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A B S T R A C T

The nuclei of the basal ganglia pose a special problem for functional MRI, especially at ultra-high field, because
T2* variations between different regions result in suboptimal BOLD sensitivity when using gradient-echo echo-
planar imaging (EPI). Specifically, the iron-rich lentiform nucleus of the basal ganglia, including the putamen and
globus pallidus, suffers from substantial signal loss when imaging is performed using conventional single-echo EPI
with echo times optimized for the cortex. Multi-echo EPI acquires several echoes at different echo times for every
imaging slice, allowing images to be reconstructed with a weighting of echo times that is optimized individually
for each voxel according to the underlying tissue or T2* properties. Here we show that multi-echo simultaneous
multi-slice (SMS) EPI can improve functional activation of iron-rich subcortical regions while maintaining
sensitivity within cortical areas. Functional imaging during a motor task known to elicit strong activations in the
cortex and the subcortex (basal ganglia) was performed to compare the performance of multi-echo SMS EPI to
single-echo SMS EPI. Notably within both the caudate nucleus and putamen of the basal ganglia, multi-echo SMS
EPI yielded higher tSNR (an average 84% increase) and CNR (an average 58% increase), an approximate 3-fold
increase in supra-threshold voxels, and higher t-values (an average 39% increase). The degree of improvement in
the group level t-statistics was negatively correlated to the underlying T2* of the voxels, such that the shorter the
T2*, as in the iron-rich nuclei of the basal ganglia, the higher the improvement of t-values in the activated region.
Introduction

Blood oxygenation level dependent (BOLD) fMRI is most commonly
performed using a gradient-echo echo-planar imaging (GE-EPI) sequence
at high (3T) or ultra-high field (�7T) for enhanced functional sensitivity.
In conventional GE-EPI sequences, the functional contrast depends on the
chosen echo time (TE). The maximum BOLD contrast occurs at the TE at
which the difference in the T2* signal decay of the oxygenated states of
hemoglobin is maximal. In a first approximation, this is achieved when
matching the TE with the effective transverse relaxation time (T2*) of the
underlying tissue (Gati et al., 1997; Triantafyllou et al., 2005). A
particular challenge for functional MRI of subcortical nuclei is the sig-
nificant regional variation in T2* that exists across different brain re-
gions, specifically between cortical and subcortical regions, i.e. T2* in
of Queensland, St. Lucia, QLD 4072 A
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subcortical nuclei is considerably shorter than in cortical regions (Sed-
lacik et al., 2014; Cohen-Adad et al., 2012; Deistung et al., 2013; Yao
et al., 2009).

The significant regional variation in T2* across different brain areas is
caused by two effects, i.e. (i) by tissue-intrinsic (microscopic T2 and
diffusion) as well as mesoscopic (smaller than voxel size, but larger scale
than microscopic) relaxation effects, and (ii) by macroscopic effects from
static field inhomogeneities (Yablonskiy, 1998). The macroscopic effects
are caused by magnetic susceptibility differences at the interfaces be-
tween tissue, air, and bone (Volz et al., 2009) or suboptimal shim settings
and can result in signal loss and image distortions. As these macroscopic
effects depend on acquisition parameters such as slice-thickness and
orientation, they can be partly reduced by optimizing a range of sequence
properties in a whole-brain (Weiskopf et al., 2006, 2007; Robinson et al.,
ustralia.
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2008) or in a slice-by-slice fashion (Brunheim et al., 2017; Stocker et al.,
2006).

While these techniques are well-suited to compensate for large-scale,
temporally static, and gradually changing susceptibility gradients in
space, they cannot compensate for microscopic and mesoscopic effects
caused by the high iron content within the basal ganglia nuclei (Gelman
et al., 1999; Ordidge et al., 1994), which lead to a short T2* in these brain
regions (Robinson et al., 2004; Schenck, 2003; Peters et al., 2007). The
reduced T2* then causes considerable signal loss in EPI images using a
single TE optimized for cortical regions (Berger et al., 2016; Koopmans
et al., 2011; van der Zwaag et al., 2009; Yacoub et al., 2001) as this TE is
usually much longer than the T2* of the basal ganglia nuclei at ultra-high
field (Cohen-Adad et al., 2012; Deistung et al., 2013). Hence it is
impossible for single-echo EPI to provide an optimal BOLD sensitivity for
the entire brain.

Multi-echo fMRI is a technique that has been shown to overcome
regional T2* variation and enhance functional sensitivity (Posse et al.,
1999). Multi-echo imaging involves collecting multiple sets of echoes at a
range of different TEs, which can then be combined to optimize func-
tional sensitivity in a voxel-wise manner depending on the optimal TE for
the underlying tissue. Applied to GE-EPI and in combination with parallel
imaging, multi-echo EPI has been shown to improve functional sensi-
tivity at both 3T (Poser et al., 2006) and 7T (Poser and Norris, 2009) with
larger improvements seen in regions suffering from
susceptibility-induced inhomogeneities. Here, we investigate the capa-
bilities of multi-echo imaging to compensate for the mesoscopic,
within-voxel inhomogeneities that occur in iron-rich subcortical nuclei
such as the basal ganglia while retaining high sensitivity in cortical re-
gions. In this study, we combined the multi-echo readout with a
state-of-the-art implementation of a simultaneous-multislice (SMS)
acquisition and reconstruction technique to obtain a sub-second volume
repetition time (TR) for whole-brain imaging.

Theory

Multi-echo imaging for fMRI

Multi-echo EPI is a functional imaging technique that can increase the
BOLD sensitivity while simultaneously reducing image distortions and
signal loss (Poser and Norris, 2009). In essence, multi-echo imaging in-
volves acquiring multiple echoes in one shot following a single RF pulse.
This opens up various possibilities for how to process the data and to
exploit the additional information that is obtained by simultaneously
acquiring the BOLD signal at different echo times. A straightforward
option is to combine the different echoes into a single image time series,
which can then be processed and analyzed in a conventional manner just
like a single-echo acquisition; this is the path chosen for the present
study. The change in T2* due to changes in blood oxygen level can also be
investigated directly by fitting a mono-exponential decay to the different
echoes (Speck and Hennig, 1998). Another option that has gained in-
terest recently is to use the multi-echo information for automatic
denoising with the MEICA technique (Kundu et al., 2017, 2013, 2012).
This method attempts to separate ‘BOLD like’ from ‘non-BOLD like’
signal components (and filter out the latter) by performing an ICA across
the spatial concatenation of the multiple echoes and then characterizing
their TE dependence as T2* induced (linear TE dependence, i.e. BOLD
like) or S0 induced (no TE dependence, i.e. artifact like). However, the
focus of this study was on BOLD sensitivity, and the ability of multi-echo
EPI to provide more uniform sensitivity across different underlying T2*
values; hence, we chose a form of weighted echo combination as
described below.

Echo combination using a weighted summation has been shown to
maximize the contrast-to-noise-ratio (CNR) by matching the weights
applied to images of different echo times to the bell-shaped BOLD
sensitivity curve (Posse et al., 1999). However, this requires the accurate
knowledge of the T2* values at each voxel location. An alternative
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strategy has been proposed by Poser et al. (2006), in which the different
echoes are weighted directly by their measured CNR. To avoid confounds
through task related signal changes, the tSNR needs to be estimated from
additional calibration scans. However, a simple average across the
different TE images outperformed the CNR-weighted average in regions
with short T2* (Poser and Norris, 2009), and a recent study by Kettinger
et al. (2016) has shown that all combination schemes perform equally
well. Here, we used the temporal average of the time series (AVG) instead
of the tSNR. The benefit of this weighting scheme is that the weights can
be directly estimated from the data and no additional calibration scans or
model assumptions are required. Importantly, changes in the signal due
to BOLD fluctuations (i.e. due to task or resting-state fluctuations) do not
influence the weights as they primarily affect the estimated variance, but
not the average.

wn ¼ AVGn⋅TEnP
AVGn⋅TEn

(1)

One potential limitation of multi-echo EPI is the prolonged readout
time, which is especially challenging for 7T-applications due to the short
T2* values in grey matter and subcortical nuclei in comparison to lower
field strength (Peters et al., 2007; Yao et al., 2009). However, parallel
imaging can be used to drastically reduce the number of phase encoding
steps, which in turn reduces the EPI readout time and simultaneously
increases the bandwidth in phase encoding direction to reduce image
distortions and blurring (Poser et al., 2006). This has enabled the suc-
cessful applications of multi-echo EPI at 7T to reduce artifacts and
enhance functional contrast (Poser and Norris, 2009). In a separate
development, SMS EPI (Feinberg et al., 2010; Setsompop et al., 2012)
based on earlier work by Larkman et al. (2001) and Breuer et al. (2005)
has brought the capability to significantly reduce the TR by acquiring
multiple slices at once; for a review on this topic see Barth et al. (2016).
In this study, we combine both the ME-EPI and SMS-EPI techniques,
which allows us to acquire multi-echo EPI with whole-brain coverage at a
temporal resolution of well below one second TR.
Motor cortex and basal ganglia

When performing complex motor movements, activity is elicited in a
wide network of areas including cortical motor areas and subcortical
nuclei of the basal ganglia and thalamus (Bednark et al., 2015; Cun-
nington et al., 2002; Lehericy et al., 2006). These subcortical nuclei
within the basal ganglia are known to be high in iron content. Early post-
mortem histological evidence showed that non-heme iron levels vary
throughout the brain with the highest concentration consistently found
within the basal ganglia, particularly within the lentiform nucleus that
contains regions of the putamen and globus pallidus (Drayer et al., 1986;
Hallgren and Sourander, 1958). These early findings have been
confirmed in-vivo through recently developed MRI techniques that form
susceptibility-weighted images sensitive to iron levels (Deistung et al.,
2013; Haacke et al., 2004, 2005; Schafer et al., 2012; Schweser et al.,
2011). While the high iron content of the basal ganglia can be exploited
for anatomical imaging to improve delineation of structural boundaries
(Abosch et al., 2010), it is highly detrimental for the functional contrast
necessary for fMRI. This is particularly problematic at highmagnetic field
strengths as the signal decays even more rapidly resulting in shorter T2*
and very little signal remaining at typically used TEs (Schenck, 2003).
Multi-echo EPI sequences may therefore be ideally suited to whole-brain
fMRI of complex motor movements at 7T, to improve the concurrent
imaging of cortical and subcortical areas that differ in underlying T2*
values and thereby to compensate for the signal loss typical seen in fMRI
of the basal ganglia.

Methods

To test whether multi-echo EPI can improve functional imaging of
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cortical and subcortical areas over single-echo EPI for a complex motor
task, we performed whole-brain fMRI during finger motor movements
known to elicit coordinated activity in primary motor cortex (M1), sup-
plementary motor cortex (SMA), and the basal ganglia. Data were
collected using both single-echo and multi-echo sequences for each
participant to allow direct comparison between MRI sequence types.
Participants

N¼ 10 right-handed participants (7 female) in the age range of 21–30
years (M ¼ 25.1, SD ¼ 3.6 years) with no history of neurological or
psychiatric diseases participated in this study. The experiment was con-
ducted with the understanding and written consent of each subject and
was approved by the local ethics committee and in accordance with
national guidelines.
Experimental design

Participants performed motor movements in response to visual cues
while inside the MRI scanner (Fig. 1). The visual stimuli were presented
on a projector screen at the back of the scanner, viewed from a mirror
mounted on the head coil. There were two experimental conditions,
simple and complex finger-movements, which both involved making
four-finger motor movements by pressing buttons in sequence on a four-
button response box with the index, middle, ring, and little fingers of the
right hand. Previous work has shown that this movement task elicits focal
clusters of differential activity in cortical motor areas and within the
basal ganglia (Bednark et al., 2015). The rationale was to therefore use
these two conditions to localize and then examine the responses in voxels
Fig. 1. For the simple movement condition (A) participants made four consistent medium l
movement condition (B) participants completed combinations of two short and two long but
condition changed with each presentation, while the stimuli in the simple condition remained th
with the stimulus presented for 2500 ms. Each run started with a rest block of 18s (C), followed
half the participants started with the complex movement condition. In total, six simple and six
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simultaneously activated in both cortex and subcortex under multi-echo
versus single-echo imaging sequences.

The motor responses in both conditions (i.e. simple and complex)
were self-paced and differed only in the duration of button presses. The
stimulus for the simple movement condition (Fig. 1A) consisted of four
equal sized and evenly spaced dashes. Subjects made four consistent,
medium length button presses with the same stimulus presented for each
trial within a simple block. For the complex movement condition
(Fig. 1B), the stimulus consisted of dots and dashes indicating button
presses of different durations, in a Morse code style. Dots represented a
short button press while dashes represented a long button press, with a
combination of two short and two long presses per presentation. There-
fore, there were six possible combinations of short and long button
presses for the complex condition. A single trial of either the simple or
complex movement condition involved the visual cue being presented for
2500 ms, followed by a fixation cross that was presented for another
500 ms, as shown in Figure 1. Subjects were instructed to complete the
movement before the next presentation of the fixation cross but to remain
consistent, taking up the entire available time to complete the movement.

The fMRI paradigm followed a block design consisting of three types
of blocks: simple movement, complex movement, and rest (Fig. 1C). Each
movement block contained six single trials (3000 ms trial length), in
which participants performed either the simple or complex movement,
resulting in a total block length of 18 s. In every complex movement
block, each of the six possible combination of short and long button
presses was presented once. Between complex movement blocks, the
order of presentation of the different combinations was randomized. In
the simple movement block, participants performed the simple move-
ment repeatedly. In the rest block, participants were instructed to
ength button presses corresponding to the four evenly spaced dashes. For the complex
ton presses corresponding to dots and dashes. Importantly, the stimulus in the complex
e same. For both simple and complex conditions, the fixation cross was present for 500 ms
by simple – complex – rest – complex – simple blocks for half of the participants. The other
complex blocks were presented per run, and each run lasted for 342 s.
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passively view the fixation cross.
For all participants, each fMRI run started with a rest block (Fig. 1C).

The order of the first presentation of each of the two following movement
conditions was then counterbalanced between participants. Specifically,
half of the participants followed the order of rest – simple – complex –

rest – complex – simple repeated, while the other half followed the order
of rest – complex – simple – rest – simple – complex repeated. An extra
rest block was also included following the final movement condition to
ensure the BOLD signal associated with the movement was acquired. In
total, each movement condition was presented six times and a full run
lasted of 342 s. Two functional runs were collected using each sequence
(i.e. single-echo and multi-echo) within the scan session, and the order
was counterbalanced with respect to acquisition sequence.

Before beginning the experiment, participants completed a training
run. The training was sufficiently short to ensure the complex movement
sequences were not learned, but participants were able to become
familiar with the visual cues, button responses, and requirements of the
task. This training took place either outside the scanner on a standard
desktop computer and keyboard or in the scanner before the first func-
tional scan.

Magnetic resonance imaging data acquisition

All images were acquired on a whole-body 7T Siemens Magnetom
MRI scanner (Siemens Healthcare, Erlangen, Germany) with a 32-chan-
nel head coil (Nova Medical, Wilmington, US). B0 shimming up to 3rd
order was employed to minimize field inhomogeneity. The single-echo
images were acquired using the CMRR SMS sequence implementation
(release 11a) (https://www.cmrr.umn.edu/multiband/). The multi-echo
acquisition used a SMS version of the multi-echo sequence described in
Poser and Norris (2009). When choosing the sequence settings, the
following key parameters were kept equal for both sequences to facilitate
the comparison: spatial resolution (to prevent tSNR changes through
differences in voxel volume), total scan time, in-plane acceleration factor
using GRAPPA (Griswold et al., 2002) and slice acceleration factor using
SMS (to obtain comparable image quality). SMS reconstruction was done
using the slice-GRAPPA technique (Setsompop et al., 2012) as imple-
mented in the CMRR sequence for the single-echo EPI, and the MGH
blipped-CAIPI SMS-EPI sequence (https://www.nmr.mgh.harvard.edu/
software/c2p/sms) for the multi-echo sequence. The CMRR imple-
mentation for the single-echo sequence was chosen as it is a
well-established, commonly used sequence for single-echo EPI (Van
Essen et al., 2013). It also offers increased reconstruction speed
compared to other sequences such as the single echo version of the
multi-echo sequence. The in-plane acceleration factor was selected based
on the multi-echo sequence to facilitate the acquisition of three echoes
with sufficiently short echo times. Further shortening of the EPI echo
trains was effected by use of phase partial Fourier (6/8) in the case of the
multi-echo sequence. The slice acceleration factor was chosen to provide
sub-second temporal resolution for whole-brain acquisition. Images were
acquired with axial slices covering the brain from the most dorsal cortex
to approximately midway through the cerebellum.

In detail, both sequences shared the following acquisition parameters:
isotropic voxel size ¼ 2.5 mm, matrix size ¼ 84 � 84,
FOV ¼ 212 � 212 mm, number of slices ¼ 48, flip angle ¼ 35�, GRAPPA
acceleration factor ¼ 2, SMS acceleration factor ¼ 4. The TE for the
single-echo acquisition was set to 23 ms, slightly shorter than the
measured optimum for 7T BOLD fMRI in cortical areas (Berger et al.,
2016; Koopmans et al., 2011; van der Zwaag et al., 2009; Yacoub et al.,
2001). The three echoes of the multi-echo sequence were acquired at
9.9 ms, 28 ms, and 45 ms. While resolution and acceleration factors were
equal for both sequences, the TRwas set to theminimal possible length to
maximize the number of acquired samples for a given run-length,
resulting in a TR of 589 ms for the single-echo sequence and 830 ms
for the multi-echo sequence.

For anatomical reference, a three-dimensional whole brain T1-
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weighted structural image was acquired for each participant using a
prototype MP2RAGE sequence (WIP 900) (Marques et al., 2010; O'Brien
et al., 2014) with the following parameters: TE ¼ 2.5 ms, TR ¼ 4300 ms,
flip angles ¼ 5� and 6�, inversion time ¼ 840 ms and 2370 ms, GRAPPA
factor ¼ 3, acquisition matrix ¼ 320 � 300 x 256 and an isotropic voxel
size of 0.75 mm.

Preprocessing

All MRI data preprocessing was performed using the AFNI analysis
package (Cox, 1996). Each functional EPI volume was registered to the
volume with the minimum outlier fraction (i.e. the volume that is least
different from all the others after detrending) to correct for head motion.
The subject's anatomical images were aligned with the functional data by
skull-stripping and then aligning the anatomical to the same EPI base
(with minimum outlier fraction) using AFNI's align_epi_anat.py script.
The functional data for each subject was transformed into a standard
space by computing the transform required to non-linearly warp the
subject's anatomical to match the Montreal Neurological Institute (MNI)
152 template at 0.75 mm isotropic resolution (Fonov et al., 2009) and
then applying this tranform to the functional data.

The initial preprocessing steps were performed identically for both
the single-echo and multi-echo data, with the only difference being that
there were three sets of images per run for the multi-echo data rather
than a single set per run as in the case of the single-echo data. As
described, a weighted summation based on the temporal average was
then used to combine the different echoes. To obtain estimates of T2*
values in cortical and sub-cortical regions, we performed a voxel-wise
linear fit on the logarithm across the three echoes for each subject on
the temporal average, assuming a mono-exponential decay and low noise
levels.

Single-subject analysis

All functional time-courses were scaled to percent signal change (i.e.
each voxel time series was scaled to have a mean of 100) before calcu-
lating a multiple linear regression. The regression model contained 2
regressors corresponding to each experimental condition (simple and
complex movement, Fig. 1C) generated by convolving the stimulus
timing of each condition with a canonical hemodynamic response func-
tion model. A further 6 regressors, estimated from the volume registra-
tion step and representing the participant's head movement during the
scan, were also included. From the calculated regression model, contrast-
to-noise ratio (CNR) was calculated on a voxel-wise basis for each con-
dition by dividing each voxel's beta or linear contrast value from the
general linear model analysis by the standard deviation of the residual
error of the time-series for that voxel. Results from the single-subject
regression analysis were then used in a second stage group analysis as
described below.

In addition to the task-based fMRI, resting state scans were acquired
for a single participant to assess the tSNR achieved with both sequences.
To this end, 50 volumes were collected at rest using each sequence, and
tSNR images were calculated by dividing the mean signal in each voxel
by its standard deviation across all 50 volumes. The tSNR was then
compared across regions of interest (ROIs) by calculating the average
tSNR of all voxels within each ROI.

ROIs for the tSNR analysis included cortical regions M1 and SMA as
well as the subcortical caudate nucleus (CN) and putamen (PUT) within
the basal ganglia. The cortical regions were defined using the Harvard-
Oxford atlas developed at the Center for Morphometric Analysis (CMA)
and distributed with the FMRIB Software Library (FSL) (Desikan et al.,
2006; Frazier et al., 2005; Goldstein et al., 2007; Makris et al., 2006).
This probabilistic atlas was thresholded at 33% and resampled to match
the resolution of the functional data (2.5 mm isotropic). For the
subcortical nuclei, the basal ganglia were first identified using a recently
published basal ganglia atlas derived from high-resolution 7T anatomical

https://www.cmrr.umn.edu/multiband/
https://www.nmr.mgh.harvard.edu/software/c2p/sms
https://www.nmr.mgh.harvard.edu/software/c2p/sms


A.M. Puckett et al. NeuroImage 172 (2018) 886–895
imaging (Keuken et al., 2014; Keuken and Forstmann, 2015). As this atlas
defines the striatum as a single ROI, the striatum was then manually
divided into the CN, PUT, and ventral striatum (VST) based on the
guidelines set forth by Tziortzi et al. (2014).

Group analysis

To construct group statistical parametric maps to examine effects
across all participants, mixed effects meta-analyses were performed using
AFNI's 3dMEMA (Chen et al., 2012). This program models both within-
and across-subject variability and therefore requires both the regression
coefficients or a general linear contrast among them as well as the
associated t-statistic from each subject. Being interested in the voxels that
respond differentially to the complex vs. simple movement conditions,
we used the general linear contrast between the two regression co-
efficients (complex – simple) and the corresponding t-statistics from each
subject to construct the group maps.

The mixed effects meta-analysis was first performed separately for the
single-echo and combined multi-echo data to construct sequence-specific
group maps. The overall extent of activation detected using the different
sequences was compared by counting the number of active voxels within
each atlas-based ROI for each sequence-specific group map. Voxels were
defined as active if they survived a threshold set to the false discovery
rate (FDR)-corrected q value of 0.05 (Genovese et al., 2002).

Next, those voxels within the atlas-based ROIs that were commonly
activated in both sequences, i.e. those showing a significantly different
response to the complex movement condition compared to the single
movement condition across both sequences, were identified. To this end,
data from both sequences were combined into one dataset and the same
mixed effects meta-analysis was performed. The rationale for not
including the entire structural ROIs was that only small regions within
the relevant basal ganglia nuclei were expected to show activation due to
the motor task (Bednark et al., 2015). Therefore, including all voxels
within a structural ROI for analysis would result in a very small effect
size, as the majority of voxels within the ROI would not show significant
activation. These functionally-defined ROIs were then applied to the
sequence-specific group maps to compare the t-statistic values measured
using each sequence across an identical set of voxels. These same ROIs
were also applied to group CNR maps constructed by voxel-wise aver-
aging of the individual subject CNR maps.

Results and discussion

tSNR in a single subject

tSNR images were computed for each sequence using the resting state
scans with an equal number of volumes from a single subject to illustrate
basic signal properties (Fig. 2A) (Welvaert and Rosseel, 2013) and indi-
cate the effect of weighting the first echo in the basal ganglia (Fig. 2B).
Figure 2A (top) shows a single axial slice of the tSNR images computed
for the single-echo data (left) and for the combined multi-echo data
(right). The slice shown intersects the BG (red arrows), and as expected,
although tSNR is high in the cortex, considerable signal loss can be seen
in the basal ganglia in the single-echo data. The combined multi-echo
data, however, suffers far less from this signal void, profiting from the
increased signal levels incorporated from the earlier echo. This is illus-
trated in the tSNR images (Fig. 2A, bottom) and echo weighting maps
(Fig. 2B) constructed separately for the individual echo data collected
with the multi-echo sequence. Note the increased contribution of the first
echo in the basal ganglia illustrated in the echo weighting maps.

To quantify the tSNR we averaged across all voxels in each ROI
(Fig. 2C) finding that the multi-echo sequence yielded higher tSNR in all
ROIs, both cortical and subcortical, with an average increase in tSNR of
84% in the basal ganglia ROIs. This was further supported by a paired-
sample t-test performed on the tSNR values across all voxels within the
ROIs, finding that the tSNR was significantly greater for the multi-echo
890
sequence (M ¼ 116, SD ¼ 42) than the single-echo sequence (M ¼ 70,
SD ¼ 25); t (6835) ¼ �114, p < 0.001. These results show that, as ex-
pected, tSNR of the multi-echo sequence is increased overall, partially
due to a longer readout; making better use of the ‘dead time’ after the RF
excitation is indeed one of the advantages of multi-echo EPI (Poser and
Norris, 2009).

When optimizing both sequences, we aimed to keep key parameters,
such as resolution, in-plane and slice acceleration factor, FOV and
reconstruction technique (Setsompop et al., 2012), equal to facilitate the
comparison and interpretation of the results. Note that the same flip
angle was also used for both sequences despite different TRs. While
image SNR strongly depends on the chosen flip angle with respect to the
repetition time, tSNR remains nearly constant across a broad range of flip
angles (Gonzalez-Castillo et al., 2011). Hence, we would not expect a
noticeable impact on the tSNR measurements due to using the same flip
angle at different TRs. Furthermore, reconstruction performance be-
tween the two sequences might differ slightly (e.g. g-factor related noise
amplification), similar to when comparing the same sequence with
different acceleration factors (Setsompop et al., 2012; Moeller et al.,
2010). This is related to variations in the sequence implementation and
the additional partial Fourier factor employed in the multi-echo acqui-
sition, and hence, could not be fully avoided.

Group statistical parametric mapping

Group t-statistic maps were computed separately for the single-echo
(Fig. 3A) and combined multi-echo (Fig. 3B) data to examine how the
spatial distribution and extent of the detected activation compared be-
tween the two sequences. Bilateral activation was detected in each ROI
for both sequences with the multi-echo sequence showing a greater
extent of activation in all ROIs except the SMA (Fig. 3C). Qualitative
comparison of the activation maps across sequences reveals the most
striking difference is in the area of the basal ganglia (Fig. 3A,B – green
arrows), with a much greater extent of activation and larger t-statistics
evident in the multi-echo data. For example, we observed about a 3-fold
increase in supra-threshold voxel in both the putamen and caudate nu-
cleus for the multi-echo sequence (Fig. 3C). In addition to the a priori
defined subcortical ROIs, significant bilateral activation was also detec-
ted in the thalamus (Fig. 3A,B – purple arrows). Although it is clear that a
greater extent of activation was detected in the region of the thalamus
using the multi-echo sequence compared to the single-echo, the re-
sponses in this region were not analyzed further. Recall that the group
activation maps in Figure 3 were constructed using the contrast between
the complex and simple movement conditions. Group activation maps for
the two movement conditions vs. rest are included as supplementary
material (Figs. S1 and S2) and, as expected, showed a much broader
extent of cortical activation similar to that elicited by a conventional
finger tapping motor paradigm.

Comparing activation parameters

To compare activation parameters across sequences and brain region,
we extracted these from an identical set of voxels within each
functionally-defined ROI (see Supplementary Fig. S3 for an illustration of
the ROIs). A 2-way repeated measures ANOVA was performed to test the
effect of sequence (single-echo, multi-echo) and ROI (M1, SMA, CN, PUT)
on the magnitude of the t-statistic associated with the linear contrast
between the two movement conditions (Fig. 4A). Mauchly's test revealed
that the assumption of sphericity was violated so the Greenhouse-Geisser
correction was used. A main effect was found for both sequence [F (1,
138) ¼ 111, p < 0.001)] and ROI [F (2.5, 340) ¼ 24, p < 0.001)] as well
as significant interaction between the two [F (2.6, 361) ¼ 46,
p < 0.001)]. The significant interaction indicates that the effect of the
sequence was dependent on the ROI. As can be seen in Figure 4A, it is
clear that the improvement in t-statistic provided by the multi-echo
sequence is greater in subcortical compared to cortical areas, with one



Fig. 2. (A) tSNR maps. Top, increased tSNR was found for the combined multi-echo acquisitions compared to the single-echo sequence. Red arrows indicate dark areas of signal loss in the
basal ganglia. Bottom, tSNR maps of each echo of the multi-echo sequence illustrating the relatively homogenous tSNR for the first echo and the signal loss in the basal ganglia at the later
echoes. (B) Weighting maps at the same slice for each echo (see Eq. (1)) with higher values for the first echo in the basal ganglia. (C) Average tSNR in each ROI showing the increased tSNR
for the multi-echo sequence. Error bars represent standard deviation of the tSNR across all voxels in each ROI.
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Fig. 3. Group activation maps displayed on a series of axial slices. (A) Single-echo and (B) multi-echo group t-statistic maps, both thresholded at a FDR-corrected q < 0.05. Top illustrates a
mosaic of slices across both cortical and subcortical ROIs. Bottom shows zoomed in version of two slices from the mosaic (denoted by red outline) showing considerable differences in basal
ganglia activation between the two sequences. Green arrows point to regions in the basal ganglia showing marked improvement with the multi-echo sequence. Purple arrows point to
significant activation in the thalamus, which, although not included in the subcortical ROI, also shows an improvement with the multi-echo sequence. (C) Number of functionally active
voxels detected (i.e. those surviving threshold) within each ROI.
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of the cortical areas (SMA) actually showing a decrease in magnitude of
the t-statistics when using multi-echo compared to single-echo data.
When interpreting the t-statistics results here and in Figure 3, it is
important to note that, when computing statistical maps on the single-
subject level prior to performing the group analysis, the degrees-of-
freedom differed between the two sequences due to the single-echo
sequence having a shorter TR (approximately 30% more volumes were
acquired using the single-echo sequence compared to the multi-echo
sequence). Hence, the improvement seen using the multi-echo
sequence is in spite of the advantage afforded by the faster TR of the
892
single-echo sequence.
To better understand the improvement in t-statistic afforded by the

multi-echo sequence, additional 2-way repeated measures ANOVAs were
performed to test the effect of sequence (single-echo, multi-echo) and
ROI (M1, SMA, CN, PUT) on the CNR (Fig. 4B). Again, a Greenhouse-
Geisser correction was used as Mauchly's test revealed that the assump-
tion of sphericity was violated. Amain effect was found for both sequence
[F (1, 138) ¼ 240, p < 0.001)] and ROI [F (2.2, 305) ¼ 210, p < 0.001)]
as well as a mild interaction between the two [F (2.0, 280) ¼ 3.5,
p ¼ 0.03)]. Inspection of Figure 4B reveals that the functional CNR was



Fig. 4. Comparing group activation parameters across sequence and brain region. (A)
Increase in mean t-statistic was observed in the putamen, caudate and in M1, with the
highest improvement in the subcortical nuclei. (B) Increased CNR values were found in all
ROIs. Error bars represent standard error of the mean.
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significantly higher for the multi-echo compared to the single-echo data
in all ROIs (p < 0.001). Together, these results demonstrate that increase
in CNR on the single-subject level can translate to an improvement in t-
statistics on the group level, with higher t-value gains in the subcortical
regions.

Relationship of sensitivity gains to T2*

The main goal of this study was to investigate the potential benefit of
using a multi-echo EPI sequence to improve the simultaneous imaging of
cortical and subcortical areas with different underlying T2* values. From
previous work, it was expected that multi-echo imaging would improve
image quality across the whole-brain, however, it was also predicted that
this improvement would be greater in iron-rich subcortical nuclei
marked by lower T2* values compared to cortical areas. In the previous
section, it was shown that improvement in t-statistic was indeed greater
in subcortical areas compared to cortical regions. To further examine this
Fig. 5. Improvement in t-statistic across brain regions. Main plot illustrates the voxel-wise comp
shows the average improvement (upper right) and T2* (lower right) in each ROI. Error bars re
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issue, T2* values were estimated at each voxel and then compared to the
degree of improvement in t-statistic provided by the multi-echo
sequence. As expected, the average T2* varied across ROIs with the
subcortical nuclei being marked by shorter T2* estimates than the
cortical areas [ROI (mean,SD): M1 (25.2, 3.7); SMA (30.9, 9.7); CN (18.3,
2.4); PUT (17.5, 2.9)]. Interestingly, these values are close to the T2*
values reported in (Peters et al., 2007), indicating that indeed the major
source of signal dephasing in the basal ganglia are microscopic and
mesoscopic susceptibility variations and not macroscopic field in-
homogeneities. Figure 5 shows that there is a distinct correspondence
between the T2* estimate and the improvement in t-statistic. It appears
that the improvement is greatest in subcortical regions with lower T2*
values relative to the cortical regions, with one of the cortical regions
(SMA) actually showing a decrease in the average t-statistic when using
the multi-echo sequence (Fig. 5). This relationship is further supported
by a significant negative voxel-wise correlation between the T2* estimate
and the improvement in t-statistic (r ¼ �0.2665, P < 0.001).

Conclusions and recommendations

This study demonstrates that multi-echo imaging can be used to
improve the concurrent functional imaging of the cortex and subcortex at
7T compared to conventional single-echo EPI. As predicted, the greatest
improvement in detecting activation was seen in the iron-rich, subcor-
tical nuclei of the basal ganglia. Importantly, this was achieved while
maintaining sensitivity to functional activity in the cortex although a
slight decrease in performance was seen in the supplementary motor
area. The improvement afforded by multi-echo imaging was achieved by
maximizing sensitivity to different echo times at each voxel through a
weighted combination of the multiple echoes. By combining multi-echo
imaging with an SMS acquisition scheme, it was possible to collect all
three echoes with whole-brain coverage at a temporal resolution well
below one second. Hence, themulti-echo SMS EPI sequence implemented
here is well-suited to serve a wide range of functional imaging
experiments.

One potential limitation for multi-echo EPI is the longer required
echo train length. Using moderate parallel imaging factors and a con-
ventional voxel size, we were, however, able to achieve sufficiently short
TEs for imaging the iron rich basal ganglia nuclei at 7T. When higher
resolution is required, one could either increase the acceleration factors
of the parallel imaging methods employed here or resort to alternative
acquisition schemes such as segmented Cartesian readouts (Hoogenraad
et al., 2000; Li et al., 2002) or multi-echo spirals (Barth et al., 1999).
Additionally, one could also further reduce the number of echoes,
essentially acquiring only one early and one late echo. Given that the
estimated average T2* in the Putamen was much higher than the first TE
of the multi-echo sequence, it might be possible to increase the resolution
and, thereby, lengthen the first TE and still obtain sufficient sensitivity in
arison between the improvement in t-statistic and an estimate of the underlying T2*. Insets
present standard error of the mean.
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the iron-rich basal ganglia nuclei.
While in this study the main focus was on increased sensitivity to the

BOLD signal, multi-echo EPI-based techniques to reduce noise contri-
butions from physiology are powerful means to further increase func-
tional sensitivity. For example, MEICA has been shown to reliably detect
and remove physiological noise from fMRI time series (Kundu et al.,
2012, 2013). Physiological noise (i.e. signal fluctuations in fMRI time
series associated with cardiac and respiratory activity (Weisskoff et al.,
1993)) constitutes a major source of unwanted signal fluctuations
(Bianciardi et al., 2009) increasing with field strength (Triantafyllou
et al., 2005). Physiological noise is particularly problematic near the
basal ganglia nuclei due to their proximity to major veins, with physio-
logical noise modelling being shown to provide up to 30% tSNR gain in
these subcortical nuclei at 3T (Kasper et al., 2017). In this respect, the
results obtained here represent a lower bound on the boost in sensitivity
provided by multi-echo EPI at ultra-high field, with a further potential
increase in sensitivity and specificity through physiological noise
modelling (Boyacio�glu et al., 2015).

We conclude that multi-echo EPI acquisition offers increased BOLD
sensitivity in regions with short T2*, such as the basal ganglia, and
should be chosen over conventional GE-EPI when concurrently imaging
cortical regions and iron-rich subcortical nuclei at 7T.
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