noise. Similarly, for FFE, low flip angles and smaller voxels both contributed to the decrease
in relative contributions of physiological noise. BOLD CNR was then recovered through the
local spatial averaging of thermal noise (Lowe and Sorenson, 1997). The temporal
efficiency of PRESTO provided a further increase in statistical power because twice as
many functional volumes were acquired during each run.

A range of smoothing kernels was considered for this study because the optimal kernel
width for these data (as suggested by matched filter theory (Rosenfeld and Kak, 1982)) is
not known a priori, and previous reports have highlighted the benefits of using more than
one kernel width when analyzing and interpreting functional data (Poline and Mazoyer,
1994a, 1994b; Worsley and Friston, 1995; Worsley et al., 1996; Skudlarski et al., 1999;
LaConte et al., 2003; Shaw et al., 2003; Strother et al., 2004; Weibull et al., 2008). The
seven SS kernels spanned a range between what is typically used in the literature for group
analyses (~7 mm FWHM) to account for anatomical and functional heterogeneity across
subjects (Galaburda et al., 1990; Mikl et al., 2008) and group alignment issues (Hellier et al.,
2003), to what may be considered an upper limit (~19 mm FWHM) to maximize prediction
and/or reproducibility (Strother et al., 2004) (although Mikl et al. (2008) investigated
smoothing up to 30 mm FWHM). As per Table 2, the mean improvement in group z-scores
for PRESTO vs. LR-EPI monotonically increased from 3-4% (7-9 mm) to 24-26% (17-19
mm). A marginal improvement of ~3% may be expected for relatively narrow kernel widths
because the benefits of SS have not been fully realized (Strother et al., 2004; Triantafyllou et
al., 2006), but this improvement further increased to 7-10% for a moderate degree of
smoothing (11-13 mm). Group analyses such as these are performed in most heuroimaging
studies because they identify group-level activations that are expected to be representative of
the larger population. Single-subject analyses may also be performed to identify subject-
specific activation signatures; however, choosing an appropriate SS kernel size for
individual subjects is non-trivial because the optimal value has been shown to vary both
between subjects (Shaw et al., 2003) and between activated foci of different sizes within
subjects (Poline et al., 1997; McGonigle et al., 2000). Therefore, we expect that single-
subject analyses of high-resolution data (without group alignment) would yield optimized
pipelines at lower smoothing values down to and including no smoothing (Shaw et al.,
2003).

The ability to detect statistically significant BOLD signal changes that reveal new insight
into the functioning of the human brain is an unquestionably important criterion for any
fMRI study, and is the primary reason for going to higher fields (Ogawa et al., 1993; Gati et
al., 1997). Another very important consideration when selecting a pulse sequence and
associated acquisition parameters is the vulnerability of functional images to geometric
distortions. A well-known disadvantage of single-shot EPI is that it is highly susceptible to
image distortions (Jezzard and Balaban, 1995) that obscure the natural coupling between
functional activation and underlying anatomy. In this study, LR-EPI had a PE BW of 42.5
Hz. In comparison, the PE BW for PRESTO was 142.5 Hz — over 3.3 times higher than LR-
EPI. As illustrated in Fig. 1, this higher BW translated into pixel shifts that were less than
one-third as severe in PRESTO compared to LR-EPI, resulting in functional volumes with
superior geometric fidelity. The use of PRESTO to mitigate such distortions would also be
of particular importance for single-subject analyses where shifts of ~3 pixels in functional
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images can make gray matter activation appear in white matter or outside the brain when
overlaid on the underlying anatomy.

The fact that HR-EPI demonstrated the highest z-scores suggests that 2D EPI may still be
appropriate for some high-resolution fMRI studies (with ~1 x 1 x 2 mm3 or smaller voxels)
that require extra sensitivity to detect subtle BOLD signal changes. However, this
heightened sensitivity comes at the price of the lowest PE BW (20.0 Hz), resulting in the
worst geometric distortions of the four acquisitions strategies (as per Fig. 1B). In
comparison, the high-resolution implementation of 3D FFE had a PE BW of 42.6 Hz — over
2.1 times higher than HR-EPI. The extra sensitivity to BOLD changes may not be crucial for
paradigms that are known to produce robust activation (e.g., a flashing checkerboard wedge,
finger tapping, etc.), and thus trading extra sensitivity for increased geometric fidelity (as
per Fig. 1D) would certainly be a worthwhile consideration for many studies (e.g., polar
angle retinotopic mapping (Sexton et al., 2010)).

In addition to z-scores and geometric distortions, a tertiary consideration that should not be
overlooked is the likelihood that a pulse sequence will produce PNS (Reilly, 1989; Cohen et
al., 1990). Although not harmful, PNS should be avoided whenever possible because it
decreases subject comfort (increasing the likelihood of movement and reduced task
performance) and is clearly a complication for studying cognitive brain responses (e.g.,
associated with attention). The manifestation of PNS was described in the protocol and
verbally reinforced to each volunteer before being placed in the scanner. In addition to
having the most severe geometric distortions, HR-EPI was also the only acquisition
sequence that subjects reported experiencing some form of PNS.

As previously mentioned, one of the advantages of 3D acquisitions is the ability to perform
SENSE acceleration in both PE directions (e.g., Neggers et al., 2008; Poser et al., 2010).
However, it has been observed (Sexton, 2010) that a minimum volume coverage of ~80 mm
may be required to avoid excessively high g-factors (Pruessmann et al., 1999) when also
accelerating in the second PE direction. We therefore elected to apply SENSE acceleration
in only the first PE direction as this study had focal volume coverage (24 mm), although 3D
PRESTO with SENSE acceleration in both PE directions is certainly possible at 7T as
demonstrated by our whole-brain functional localizer.

It must be noted that we are aware of a recent claim that “PRESTO is not a viable option at
7T and higher particularly when high spatial resolution is desired, as the typically short TE
will not leave enough time for acquiring the shifted echo from the previous excitation”
(Poser et al., 2010). While it is true that the echo shifting places restrictions on the maximum
obtainable resolution for a desired TE, this point does not preclude the use of PRESTO at
ultra high fields. In this study, the k-space matrix size was increased from 96 x 96 to 176 x
176 for high-resolution acquisitions, which is more than a three-fold increase in the number
of k-space points. A shifting of the echo for this 176 x 176 acquisition (keeping all other
parameters constant) would have resulted in a minimum TE of 49 ms, which was too high
for our application; this is the reason why we switched to a 3D FFE. However, this does not
mean that PRESTO cannot be used for higher resolution applications: decreasing the matrix
size slightly to 144 x 144 (a 1.46 x 1.46 mm? in-plane resolution for our FOV, or a 1.33 x
1.33 mm? in-plane resolution for a 19.2 x 19.2 cm? FOV) with ETL = 11 and R = 3.41
would have resulted in a minimum TE of 29 ms (and VAT = 1.2 s), which is only 1 ms
longer than the TE used in this study and an acceptable value for gradient-echo fMRI at 7T.
Another important observation is that PRESTO was in fact able to achieve a minimum TR
of 12 ms, a minimum TE of 17 ms, and a minimum VAT of 527 ms for the 96 x 96 k-space
acquisition (keeping all other parameters constant). However, as a criterion of this study was
to keep TE constant across acquisition strategies, and the lowest TE achievable with the
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high-resolution acquisitions was 28 ms, we had to increase TE (and thus VAT) for the
PRESTO acquisition. It is therefore likely that the z-scores reported for PRESTO (although
on average already higher than LR-EPI) underestimate its full potential for this application
because nearly twice as many more volumes (a 3.80:1 ratio of PRESTO to EPI volumes)
could have been acquired if a shorter echo time had been used. This observation is attributed
solely to increased temporal efficiency through echo shifting because both sequences
utilized the same SENSE acceleration factor. Therefore, based upon the results presented
herein (and other unpublished observations), we disagree with the aforementioned claim and
believe that PRESTO has considerable potential for fMRI at field strengths of 7T and
higher.

Previous works have employed NPAIRS to analyze BOLD fMRI data acquired at 1.5T
(LaConte et al., 2003; Shaw et al., 2003, 2009; Evans et al., 2010) and 3T (Shaw et al.,
2003; Chen et al., 2006). This paper demonstrates the first use of NPAIRS to evaluate data
acquired at 7T. Furthermore, whereas previous methodological studies have investigated
PCA denoising (Andersen et al., 1999; Thomas et al., 2002), the acquisition-processing
pipeline without PCA denoising (Triantafyllou et al., 2006), and the processing-denoising
pipeline for a single acquisition strategy (LaConte et al., 2003; Shaw et al., 2003, 2009;
Strother et al., 2004; Chen et al., 2006; Zhang et al., 2009; Evans et al., 2010), we believe
that this paper is also the first investigation of simultaneously optimizing all three
components of the acquisition-processing-denoising pipeline. This is an important step
forward because these previous studies have shown that (1) interactions occur between
sequential steps in the pipeline, and (2) optimizing a subset of the pipeline will likely result
in a global pipeline optimization that converges on a local maximum. For example, if this
study had acquired data only using LR-EPI, then potential statistical gains offered by
PRESTO would not have been discovered. However, a key difference between data
acquisition and processing/denoising is that whereas data processing/denoising only requires
a computer and an arbitrary period of time to explore hundreds or thousands of processing-
denoising combinations, the acquisition stage of an fMRI study is typically limited to 30-45
min of useful scan time. Furthermore, as other preprocessing steps (e.g., to compensate for
physiological noise, geometric distortions, slice timing differences, and subject motion) will
be considered in future studies, it must also be noted that such algorithms have been
developed and validated primarily using 2D EPI data. The efficacy of most algorithms may
be unchanged between 2D and 3D data, but some algorithms may have specific design
assumptions related to the 2D acquisition that preclude their use on 3D data. Thus,
confirming the efficacy of certain preprocessing algorithms for use on 3D data, as well as
exploring potential interactions between sequential processing steps (Barry et al., 2010),
remain topics for further consideration.

Finally, this work utilized NPAIRS metrics to objectively estimate the intrinsic data
dimensionality for each acquisition-processing combination (Fig. 2E) by identifying the
(p,r) point with minimal Euclidean distance to (1,1). However, the (p,r) trajectories
presented in Fig. 2(A-D) possess rich and complicated structures that reveal similarities,
differences, and interactions across acquisition sequences, and suggest that selecting a single
point believed to be optimal is only part of a larger story. A detailed investigation of such
(p,r) trajectories is ongoing and will be presented in a future report.

CONCLUSIONS

This study provides evidence to support the use of 3D multi-shot acquisition sequences such
as PRESTO in lieu of single-shot EPI for ultra high field BOLD fMRI at 7T. Data-driven
NPAIRS metrics were used to estimate the intrinsic data dimensionality for each
acquisition-processing pipeline and thus provide an unbiased comparison between
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acquisition strategies. Although high-resolution EPI exhibited the highest group z-scores of
the four acquisition strategies considered, it came at the cost of significant geometric
distortions, limited volume coverage, and PNS. In comparison, 3D PRESTO also had high
z-scores (higher than EPI for a matched in-plane resolution), the potential for whole-brain
coverage, and no reported PNS — suggesting that it may be preferable to 2D EPI for whole-
brain fMRI at 7T. Future work will compare EPI and PRESTO for other paradigms under
the criterion of identical whole-brain coverage, as well as extend the methodologies to
include within-subject optimization, single-subject analyses, and Gaussian naive Bayes
classification.
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FIG. 1.

Images acquired from a representative subject. (A) High-resolution anatomical
corresponding to the middle functional slice (parallel to the calcarine sulcus). The rectangle
depicts the approximate intersection of the shim volume through this slice. (B-E): The
middle functional slice from the first volume acquired using (B) EPI with 1.19 x 1.19 x 2
mm?3 voxels, (C) EPI with 2.19 x 2.19 x 2 mm3 voxels, (D) FFE with 1.19 x 1.19 x 2 mm?3
voxels, and (E) PRESTO with 2.19 x 2.19 x 2 mm3 voxels. The outline of the brain
(excluding dura) in (A) is superimposed on functional images to better visualize geometric
distortions in the phase-encode direction (left to right) both within and outside the shim
volume for each acquisition sequence.
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FIG. 2.
(A-D): Plots of prediction vs. reproducibility (p,r) for images acquired using (A) EPI with
1.19 x 1.19 x 2 mm3 voxels, (B) EPI with 2.19 x 2.19 x 2 mm3 voxels, (C) FFE with 1.19 x
1.19 x 2 mm3 voxels, and (D) PRESTO with 2.19 x 2.19 x 2 mm3 voxels. All possible
combinations of 7 spatial smoothing kernel sizes (7, 9, 11, 13, 15, 17, 19 mm FWHM; see
legend in A) and 52 ranges of principal components (PCs) (1-2, 1-3, ..., 1-49, 1-50, 1-75,
1-100, 1-150) are considered, resulting in 364 (p,r) pairs for each of the four plots. In
theory, noiseless fMRI data with a perfect model would map to the point (1,1) in the top
right corner. Concentric dotted curves mark points that are equidistant to (1,1), and the
dashed line marks equal prediction and reproducibility (p = r). A very low number of PCs

Neuroimage. Author manuscript; available in PMC 2012 April 1.

Page 16
e B - o T T -t
FC=1-150 C'N’E =4l 1
e— ] N
o -
084 oy 2
5 . s <Az
<= /| 561
o U
- :; - FC=12
pr o > 078 .
o ¥] 1
Ao 2CL
o
£
PCaEt-150 07
g T =Dz
] | ar. . .
7 .
v'// .
; \ or- 3 .
/ . ® EPI <1212 mm -
/ =B cea] ® €M ~2xzmm’ |
=1 ¢ FFE 53142 may’ 1‘
* PRE 232 ma’ =2Cz
005 LI 1 e ¥ Tl | e =TS S !
063 o7 /2 0m 07 D78 na QR J3 08 D8
' ‘ REPRODUCEBUTY
mAZ ISLRE} “Bz 121
e
o e IR 1
l’f;:=‘-lf)(l - AL
= V= -
*T( " L] "
ey
_:;-—;’\'?_ = “TAY s
FC=1-2
o “308
] ”1‘0 w CZ DY (1) DZ
ra 9
PC=1-150
A n TR
¥ .’é—}-“- 30¢ 119
~* ',:":’- — "
o — e
PC=12
.0
we
100 74
b >l AR T



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Barry et al.

Page 17

(1-2 or 1-3) can result in high reproducibility but low prediction from artifacts, illustrating
why reproducibility alone is typically insufficient to identify the underlying dimensionality
of the data. Increasing the number of PCs has a similar impact on prediction and
reproducibility across kernel sizes and acquisition strategies: (p,r) increases toward (1,1) in a
complicated manner, achieves one or more points that are close to (1,1), and then
reproducibility decreases toward zero while prediction remains virtually unchanged. (E): For
each of the 28 curves in (A-D), the (p,r) point with the shortest Euclidean distance to (1,1)
is identified. (Az—Dz): The clusters outlined in (E) are magnified to better visualize the
relative distance between points. The two numbers beside each point denote smoothing
kernel size and number of PCs. The arrows and additional subplot labels (e.g., —3A)
indicate which four (p,r) points correspond to the four activation maps in Fig. 3.
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FIG. 3.

Group activation maps associated with optimal (p,r) (identified by arrows in Fig. 2(Az-Dz))
for: (A) high-resolution EP1 with PCs=1-12, (B) low-resolution EPI with PCs=1-10, (C)
FFE with PCs=1-10, and (D) PRESTO with PCs=1-13. Data were processed with a spatial
smoothing kernel of 13 mm FWHM. Maps are presented with a common threshold of |z| > 5
and dynamic range from z = —6.670 (blue) to z = 18.99 (dark red).
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Voxel-wise comparisons of z-scores for unthresholded activation maps in Fig. 3: (A) high-
resolution (HR)-EPI vs. low-resolution (LR)-EPI; (B) HR-EPI vs. FFE; (C) HR-EPI vs.
PRESTO; (D) FFE vs. LR-EPI; (E) PRESTO vs. LR-EPI; and (F) PRESTO vs. FFE. A
point (representing one voxel) above the line of unity reflects a voxel exhibiting a higher
group z-score with the acquisition sequence labeled on the vertical axis than the acquisition
sequence labeled on the horizontal axis, and vice versa.
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TABLE 1
fMRI acquisition parameters for four sequences.
SINGLE-SHOT MULTI-SHOT
pulse sequence 2D EPI 3D FFE 3D PRESTO
k-space matrix 176 x 176 96 x 96 176 x 176 96 x 96
voxel size (mm3) 1.19%x1.19x2 | 219x219x2 | 1.19x1.19%x2 | 219x219x2
# of slices 12
TE (ms) 28
TR (ms) 2000 | 44.45 22.22
vol. acg. time (ms) 2000 1000
# of volumes 96 192
flip angle (deg) | 17 12
SENSE factor (R) 3.2
echo train length 57 33 19 11
Freq/PE BW (Hz) 1474.6/20.0 1766.4 / 42.5 997.1/42.6 2930.4/1425

Neuroimage. Author manuscript; available in PMC 2012 April 1.

Page 20



Page 21

Barry et al.

‘palapisuod [auiay Buiyloows fenreds yoes 10 (O1STHd = d ‘T44 = 4 :1d3-Y1 = 31 ‘1d3-YH = JH) Jo1euILIousp ay) ul adusnbas
uonisinboe ay1 01 pasedwod Jorelswinu syl ul aduanbas uonisinbae ayy oj (1 < z) SjaxoA ueaiiubis Ajybiy ssoioe asealoul 9103s-z abejuadiad ues|p

NIH-PA Author Manuscript

o= | 16222 | 170=2 | scv=2 | cor=2 | 1ee=L | =2
d d d d d d d
por=E | eve=E | 621=2L | crr6=2E | og9=22 | gce=22 | 167=22
d d d d d d d
a1 a1 a1 a1 a q A
S o 8 NN () IV SOROR  ( IDRR O VD" 8 IO
ge=" | grI="s | ovI== | o= | o= | ser=1
=22 | goz=-L | ge1=-L | 1= | 091=L | cer=-L | pro1=-L
d an an an an an an
oc=-L | cor==L | oe1==L | g61==L | 91c=-L | z1e=-L | eep=L
an an an an an an an
01e=2E | zpe=E | 9er=TL | cor=ZE | pr11=TL | z=TL | eg1=L
an e a0 an ve af an
ww 6T wuw /T wuw ST wuw £ wuw TT ww ww /

¢3714avl

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2012 April 1.



