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Ultra high fields (UHF) permit unprecedented explorations of functional organizations and insight into basic
neuronal processes. Increases in the signal and contrast to noise ratios have allowed increases in the spatial
resolution of T2⁎ weighted gradient echo (GE) echo planar imaging (EPI). Furthermore, while the use of T2
weighted imaging methods at UHF (e.g. spin echo (SE) EPI, gradient and spin echo (GRASE) EPI) can also
permit higher resolution images, they in addition allow for increased spatial specificity of functional responses,
permitting the in-vivo study of functional organizations down to the columnar level of the cortex.
The study of the visual cortex has, thus far, benefitted the most from higher resolution T2 weighted studies as
achieving the required transmit B1 magnitude at 7 T is more challenging in other brain regions, such as the
auditory cortex. As such, auditory fMRI studies at UHF have been limited to T2* weighted GE sequences.
Recent advances in multi-channel RF transmission (e.g. B1 shimming) have enabled procedures to efficiently
address deficiencies in transmit B1 profiles. However, these techniques, shown to be advantageous in
anatomical imaging at UHF, are not generally utilized to facilitate T2 weighted fMRI studies.
Here we investigate the feasibility of applying B1 shimming to achieve efficient RF transmission in the human
auditory cortex. We demonstrate that, with B1 shimming, functional responses to simple tones and to
complex sounds (i.e. voices, speech, animal cries, tools and nature) can be efficiently measured with T2
weighted SE-EPI in the bilateral human auditory cortex at 7 T without exceeding specific absorption rate
(SAR) limits.

© 2012 Elsevier Inc. All rights reserved.
Introduction

With the introduction of functional MRI (fMRI) relying on the
blood oxygenation level dependent (BOLD) mechanism (Bandettini
et al., 1992; Kwong et al., 1992; Ogawa et al., 1992), in-vivo MR stud-
ies of brain structure have been complemented with studies of brain
function. BOLD fMRI has proven to be a highly attractive technique
due to its relatively high spatial resolution, the absence of exogenous
contrast agents and ionizing radiations, and because of the wide-
spread access to MR scanners. This, along with hardware and soft-
ware developments that have permitted ultrafast and efficient
acquisitions, has rapidly made fMRI the method of choice for in vivo
functional studies of the human brain.
ive Neurosciences, Faculty of
tbus 616, 6200MD,Maastricht,
84125.
l (F. De Martino).
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It has been demonstrated that operating at higher magnetic fields,
as opposed to conventional clinical field strengths (3 T and lower),
offers substantial improvements for functional and anatomical stud-
ies (Vaughan et al., 2001; Yacoub et al., 2001; Ugurbil et al., 2003).
For functional MRI studies, the benefits of UHF are several‐fold.
First, the intrinsic signal to noise ratio is approximately proportional
to the main B0 field, permitting the acquisition of higher spatial reso-
lution images. Whereas the majority of functional images at clinical
field strength (3 T and below) are acquired with a spatial resolution
of about 27 mm3, data can be acquired at UHF with significantly higher
resolutions (1–3.7 mm3) without losses in temporal signal-to-noise
(tSNR) and thus without losses in the sensitivity to activated regions
(Ugurbil et al., 2003). Second, while the extravascular BOLD contribu-
tion of large draining veins increases linearly with B0 due to static aver-
aging effects, contributions fromsmaller vessels,which aremore closely
correlated with neuronal activity, increase quadratically with B0 due to
dynamic averaging effects (Ogawa et al., 1992; Uğurbil et al., 2003,
2006). Furthermore, at UHF, the transverse relaxation time constants
of blood (T2⁎ and T2) are much shorter than that of brain tissues,
resulting in a smaller blood contribution (intravascular BOLD) to the
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fMRI signal. As a result, while at clinical field strengths BOLD activations
are dominated by large draining veins, at UHF smaller vessels contrib-
ute more to the measured activation. This decreases the width of the
spatial point-spread-function (PSF) of the activation (Shmuel et al.,
2007), strengthening its link to the underlying neuronal activity. Lastly,
only at UHFs has the use of T2 instead of T2⁎ weighted BOLD images for
fMRI proven to be beneficial. This is because the BOLD response from
areas surrounding large veins is largely reduced in T2 weighted images
at UHF, while the contribution from extra-vascular compartments
around capillaries or small vessels grows substantially (Lee et al.,
1999; Duong et al., 2003; Yacoub et al., 2003, 2005). The aforemen-
tioned advantages of T2 weighted fMRI at UHF have been applied to
the mapping of columnar organizations in the human visual cortex
(Yacoub et al., 2007, 2008; Zimmermann et al., 2011).

In the auditory cortexwe previously demonstrated, for the first time
in humans, the mirror symmetric organization of tonotopic maps
using T2⁎ weighted fMRI at 7 T (Formisano et al., 2003). At this time,
multi-channel coil technology was not available. Therefore, in order to
achieve sufficient transmit and receive B1 fields in the auditory cortex,
a local single channel surface RF coil along with a zoomed GE-EPI fMRI
acquisition was used providing the necessary resolution and sensitivity
for auditory fMRI studies (Formisano et al., 2003). In the current work,
the goal was to use recent advances in multi-channel coil technology
to achieve the necessary sensitivity and efficiency for T2-weighted
fMRI of the auditory cortex at 7 T. Until now, application of SE-EPI to
sensory areas other than the visual one has been used in only a few
studies (Harmer et al., 2011), and high resolution/columnar level stud-
ies, that directly take advantage of T2 weighted functional imaging
(Norris, 2012), have been limited to visual areas (Yacoub et al., 2007,
2008). Further, while the large-scale functional organization of the
auditory cortex has been extensively studied with GE-EPI (Belin et al.,
2000; Formisano et al., 2003; Schönwiesner and Zatorre, 2009; Da
Costa et al., 2011), no T2 weighted functional study has been conducted
in this primary sensory region. Several constraints to the use of T2
weighted functional imaging outside of visual areas can be highlighted.
First, since T2 weighted fMRI relies on the use of 180° refocusing RF
pulses, which necessitate higher local transmit B1 and thus higher RF
power, its use at 7 T can be rapidly limited by the specific absorption
rate (SAR). While this problem can be efficiently solved by designing
surface or surface array coils with high local transmit B1 fields over
the cortical areas of interest, this approach, however, necessarily sacri-
fices sensitivity to more distant cortical and sub-cortical areas, other
sensory areas, and whole brain anatomical imaging. Further, it would
require separate coils to achieve bi-lateral coverage or to study different
areas. On the other hand, conventional 7 T volume coils are character-
ized by a transmit B1 profile which is high in the center of the brain,
but rapidly decays towards the periphery, unfortunately resulting in
poor RF efficiency and non-uniformity in the auditory cortices. Using
such coils for T2 weighted auditory fMRI would require large increases
in the transmit voltage in order to achieve sufficient refocusing flip
angles in auditory cortices. The increase in power does not guarantee
uniform refocusing in these areas, and, furthermore, imposes the use
of either a long repetition time and/or a very limited number of slices
to not exceed SAR limits.

Advances in parallel excitation technology, including multi-channel
transmit RF coils at 7 T (Adriany et al., 2005, 2008) and B1 shimming
methods, provide a means by which transmit fields at UHF can be
shaped, promising to extend high resolution SE-fMRI applications to
other brain regions. In particular, fast multi-channel B1 calibration
(van de Moortele et al., 2007; van de Moortele and Ugurbil, 2009) can
be used to adjust the phases of multiple transmit channels in order to
achievemaximum transmit B1 efficiency in one or several regions of in-
terest chosen by the operator, as was demonstrated in the brain and in
the torso at 7 T (van De Moortele et al., 2005; Bandettini et al., 2011;
Metzger et al., 2011; Ellermann et al., 2012; Schmitter et al., 2012).
Here, we apply similar B1 shimming methods with a multi-channel
7 T whole head coil in order to demonstrate the feasibility of obtaining
multi-slice T2 weighted SE-EPI fMRI in bilateral auditory cortices. As a
case study we measured functional responses to both simple tones
and complex natural sounds (e.g. voices, speech, animal cries, tools,
nature) in an attempt to map both tonotopy and voice selective regions
in the human auditory cortex.

Methods

Ethics statement

Five subjects (4 males and 1 female with normal hearing), who
signed a written informed consent form, were enrolled in this 7 T
study approved by the institutional review board for human subject
research at the University of Minnesota

Experimental design and stimuli

Auditory stimuli were presented using high quality MRI compatible
insert earphones with a flat response over [0–8 kHz] bandwidth
(Sensimetrics Corporation, USA). Subjects were instructed to fixate on
a small central fixation spot during the entire functional scan and pas-
sively listen. Stimuli consisted of 800 ms long amplitude-modulated
(8 Hz; modulation depth of 1) tones (.45; .5; .55; 1.35; 1.5; 1.65; 2.25;
2.5; 2.75 kHz) grouped in blocks around three center frequencies (.5;
.1.5; 2.5 kHz) together with blocks of natural sounds (800 ms record-
ings) grouped in blocks of five different categories (speech, voice, ani-
mals, tools, nature). Sounds were equalized in RMS and their on- and
offsets were ramped with a 10 ms linear slope. Each block consisted
of six sounds, lasted 18 s, and was separated by 12 s of silence from
the following block. Each condition was presented twice per run, with
six runs acquired per subject. All stimuli were presented in silent gaps
in between the acquisition of each brain volume.

MRI acquisition

Data acquisition was performed at the Center for Magnetic Reso-
nance Research (Minneapolis, MN, USA) using a 90 cm bore 7 T
whole-bodymagnet (Magnex Scientific, Abingdon, UK) driven by a Sie-
mens console (Siemens Medical Systems, Erlangen, Germany). A cus-
tom 8 transmit/receive 24 receive-only channel RF coil powered by
eight 1 kW RF amplifiers (CPC, USA) was used for all data acquisition
sessions. A phase and gain controller unit (CPC, USA) allowed setting
the phase and amplitude of the lowvoltage input of each of the 8 RF am-
plifiers remotely (from an external PC through Ethernet communica-
tion), after B1 shimming computations. For patient safety, in addition
to standard MR console RF monitoring operating on one channel, an
in-house developed system continuously monitored RF power output
for each RF amplifier over two averaging time windows (10 s and
600 s). All RF amplifiers are immediately shut down should RF power
exceed maximum allowed limits on any single channel. Details on this
RF monitoring setup can be found in Metzger et al. (2010). In order to
not exceed SAR limits as defined by IEC 60601-2-33, 3rd edition, we
performed electromagnetic simulations at 300 MHzwith a finite differ-
ence time domain solver (XFDTF, Remcom, Pittsburg, PA) based on the
design of the 8 channel transmit RF coil loaded with the model of a
human head. We obtained complex B1 and E field maps for each of
the 8 transmit elements, and we calculated B1 shimming solution over
the auditory cortices in the head model with the same B1 shimming
algorithm used in-vivo. We then applied the complex coefficients of
this solution to the electric fieldmaps to obtain the resulting 3D electric
field map and we computed global and local 10 g average SAR maps.
We utilized the ratio of the highest local 10 g average SAR value
over global SAR to determine the maximum global SAR limit for
our in-vivo experiments in order to keep within IEC 60601-2-33



Table 1
Single subject B1 shimming results.

Measured parameter
within ROI

B1 shimming
status

Subject

1 2 3 4 5

B1 relative efficiency Before Mean 0.47 0.35 0.44 0.39 0.49
CV 0.55 0.26 0.30 0.28 0.29

After Mean 0.78 0.76 0.81 0.76 0.76
CV 0.23 0.25 0.27 0.29 0.28

Excitation flip angle
(target=90°)

Before Mean 54.6 n/a 47.7 31.5 36.2
CV 0.22 n/a 0.34 0.27 0.30

After Mean 96.3 97.0 91.2 88.7 95.1
CV 0.10 0.11 0.12 0.14 0.10

B1 relative efficiency and excitation flip angles measured within two bilateral auditory
cortex ROIs. Mean and coefficient of variation across all voxels in the ROIs are reported
before and after B1 shimming.
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guidelines (i.e. 3.2 W/kg volume head and 20 W/kg 10 g average
local transmit coils in head in first controlled mode).

Each session startedwith a set of eight transmit B1 phases applied to
the B1 shim unit to obtain a spatial B1 pattern similar to a volume coil by
approximating a circularly polarized (CP-like) mode (Schmitter et al.,
2012). With this B1 shimming setting, a scout localizer was acquired,
followed by a 3D T1 weighted MPRAGE anatomical data set (1 mm iso-
tropic resolution) used for positioning subsequent acquisitions. Com-
plex B1+ maps of the 8 transmit channels were obtained by a fast B1+

calibration in the small flip angle regime in an oblique slice crossing
both auditory cortices (van de Moortele and Ugurbil, 2009). A B1 shim-
ming solution, consisting of a specific RF phase for each transmit chan-
nel, was calculated to maximize B1 efficiency by reducing destructive
interferences within two regions of interest manually drawn over bilat-
eral auditory areas (Ellermann et al., 2012; Metzger et al., 2012). The
mean and the coefficient of variation (CV), with CV=mean÷std, of
relative transmit B1 efficiency (defined as the ratio |Σ(B1,k+ )|÷Σ(|B1,k+ |,
with k=1,…,8) and excitation flip angle were computed inside the
ROIs before and after B1 shimming. The RFpowerwas calibrated accord-
ingly based on a 3D AFI map acquired after applying the computed B1
shimming solution (Yarnykh, 2007). Multi-slice T2 weighted SE-EPI
images were collected before (one volume) and after (fMRI series) B1
shimming to demonstrate the efficacy of the method. A standard 2D
SE-EPI sequence (27 transverse oblique slices; TE=37 ms; IPAT=3,
128×128, 1.5×1.5×1.5 mm3; TR=3 s; gap=1.5 s) was used for all
measurements. All B1-related computations were performed in Matlab
(MathWorks, Natick, MA).

Since subjects were taken from a pool of subjects that had previ-
ously participated in a 3 T (Skyra, Siemens Medical Systems, Erlangen,
Germany) study, anatomical images (3D T1 weighted MPRAGE; 1 mm
isotropic) from the 3 T sessionwere used for whole brain segmentation
and white/gray matter boundary identification.

fMRI data analysis

Functional and anatomical images were analyzed using BrainVoyager
QX (Brain Innovation, Maastricht, The Netherlands).

Preprocessing of the functional data included: inter-scan slice-time
correction, 3D rigid bodymotion correction, moderate spatial smoothing
(2 mm full width half maximum [FWHM]), high-pass filtering using a
general linear model (GLM) Fourier basis set and a temporal Gaussian
smoothing with a FWHM kernel of 2 data-points. Functional runs were
co-registered to the individual anatomical T1 scan acquired in the same
session using the scanners' positional information followed by boundary
based registration. Anatomical datawere aligned across sessions to allow
for co-registration of functional data to the T1-weighted images. The
anatomical datawere projected in Talairach space and automatically seg-
mented. After obtaining single subject surfaces of both left and right
hemispheres, cortex based alignment (Goebel et al., 2006) was used to
obtain average surfaces across the five subjects. Finally, the functional
data were sinc-interpolated to 3D Talairach space with a resolution of
1 mm isotropic.

All statistical computations were performed on a single-subject
and group (fixed effects) level using a GLM with a linear predictor
for each experimental condition convolved with a standard hemody-
namic response function. Tonotopic maps were obtained for each
subject by best frequency mapping (Formisano et al., 2003) using
the estimated beta values for the three different frequency blocks
(high, middle and low frequencies). Single subject maps were limited
to voxels exhibiting significant (q[FDR]=0.05) responses to all
sounds at the group level. Group tonotopic maps were obtained by
averaging single subject maps in the cortex-based aligned space and
where limited to vertices present in at least three of the five subjects.
Speech and voice selective regions were obtained by contrasting
speech/voice responses with responses to all other natural sounds
(tools, animal cries and nature sounds). Single subject and group
maps (fixed effects General Linear Model) were corrected for multi-
ple comparisons using false discovery rate (Genovese et al., 2002)
and cluster level based correction (Forman et al., 1995).
Results

In each subject, B1 shimming significantly increased relative B1

efficiency over the bilateral auditory cortex, as summarized in
Table 1, which shows the mean and coefficient of variation of relative
B1 efficiency in all subjects, before and after B1 shimming. Averaged
over all subjects, the efficiency increases from 0.43 before shimming
to 0.78 after shimming. Correspondingly, the flip angle within the
auditory cortices increased significantly while keeping the same
transmitter voltage before and after B1 shimming (note that no B1+

map before shimming was available for subject 2). Averaged over 4
of 5 subjects, the mean flip angle increased from 42.5° to 92.8° for a
nominal target flip angle of 90°, while using identical RF power
input. For illustration, B1 efficiency and flip angle maps are shown
in Fig. 1 for subject 1 before and after B1 shimming on the oblique
slice utilized for B1 shimming computation, with the ROI overlaid on
the corresponding maps. As expected the resulting spatial B1 pattern
after shimming shows stronger |B1

+| amplitude in the ROIs, to the cost
of very low |B1

+| values, resulting from destructive interference, in a
limited area at the center of the brain, which was deliberately not
included in the optimization ROIs. This pattern was consistently
observed in all subjects. The significant reduction in required RF
power for a given target flip angle, with B1 shimming, made it possi-
ble to acquire 27 SE-EPI slices with a 3 s TR without exceeding max-
imum SAR limits. On the contrary, without B1 shimming but with
voltage adjustment to achieve the target flip angle (90°) in the bilat-
eral auditory cortex, only about 9 slices could have been sampled
in the same TR in subject 1 due to SAR limitations. Furthermore, in
subject #4 the target flip angle could not even been achieved in the
auditory cortex without B1 shimming since the necessary RF peak
power exceeded the maximum capability of our transmit RF chain.
Interestingly, as shown in Table 1, the coefficient of variation of the
measured flip angle consistently dropped inside the ROI after B1

shimming, from 0.22 to 0.34 down to 0.10–0.14, even though the pa-
rameter maximized in our B1 shimming algorithm was the average
relative B1 efficiency, an observation fully consistent with a previous
report on B1 shimming in the prostate at 7 T where increasing trans-
mit B1 phase coherence inside a relatively small anatomical target
also resulted in a net increase in flip angle average magnitude and
homogeneity inside the ROI (Metzger et al., 2008).

As expected, given the typical cubic dependency of SE image
intensity on |B1

+| (Stollberger and Wach, 1996), maximizing B1 effi-
ciency resulted in substantial improvement in SE-EPI image quality.
This is illustrated for two subjects in Fig. 2, showing SE-EPI images



Fig. 1. B1 relative efficiency and flip angle maps before and after B1 shimming in one subject. The targeted bilateral auditory cortex ROIs are outlined in black.
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acquired before and after B1 shimming. Although initial |B1
+| profiles

were not identical in all subjects before B1 shimming, similar SE-EPI
image quality was obtained in all experiments after B1 shimming,
without apparent dependency on pre-shimming |B1

+| patterns. Also,
as illustrated in Fig. 2, significant (FDR corrected) responses to sounds
could be detected bilaterally in each subject after B1 shimming (given
the low quality of corresponding SE-EPI images, no attempts were
made to collect SE fMRI time series before B1 shimming).

In each subject, voice selective regions were identified and reliable
tonotopy maps (i.e. frequency selectivity) were obtained, as illustrat-
ed in one subject in Fig. 3. Tonotopic maps (high frequencies color
coded in blue and low frequencies color coded in red) and voice selec-
tive areas (q[FDR]=0.05; t-values color coded from red to yellow)
are projected on the individual subject surface reconstruction of the
left and right hemisphere. Note the high–low–high mirror symmetric
gradient in the tonotopic maps over the bilateral Heschl's region
(Formisano et al., 2003) and the bilateral selectivity to voices of
regions along the superior temporal sulcus (STS) and gyrus (STG)
(Belin et al., 2000).

Group (N=5) results for tonotopy and voice selective regions
(cluster level corrected p=0.001) are reported in Fig. 4. Functional
maps are projected on the mean surface of left and right hemispheres
obtained after cortex-based alignment (first three rows). Voice selec-
tive regions are also presented superimposed to four transversal
slices of the mean anatomical data after Talairach alignment.

Discussion

Functional MRI has enabled human studies at high spatial resolu-
tions and specificity (Menon et al., 1997; Cheng et al., 2001; Sun et al.,
2007; Yacoub et al., 2007, 2008; Zimmermann et al., 2011), permit-
ting unprecedented explorations of functional organizations and in-
sights into basic neuronal processes, with higher field studies
leading the way (Yacoub et al., 2001; Ugurbil et al., 2003). However,
due to the many technical issues incurred at higher fields, the vast
majority of these studies have been conducted with surface coils
and in visual areas, which are more easily accessible than other
brain regions. Extending high resolution high specificity acquisitions
to other areas requires either local surface coils for each area of inter-
est, or multi-channel coil technology in combination with whole
head coils which could allow for imaging of multiple sensory areas,
bi-lateral sensitivity to sensory areas, sensitivity to sub-cortical
areas, and whole brain anatomical imaging with the same coil. Here,
we demonstrate the feasibility of using a multi-channel whole head
coil to obtain sufficient B1 efficiency in bilateral auditory cortices
for SE-based fMRI acquisitions. fMRI cortical responses to synthetic
(e.g. tones) and complex natural (e.g. voices, speech) sounds have
previously only been investigated (Belin et al., 2000; Formisano et
al., 2003; Schönwiesner and Zatorre, 2009; Da Costa et al., 2011;
Striem-Amit et al., 2011) with conventional GE echo-planar imaging.
In the case of human auditory functional studies, the use of the more
specific T2-weighted functional contrast mechanism at high fields
(Yacoub et al., 2003, 2005) has been precluded by the challenge of
achieving efficient transmit fields over bilateral or even in a single
hemisphere in auditory areas with conventional volume transmission
coils, and by the lack of surface array coils designed for auditory
investigations.

Here, we combined B1-shimming and SE-fMRI at 7 T to measure
functional responses to synthetic (“tones”) and complex natural sounds.
Making use of parallel transmission capabilities (i.e. multiple amplifiers
and a volume coil with multiple transmit elements), B1-shimming
shapes the transmit fields in order to reduce destructive interference
(vanDeMoortele et al., 2005) and achievemaximum transmit efficiency
in selected region(s) of interest, and has been successfully employed at
7 T in a variety of anatomical targets (Metzger et al., 2008; Ellermann
et al., 2012). Our results demonstrate that by adjusting the phases of
the transmit elements (C=8) we were able to significantly increase
transmit B1 efficiency over the bilateral auditory cortex (see Fig. 1) by



Fig. 2. SE-EPI images (three slices; two subjects) acquired before and after B1 shimming. fMRI activation maps (q[FDR]=0.05) for the time series acquired after B1 shimming are
reported in the same slices.
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more than a factor of 1.8. The improved transmit B1 efficiency allowed
measuring 27 slices at 1.5 mm isotropic resolution with a repetition
time of 3 s without exceeding SAR limits. This represents a three-fold
improvement with respect to the coverage obtainable without B1 shim-
ming (9 slices at 1.5 mm isotropic resolutionwith the same TR of 3 s) in
volunteer 1. In addition to SAR guidelines, the maximum available RF
peak power can also be a hard limit on protocols. With our hardware
configurations, the required voltage to attain the target flip angles (90°
excitation and 180° refocusing RF pulses) could not be achieved in
some volunteers, without B1 shimming, due to limitations in RF peak
power. The improved brain coverage allowedmeasuring auditory corti-
cal areas from the inferior temporal sulcus (ITS) to the planum
temporale, de facto covering the whole temporal cortex bilaterally. The
shear improvement in SE-EPI image quality in the auditory cortices
was accompanied by expected drops of sensitivity in neglected regions
such as the thalamus (see Fig. 2). Although these regions were deliber-
ately not included in the present study, more sophisticated use of paral-
lel transmit methods could allow for extending areas with satisfactory
refocusing RF pulses, should such areas be a concomitant interest in fur-
ther studies. It is noteworthy that adiabatic pulse could be used to obtain
a homogeneous distribution of flip angles (due to the insensitivity of
adiabatic pulses to the B1 profile above adiabatic threshold). However,
in order to achieve phase coherence with slice selective adiabatic
inversion, two adiabatic refocusing pulses are typically used after each
excitation pulse. For same SAR per pulse, this would result in roughly a
maximumof twice fewer slices, evenwithout considering the likelihood
that each adiabatic inversion pulse yields higher SAR than standard sinc
inversion pulses. Furthermore, the required peak power for adiabatic in-
version may exceed RF amplifier capability. Considering our protocol,
using adiabatic refocusingwould require dropping from9 slices for stan-
dard spin-echowithout B1 shim down to 4 or 5 slices. This is to be com-
pared with 27 slices for standard spin echo with B1 shim.

By measuring high quality SE-fMRI images, we were able to map
tonotopic responses and voice selective regions in single subjects (N=
5). In each individual subject and in the group, the topographic arrange-
ment of frequency selectivity was characterized by a mirror-symmetric
gradient (i.e. high-low-high frequency gradient) in the Heschl's region
(see Figs. 3 and 4). This result is in agreement with previous functional
results obtained using GE-EPI both at 3 T (Humphries et al., 2010;
Striem-Amit et al., 2011) and 7 T (Formisano et al., 2003; Da Costa et
al., 2011). Furthermore, using SE fMRI we found voice selective regions
along the STS/STG bilaterally (see Figs. 3 and 4), a result that confirms,
in single subjects and in the group, previous GE data reports (Belin et
al., 2000).

While B1 shimming could be used to measure SE-functional
responses in any given functional area, the specific application to

image of Fig.�2


Fig. 3. Tonotopy (best frequency) and voice mapping (speech/voice vs. tools/animal/natural sounds; q[FDR]=0.05) single subject results. Maps are reported on the inflated surface
reconstruction of both hemispheres of the same subject. A black dashed line outlines the Heschl's gyrus.
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auditory neuroscience could be beneficial in multiple respects. First,
the impact of large draining veins on the large-scale functional orga-
nizations, such as tonotopy, could be investigated. While, a careful
comparison between GE and SE fMRI is outside the scope of this
paper and would require the acquisition of both data types in each
subject, our single subject level and group level results are in line
with previous GE fMRI reports. This could indicate that the specificity
of the GE BOLD response, over a large scale functional organization in
the auditory cortex, is not significantly affected by large draining
veins. This is not surprising given the expected point spread function
of the GE BOLD response at low or high fields (Engel et al., 1997;
Shmuel et al., 2007) and the spatial scale of tonotopic organization
in the auditory cortex. However, more studies would be required to
answer this question quantitatively. Second and more importantly,
designing an efficient strategy to measure T2 weighted functional re-
sponses with high sensitivity, as demonstrated in the present study,
will permit higher resolution acquisitions. This will allow for investi-
gating the microscopic functional architecture of the auditory cortex
(i.e. cortical columns and cortical layers) with high degrees of spatial
accuracy, as was shown in visual areas.
Conclusions

Wedemonstrated that by combining amulti-channel transmit RF coil
with B1 shimming methods, high quality highly efficient multi-slice
T2-weighted SE-EPI fMRI can be obtained in the bilateral auditory
cortex of the human brain at 7 T. With this approach, reliable func-
tional BOLD responses were obtained for both synthetic tones and
complex natural sounds. Maps of large-scale auditory organization,
such as tonotopy and voice selective regions, derived from SE-EPI
fMRI were consistent with previous GE-EPI fMRI 7 T studies. Future
studies will aim to investigate finer scale functional organizations
in the auditory cortex.
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Fig. 4. Tonotopy (best frequency) and voice mapping (speech/voice vs. tools/animal/natural sounds; cluster level correction p=0.001) group (fixed effects) results. Maps
are reported on the inflated mean (after cortex based alignment) surface reconstruction of both hemispheres of all subjects. A black dashed line outlines the Heschl's gyrus.
Voice mapping results are also reported superimposed to four transversal slices of the mean anatomical data (after Talairach alignment) of all subjects.
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