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event-related signal changes showed 48% increase in VAST 
compared to GE-EPI with regular “thick” slices. tSNR 
measurements proved the comparable signal robustness of 
VAST in comparison to regular GE-EPI with thin slices.
Conclusion A novel acquisition strategy for functional 2D 
GE-EPI at ultrahigh magnetic field is presented to reduce 
susceptibility-induced signal voids and keep TR sufficiently 
short for whole-brain coverage.

Keywords fMRI · Echo-planar imaging · Susceptibility 
artifact · Repetition time · Slice thickness · 7 Tesla 
ultrahigh field MRI

Introduction

Functional magnetic resonance imaging (fMRI) for the 
purpose of studying neuronal activity in human brain relies 
heavily on the gradient-recalled echo echo-planar imaging 
(GE-EPI) technique. This method maps signal variations 
induced by changes in the non-refocused spin–spin relaxa-
tion time (T2

*) that accompany neuronal activation. The dif-
ferent magnetic properties of oxyhemoglobin and deoxy-
hemoglobin [1] cause main magnetic field (B0) distortions 
within and around the venous blood vessels and capillaries 
[2]. These lead to locally measurable signal fluctuations 
known as the blood oxygenation level-dependent (BOLD) 
effect [3]. Furthermore, the signal intensity scales quadrati-
cally with B0 such that ultrahigh field (UHF) fMRI ben-
efits from this effect [4]. While T2

* -weighted fMRI provides 
the most sensitive tool for mapping the desired BOLD-
related B0 effects that occur at the microscopic level, the 
technique is inevitably also sensitive to macroscopic B0 
inhomogeneities [5]. The problem is most pronounced 
near the skull’s air cavities (mouth, sinuses, ear canals) and 

Abstract 
Objective A new technique for 2D gradient-recalled echo 
echo-planar imaging (GE-EPI) termed ‘variable slice thick-
ness’ (VAST) is proposed, which reduces signal losses 
caused by through-slice susceptibility artifacts, while keep-
ing the volume repetition time (TR) manageable. The slice 
thickness is varied across the brain, with thinner slices 
being used in the inferior brain regions where signal voids 
are most severe.
Materials and methods Various axial slice thickness 
schemes with identical whole-brain coverage were com-
pared to regular EPI, which may either suffer from unfeasi-
bly long TR if appropriately thin slices are used throughout, 
or signal loss if no counter-measures are taken. Evaluation 
is based on time-course signal-to-noise (tSNR) maps from 
resting state data and a statistical group-level region of 
interest (ROI) analysis on breath-hold fMRI measurements.
Results The inferior brain region signal voids with static 
B0 inhomogeneities could be markedly reduced with VAST 
GE-EPI in contrast to regular GE-EPI. ROI-averaged 
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compromises BOLD fMRI in brain regions including the 
orbitofrontal cortex (OFC), ventromedial prefrontal cortex 
(vmPFC), and inferior temporal gyrus (ITG) [6].

In EPI, where the phase-encoding bandwidth is low, 
any in-plane component of the undesired field gradient 
will cause the well-known geometric distortions along the 
phase-encode direction [7, 8], irrespective of T2

* and T2 
contrast. For a commonly used axial slice orientation, the 
through-plane component GS,z of the susceptibility gradient 
GS leads to severe signal dropout in gradient-echo acqui-
sition [9] because of spin dephasing across the slice pro-
file. As a consequence, this artifact is absent in spin-echo 
acquisition where any such spin dephasing is refocused at 
the echo time (TE).

Mathematically, the phenomenon of the through-plane 
signal voids in GE sequences can be written with signal S 
[10], originating from a voxel at position r and an initial 
longitudinal magnetization M0 with the gyromagnetic ratio 
γ in the absence of susceptibility and any shimming gradi-
ents as

The term ‘sinc’ describes the excitation pulse form in 
time which translates into a rectangular slice excitation pro-
file in the frequency domain after Fourier transformation. 
The exponential T2

* -weighted signal decay is hence modu-
lated by a sinc term that depends on the slice thickness ∆z, 
TE, and the magnitude of the through-plane component of 
the susceptibility-induced B0 gradient GS,z. This formalism 
will be revisited below.

Correction for the through-plane signal void artifact is 
non-trivial due to the localized nature of the susceptibility 
changes, and anatomical variations from subject to subject 
[11]. The artifact also presents a particular challenge for 
UHF fMRI (7 T and higher) as the susceptibility-induced 
gradient scales with B0.

Over the past two decades, a large number of differ-
ent methods have been proposed for mitigating the sus-
ceptibility-induced signal voids in inferior brain regions. 
These include choice of optimal slice orientation [11, 12], 
or thinner slices for a defined brain region (e.g. amygdala) 
[13], z-shimming method [9, 14–16], slice-dependent TE 
adjustment [17], passive radiofrequency (RF) shimming 
by dielectric inlays or bags [18–20], use of tailored 3D/4D 
RF pulses [21–23], and parallel RF excitation concepts 
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[24–26]. However, each of these methods also have disad-
vantages for functional imaging with whole-brain cover-
age in an appropriate sampling time. For instance, a prior 
adjustment of the 3D or 4D RF pulse form with a certain 
bandwidth Δf is necessary for every individual subject 
[22, 23]. The optimization of RF pulse parameters will 
compromise sensitivity elsewhere in the brain and in vivo 
specific absorption rate (SAR) constraints have to be con-
sidered. The use of z-shimming in order to re-phase the 
through-plane signal loss will only precisely match the GS 
in a specific location. Additionally, one has to record each 
slice multiple times with different amounts of gradient 
compensation which can become a time-consuming pro-
cess that reduces the effective temporal resolution of the 
fMRI experiment. The scope for reduction of TE ≤ T2

* to 
compensate for the sinc term in Eq. 2 in order to achieve 
optimal BOLD sensitivity in inferior brain regions [17] is 
reduced at higher field strengths. Here, typically shorter 
TE is required due to the shorter T2

*, but the duration of the 
EPI readout itself becomes the limiting factor, especially if 
a large matrix is acquired at UHF. Furthermore, the values 
for TE and T2

*are reduced even more if the examined slice is 
located near the cranial base [27, 28]. Using thinner slices 
for investigation of a localized region above the base of the 
skull, like the amygdala [13], does not provide informa-
tion about neuronal activity within the rest of the brain. In 
comparison to the z-shimming method, a simple reduction 
of the slice thickness is much easier to implement for the 
susceptibility-induced artifact compensation in 2D GE-EPI 
[29].

In summary, it could be worthwhile for a 2D GE-EPI 
acquisition to vary the slice thickness Δz across the brain in 
order to reduce signal voids where they are present (inferior 
brain regions) while using thicker slices in the unaffected 
superior brain regions. In this way, one will not unneces-
sarily compromise the overall SNR where no susceptibil-
ity artifact compensation is required. At least as impor-
tantly, a variable slice thickness approach will help avoid 
unfeasibly long volume repetition times (TRs) compared 
to a typical approach that uses thinner slices for the entire 
brain. The present work investigates three different variable 
slice thickness (VAST) GE-EPI schemes designed to com-
pensate for the inferior brain region through-slice signal 
dropout.

Materials and methods

VAST GE‑EPI concept

It can be seen from rewriting Eq. 2 that for a rectangular 
slice excitation in the z-direction, increasing Gz to compen-
sate for GS,z and/or reducing TE or the RF pulse bandwidth 
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Δf  =  γ  Gz  Δz  /  2π has a direct effect on the local signal 
intensity

To achieve a given reduction in slice thickness Δz, Eq. 4 
shows two possibilities decrease Δf for a given slice selec-
tion gradient strength Gz, or alternatively increase Gz , 
while keeping Δf the same. For practical implementation in 
the sequence, the latter is preferred. Hence, for VAST, the 
different slice thicknesses, positions, and the inverse pro-
portional scaling factors can be prepared straightforward 
with respect to the global sequence parameters chosen by 
the operator and are applied during runtime, rather than 
defining RF pulse objects with a different bandwidth each.

Noise distribution for different slice thicknesses

In a time-series measurement, the locally observed noise σ 
(

⇀
r

)

 can be described as the combination of Gaussian dis-

tributed thermal σ0 
(
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(
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)

, 

while the later scales with the image intensity S [30]. This 
leads to the time-course signal-to-noise ratio (tSNR) for the 
mean signal S̄ over time [31]:

For high-resolution 2D GE-EPI at 7  Tesla, the physio-
logical-to-thermal noise ratio σratio  =  σp/σ0 is found to be 
approximately equal to one for an iso-voxel resolution of 
V  =  (1.5  mm)3, whilst it doubles for (3  mm)3 so that the 
measurements in this study are within the physiological 
noise-dominated regime [31]. Furthermore, it has been 
shown that acquiring high spatial resolution data followed 
by a smoothing operation improves the SNR without add-
ing physiological noise [32, 33].

MRI system and scanning procedure

Data was acquired on a Siemens 7T UHF MRI system 
(MAGNETOM 7T, Siemens Healthcare GmbH, Erlangen, 
Germany) equipped with a large field of view (FOV) gra-
dient coil (type AS095D, maximum gradient amplitude 
28 mT/m, maximum slew rate 170 mT/m/ms). The vendor-
provided 1-channel transmit/32-channel receive RF head 
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coil (Nova Medical Inc., Wilmington, DE, USA) was used 
in all experiments. Human data were acquired after obtain-
ing informed consent and in accordance with local IRB 
approval. The general in vivo scanning procedure included 
a previous first- and second-order B0 shim for the whole-
brain volume [34] and nominal transmitter voltage adjust-
ment for a central brain region above the basal ganglia, 
based on pre-saturation turbo fast low angle shot (pre-sat 
TFL) flip angle mapping [35].

At the start of each session, an anatomical scan was 
acquired using an in-house variant of the MPRAGE 
sequence [36] with an adiabatic WURST RF pulse [37, 
38]. The 3D MPRAGE sequence parameters were isotropic 
0.7 mm voxels (matrix size = 384 × 336 × 256), TI = 1.1 s, 
TR  =  2.5  s, TE  =  1.54  ms, GRAPPA acceleration factor 
R = 2 with 48 ACS lines, and total acquisition time (TA) of 
approximately 6  min. Subsequently, several different GE-
EPI sequence variants were conducted with a TA of under 
5 min each (Table 1). These sequence variants were evalu-
ated in combination with a breath-hold fMRI paradigm 
(N = 12) and additional resting state fMRI measurements 
for one subject tSNR map calculation were performed. 
Moreover, for the 2-block VAST-GE-EPI variant and the 
1.5  mm control GE-EPI, normalized tSNR maps were 
calculated within the framework of a finger tapping fMRI 
experiment (N = 14). Further on, a description of the dif-
ferent sequence variants is given and its difference to the 
unvarying slice thickness of two control measurements.

VAST GE‑EPI variants

A standard GE-EPI sequence (Fig. 1a) was modified to sup-
port three different VAST EPI variants (Fig. 1b–d) in order 
to accomplish a Δz variation within the whole neocortex 
volume. Therefore, the slice selection gradient amplitude 
Gz and its corresponding refocusing gradient were dynami-
cally adjusted for each slice during sequence runtime [39]. 
For this implementation, the different EPI slices were 
acquired in linear ascending order from the skull base to 
vertex, while each slice position was adjusted accordingly. 
The 7T MRI system image reconstruction software (VB17) 
was modified to adjust the slice signal intensities in inverse 
proportion to the slice thickness, to keep signal intensity in 
the VAST scans homogenous over the whole brain, despite 
the differing acquisition voxel sizes. The in  vivo EPI 
sequences included fat saturation by a non-selective Gauss-
ian pulse prior to each slice excitation. This decreased the 
fat–water shift artifacts but also increased the overall TR by 
21%.

The EPI imaging parameters are summarized in 
Table  1, and noise ratios were given based on [31]. Spe-
cifically, the three different VAST GE-EPI methods con-
sisted of: A 2-block design (Fig.  1b, green column in 
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Table  1) in which the caudal half of the volume had a 
Δz = 1.5 mm (V = 3.38 mm3 and σratio = 1) and the cra-
nial part had Δz = 3 mm (V = 6.75 mm3 and σratio = 1.12). 
For the 3-block variant (Fig. 1c, blue column in Table 1), 
the total volume was divided into three sections. Here, the 
slice thicknesses were Δz = 1.5 mm in the caudal quarter, 
Δz = 2.25 mm (V = 5.06 mm3, and σratio = 1.06) for the sec-
ond quarter, and Δz = 3 mm for the remaining half of the 
volume. The linear VAST GE-EPI method is depicted in 
Fig. 1d with its sequence parameters also listed in Table 1 
(red column). Within the caudal half of the total axial slice 
volume, the slice thickness was linearly increased from 
slice 1 with Δz = 1.5 mm to slice 20 with Δz = 2.96 mm. 
Again, the second cranial part had an overall slice thick-
ness of Δz = 3 mm. Each of these protocols resulted in a 
total coverage of ~100  mm (~120 mm for the 2nd study, 
including the cerebellum) in the head-foot direction which 
we considered ‘whole-neocortex coverage’ (‘whole-brain 
coverage’ for the 2nd study).

For comparison to these VAST sequence variants, two 
different standard GE-EPI measurements were conducted 
which served as references (Fig.  1a), in the following, 
referred to as ‘control’. A slice thickness of 3 mm through-
out required 34 slices, resulting in the shortest TR = 1.69 s 
for the same volume coverage (Table  1, yellow column). 
Doubling the number of slices for the 1.5-mm experiment 
resulted in the longest TR = 3.32 s (Table 1, grey column). 

By contrast, the VAST GE-EPI protocols had a volume TR 
of only around 2 s.

Figure  2A shows parts of the VAST GE-EPI sequence 
timing, with focus on the Gz timing and amplitudes in rela-
tion to the RF pulse. From left to right: 10 separate slice 
excitations in ascending order are depicted from top to 
bottom for the 2-block (green), 3-block (blue), and linear 
VAST variant (red). For validation of the rectangular slice 
excitation profiles, measurements of a standard spherical 
head phantom were conducted which illustrate the different 
Δz (Fig. 2b).

For verification of the VAST GE-EPI method’s Δz vari-
ation performance, previous phantom measurements with 
a spherical polydimethylsiloxane (PDMS) oil phantom 
(diameter = 165 mm, T1 = 1150 ms, T2 = 750 ms) were 
conducted. The signal intensity results, shown in Support-
ing Figs. 1 and 2, proved the correct re-positioning and re-
scaling of the thinner slices before and after interpolation 
onto a general voxel resolution, which will be described 
within the following paragraph.

General post‑processing

Twelve healthy volunteers (4 female) with a mean age of 
28.8 years (SD = 3.5) with normal or corrected to normal 
vision participated in the first study. In order to create a 
comparable basis, all in  vivo datasets were re-sampled 

Table 1  2D sequence parameters used for both the normal GE-EPI 
versions with an uniform slice thickness Δz of 1.5 mm (grey column) 
and 3 mm (yellow column) for the breath-hold fMRI experiment (1st 
study), plus the different VAST-GE-EPI techniques with two blocks 
(green column), three blocks (blue column) and two blocks with a 
linear upward continuously increased Δz within the first block (red 
column). The values in brackets, marked with a dagger, represent 

tSNR measurement parameters for 3 mm control and the three VAST 
variants of the 1st study which are different to the fMRI experiment. 
Whereas the values in brackets with a double dagger stand for the 
tSNR measurement parameters for 1.5 mm control and 2-block VAST 
of the 2nd study. The variant names and color coding shown here is 
employed further on for each figure and table to clearly assign the 
method used

Control GE-EPIs VAST-GE-EPIs
(VAST-)GE-EPI variant name 1.5 mm 3 mm 2-block 3-block Linear

Total slices 67 (70†,91‡) 34 (35†) 45 (35†, 64‡) 45 (35†) 39 (35†)
No. of volumes 79 (75†,100‡) 160 (150†) 120 (150†, 100‡) 120 (150†) 139 (150†)

Slice thickness [mm] 1.5 3 1.5 / 3 1.5 / 2.25 / 3 1.5 - 3
Slice distance factor [%] 0 0 0 0 0

TA [s] 281 (422‡) 280 (271†) 280 (271†, 296‡) 280 (271†) 281 (271†)
TRvolume [s] 3.32 (3.5†, 4‡) 1.69 (1.75†) 2.23 (1.75†, 2.8‡) 2.23 (1.75†) 1.94 (1.75†)

TE [ms] 20 (22‡) 20 20 (22‡) 20 20
Echo spacing [ms] 0.76 (0.87‡) 0.76 0.76 (0.87‡) 0.76 0.76

Flip angle [deg] 81 (82†, 84‡) 67 (68†) 73 (68†, 78‡) 73 (68†) 70 (68†)
Pulse length [µs] 3072 (3840‡) 3072 3072 (3840‡) 3072 3072

Receiver bandwidth [Hz/Px] 1563 (1302‡) 1563 1563 (1302‡) 1563 1563
FOV [mm2] 192 x 192 192 x 192 192 x 192 192 x 192 192 x 192
Matrix size 128 x 128 128 x 128 128 x 128 128 x 128 128 x 128

Partial Fourier factor 6/8 (7/8‡) 6/8 6/8 (7/8‡) 6/8 6/8
GRAPPA acceleration factor 3 3 3 3 3

ACS lines 48 48 48 48 48
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post hoc using Matlab 2016a (The MathWorks Inc., Sher-
born, MA, USA), representing the overall voxel size of 
the 3-mm-thick control GE-EPI with an in-plane reso-
lution of 1.5 × 1.5 mm2. The (partial) higher resolution 
datasets of 2-block, 3-block, linear VAST, and the 1.5-
mm control were re-gridded and interpolated by cubic 
splines to a general voxel volume V = 6.75 mm3. Espe-
cially for susceptibility-prone brain regions, regions of 
interest (ROIs) were defined (Fig.  3a) and analyzed by 
MRIcro 1.4 (Chris Rorden, University of South Carolina, 
Columbia, USA; Table 2). 

For 1 subject, 150 additional volumes for each method 
with the same volume TR and TA were acquired with-
out any stimulation (Fig. 3b) as resting-state fMRI [40]. 
Therefore, with the same GRAPPA acceleration factor 
[41], a separate autocalibration signal (ACS) measure-
ment within breath-hold was conducted to prevent dis-
continuous tSNR results between the different techniques 
because of this preparation step [42]. These tSNR maps 
were calculated for all VAST variants, for the 3-mm con-
trol and for the 1.5-mm control (Fig. 4) with 75 volumes, 

Fig. 1  Illustration of the different 2D-GE-EPI slice thickness varia-
tion schemes and approximately the same volume coverage overlaid 
on a normalized sagittal slice (MP-RAGE) of the 1st study. The asso-
ciated volume TR is given for each method. a Control scans for a uni-
form slice thickness Δz of 3 mm (yellow) for 34 slices and 1.5 mm 
(grey) for 67 slices total with an ascending slice order from skull base 
to vertex. b 2-block VAST technique (green) with Δz = 1.5 mm for 

the lower part of slice 1 to 22 and Δz = 3 mm for the upper part of 
slice 23 to 45. c 3-block VAST variant (blue) with Δz = 1.5 mm for 
the lower part of slice 1 to 14, with Δz = 2.25 mm for the middle part 
for slice 15 to 29 and Δz = 3 mm for the upper part of slice no 30 to 
45. d Linear ascending VAST method (red) with a continuous increase 
of Δz from slice 1 with 1.5 mm to slice 20 with 2.96 mm for the lower 
part and a uniform Δz = 3 mm for the upper block of slice 20 to 39
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a doubled TR, and halved TA (Table 1, parameters listed 
in brackets with dagger) with Matlab, according to Eq. 5.

Furthermore, all datasets of the first study (as shown 
partly in Figs.  4 and 5), with identical whole-neocortex 
coverage but different volume TR/TA, were processed with 
BrainVoyager QX 2.8 (Brain Innovation B.V., Maastricht, 
The Netherlands) [43]. These represented the breath-hold 
fMRI measurements which are described in more detail 
below.

For a secondary, more practical related study, another 
cohort of 14 healthy volunteers (3 female) with a mean age 
of 32.6 years (SD = 5.1) with normal or corrected to nor-
mal vision were examined with a standard finger-tapping 

paradigm [44]. Here, normalized tSNR maps, including 
the cerebellum, were calculated for 2-block VAST GE-
EPI and the 1.5-mm control GE-EPI from 100 volumes 
(Table 1, parameters listed in brackets with double dagger). 
These are the finger-tapping fMRI experiments which are 
described below.

Breath‑hold fMRI (1st study)

Since the main focus of this work was the technical reali-
zation of VAST GE-EPI in comparison to normal 2D 
GE-EPI (Fig. 4), a robust paradigm was used for the first 
study to ensure a controlled global signal change within 
the whole-neocortex volume, as supposed by Speck et al. 

Fig. 2  a Schematically pulse sequence diagrams for the three differ-
ent VAST-GE-EPI slice excitation patterns. The timing and ampli-
tudes of the slice-selection gradient  Gz are depicted in conjunction 
with the RF sinc pulse and the subsequent rephasing gradient. In par-
ticular, the stepwise  Gz changes over time for the 2-/3-block VAST 
technique are highlighted and the continuous  Gz amplitude reduction 

for linear VAST can be seen. b The effect of the 2-/3-block VAST 
slice thickness variation is illustrated for two or three slice profiles for 
a circular shaped head phantom. Accordingly, the frequency encoding 
was chosen to be also in slice selection direction with a high distance 
factor
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[12]. Therefore, a breath-hold paradigm [45–47] was 
chosen, consisting of a block design with six alternat-
ing periods of 21  s of normal ‘breathing’ (green condi-
tion) and ‘non-breathing’ (red condition). The subjects 
were presented a colored full screen in accordance with 
both previously mentioned conditions. The last three sec-
onds of each block consisted of a 1-Hz change between 
the condition color and a black screen to prepare the sub-
ject for the next task period. Hence, the general response 
[48, 49] was modeled by convolving a canonical hemo-
dynamic response function (HRF) with a boxcar function 
for 18-s duration time periods [12]. However, it should 
be noted that the colored screen which evoked neuronal 
response also includes respiration-induced signal changes, 
described by the respiratory response function (RRF), 
which is typically slower than the hemodynamic response 
[50, 51].

A pseudo-randomized series of the three different VAST 
GE-EPIs and two control GE-EPIs with Δz of 1.5 and 
3  mm was acquired on each subject, resulting in 5 fMRI 
measurements with the identical stimulus paradigm and a 
total acquisition time of 4′40″ each. After resampling to the 
common voxel size (6.75 mm3), all datasets were realigned, 
coregistered with the anatomical data, and spatially nor-
malized to Talairach space [52]. Additionally, the individ-
ual data was high-pass filtered in the temporal domain with 
a linear trend and a Fourier basis set of two sine/cosine 
functions with one/two cycles in a general linear model 
(GLM) approach. Furthermore, motion correction was 
applied using trilinear motion detection and sinc motion 
interpolation, as well as slice scan time correction by cubic 
spline interpolation. No spatial smoothing was applied for 
the statistical analysis on the single subject (first) level and 
on the multi-subject (second) level.

Fig. 3  a Depiction of the mean signal intensity distribution for the 
breath-hold fMRI (1st study) dataset of subject 3 on a coronal/sagit-
tal/axial slice for all three VAST variants and the 3 mm control meas-
urement after interpolation onto a general vowel size of 6.75 mm3. 
The extension of the different slice thicknesses Δz, according to 
Figure  1 with a caudal/(middle/)cranial block, is given by the blue-
colored sidebars. Moreover, the four volume regions-of-interest (ROI) 

are shown here as dotted circles for reference: The ventromedial pre-
frontal cortex (vmPFC) in yellow, orbitofrontal region (OFC) in red 
and the right/left inferior temporal gyrus (ITG) ROI in green/blue. b 
Time course volume signal-to-noise (tSNR) maps for an axial/sagit-
tal/coronal slice of subject 1 before spatial interpolation. The effect of 
the stretched caudal parts (marked with white arrows) is visible in the 
sagittal/coronal slice for all VAST variants in comparison to a 
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The statistical whole-brain data analysis on the second 
level was based on a random effects (RFX) GLM using 
a false discovery rate (FDR) [53] corrected threshold 
of q  <  0.001 for the contrast “breathing” versus “non-
breathing”. The GLM was pre-whitened with a second-
order autoregressive method [54]. A cluster-based anal-
ysis was performed with a threshold of 100 spatially 
related voxels to identify compact functional groups, 
especially in susceptibility-prone regions. These voxel 
clusters were identified for the 1.5-mm control GE-EPI 
with the statistically most significant voxel value (tpeak) 
and its coordinates for representative brain regions in 
comparison to the other control and the VAST GE-EPI 
methods (Table 3). Moreover, for a predefined ROI within 
the vmPFC, the mean time course for both breathing con-
ditions over all subjects is obtained by event-related aver-
aging all peri-stimulus time course segments belonging 
to the same condition (Fig. 7).

Finger‑tapping fMRI (2nd study)

Here, the 2-block VAST version’s robustness is tested 
against the 1.5-mm control GE-EPI in a typical fMRI 
experiment setup for the neocortex plus the cerebellum 
which involves a finger-tapping paradigm, consisting of 
a block design with 20 (2-block) or 14 (1.5-mm control) 
times alternating periods of 28  s tapping and rest. By 

randomly and sequentially tapping the different fingers of 
their right hand with a rate higher than one hertz, robust 
ipsilateral (cerebellum) and contralateral (motor cortex) 
neuronal activation patterns are predictable [55]. For this 
second study, the caudal part of the 2-block VAST GE-EPI 
with Δz = 1.5 mm covered most of the cerebellar volume 
and three dielectric bags [20] were additionally used for the 
posterior head region to homogenize the RF transmit field 
distribution for the caudal cortex/cerebellum in a typical 
measurement setup at 7 T.

The lower-resolution dataset of 2-block VAST was re-
gridded and interpolated by cubic splines to a general voxel 
volume V  =  3.38  mm3, which equals the 1.5-mm control 
measurement. tSNR maps, normalized by their volume 
√TR [56, 57], were calculated for both datasets and each 
subject after realignment, co-registration with the anatomi-
cal data, and spatial normalization on the Montreal neuro-
imaging (MNI) standard space [58].

Results

Figure 3a shows the mean signal intensity distribution for 
the breath-hold fMRI for all VAST GE-EPI sequences and 
the 3-mm control in one exemplary subject. Four different 
volume ROIs were defined and their mean signal intensi-
ties (S̄) and respective SDs are reported in Table 2 for each 

Table 2  Four defined volume ROIs within the prefrontal cortex (left 
OFC), above the sphenoid bone (vmPFC), and within the left/right 
temporal lobe (left/right ITG) are listed. Refer to Figure  4 for the 
individual location of the spherical ROIs. For each ROI, the signal 

intensity mean value and standard deviation is given for the two con-
trol GE-EPI and the three different VAST-GE-EPI variants. Moreo-
ver, the relative difference to the 1.5 mm control mean signal inten-
sity is stated

ROI no. Cortex region Voxels Liter Variant Rel. diff.
[%]

1 left OFC 5487 0.04

1.5 mm 497.08 417.60 -
2-block 424.50 355.66 15
3-block 446.06 379.76 10
Linear 361.92 283.40 27
3 mm 352.23 312.07 29

2 vmPFC 11588 0.08

1.5 mm 607.60 327.06 -
2-block 514.80 257.50 15
3-block 530.00 279.00 13
Linear 404.24 221.10 33
3 mm 401.92 251.78 34

3 left ITG 5991 0.04

1.5 mm 403.68 300.68 -
2-block 335.55 245.27 17
3-block 363.64 270.99 10
Linear 287.67 205.46 29
3 mm 274.84 225.53 32

4 right ITG 5836 0.04

1.5 mm 363.76 307.17 -
2-block 301.89 249.10 17
3-block 327.01 278.67 10
Linear 254.47 193.62 30
3 mm 239.67 211.49 34
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technique. From here on, the prefrontal cortex ROI near the 
frontal sinus (Fig. 3a, red circle) is identified as the right or 
left OFC ROI. The ROI above the sphenoid bone (Fig. 3a, 
yellow circle) is referred to as the vmPFC, plus the anterior 
part of the limbic and paralimbic cortex ROI. Furthermore, 
for this region above the sphenoid bone, the effect of the 
through-plane dephasing is depicted in Fig.  4. Here, the 
severity of signal dropouts over the different techniques can 
be assessed qualitatively for subject 3 (1st study). The left 
temporal lobe ROI near the petrous portion (Fig. 3a, blue 
circle) is identified as the left ITG ROI. The right temporal 
lobe ROI near the petrous portion (Fig. 3a, green circle) is 
designated as the right ITG ROI further on. For the investi-
gated vmPFC, OFC, and ITG ROIs, the assumed basis of S̄, 
given by the 1.5-mm control measurement, is reduced by 
only 10% for 2-block and 3-block VAST GE-EPI in con-
trast to more than 30% for the control GE-EPI with 3-mm 
slice thickness.

Figure  3b depicts the tSNR distribution of subject 1 
for the three different VAST variants and the 3-mm ref-
erence scan before interpolation of the VAST GE-EPI 
results onto the general voxel resolution of the control 
scan. For a closer look on the single-subject tSNR distribu-
tion (Fig. 5), including the 1.5-mm control, median tSNR 
results were calculated for the different slice thickness 
blocks as defined in Fig.  3 tSNRcaudal

1.5mm
  =  (22.71  ±  5.85) 

and tSNRcranial
1.5mm

  =  (31.03  ±  3.61) of the 1.5-mm con-
trol GE-EPI, tSNRcaudal

2block
  =  (20.37  ±  2.24) and 

tSNRcranial
2block

  =  (39.27  ±  3.45) for the 2-block variant, 
tSNRcaudal

3block
 = (21.06 ± 1.07), tSNRmiddle

3block
 = (33.28 ± 4.28) 

and tSNRcranial
3block

  =  (45.43  ±  4.27) for the 3-block 
variant, tSNRcaudal

linear
  =  (21.66  ±  5.26) and 

tSNRcranial
linear

  =  (31.42  ±  2.78) for the linear variant of 
VAST GE-EPI, and tSNRcaudal

3mm
   =  (29.18  ±  5.92) and 

tSNRcranial
3mm

 = (44.2 ± 3.19) for the 3-mm control GE-EPI. 
Note that the caudal median tSNR values of all VAST 

Fig. 4  Qualitative comparison 
of the different VAST variants 
in subject 3 fMRI series (1st 
study) for zoomed views of 
slice 7 to slice 10. Shown is the 
signal dropout for the vmPFC 
(Fig. 3a, yellow) and OFC 
(Fig. 3a, red) volume ROIs. 
From top to bottom, mean sig-
nal image of the 1.5-mm control 
GE-EPI (grey), 2-block (green), 
3-block, and linear VAST GE-
EPI (red), as well as the 3-mm 
control GE-EPI (yellow). Note 
that the through-plane signal 
dephasing effect becomes worse 
from top (1.5-mm control, 
interpolated) to bottom (3-mm 
control, measured)
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variants versus the 1.5-mm control measurement and 
the cranial median tSNR values of 2/3-block VAST ver-
sus 3-mm control do not differ much. In general, due to 
the different σratio values for the variable Δz of the VAST 
variants, the tSNR per slice varies in accordance to the 
control measurements with Δz  =  1.5  mm for the caudal 

part and with Δz = 3 mm for the cranial part. Hence, the 
different Δz blocks are clearly identifiable by their tSNR 
distribution. These findings are consistent with the spheri-
cal head phantom tSNR results of Supplementary Fig.  3. 
The in vivo difference of the linear VAST technique was 
not reproducible for the phantom experiment. Therefore, 

Fig. 5  Single-subject tSNR results of the 1st study (subject 1) for 
all VAST variants and both control measurements, at equal TR but 
different volume coverage. VAST data were intensity-corrected and 
interpolated onto a common voxel size corresponding to the 3-mm 
control. As expected, the values for the interpolated 1.5-mm control 
measurement are lower. We observed that the between-technique var-
iation of the VAST variants was strongly affected by the quality of the 
GRAPPA ACS acquisition at the beginning of each run, likely due to 

physiological effects (blood pulsation, motion). This can be seen here 
for the linear VAST data. Compare these results with the Supplemen-
tary Figs. 1–3 for a head phantom with the same GRAPPA accelera-
tion factor of R = 3. Hence, the visible tSNR variations between the 
interpolated smaller Δz blocks of the VAST variants (marked with 
white boxes) are consistent with the phantom findings in Supplemen-
tary Fig. 3
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Table 3  ROI analysis results of four representative statistically sig-
nificant voxel clusters with a minimum cluster size of 100 voxels (≙ 
675 mm3) within the frontal and temporal cortex. The voxel cluster 
peak t-values of the RFX GLM with q < 0.001 (FDR corrected) in 
conjunction with their respective Talairach coordinates and the attrib-

uted Brodmann area (BA) are stated. Note that for the 3 mm control 
GE-EPI method (yellow rows) no statistical significant voxels within 
the left ACC or the right ITG were detectable, in contrast to the left 
OFC and right parahippocampal gyrus

Cluster no. Cortex region BA Variant Voxels tpeak [x/y/z]Talairach

1 left OFC 11

1.5 mm 118 6.71 - 1 /  49 / -10
2-block 362 7.77 - 3 /  44 / - 6
3-block 435 9.54 - 1 /  53 / - 6
Linear 436 7.28 - 7 /  46 / - 9
3 mm 213 9.3 0 /  46 / - 9

2 left ACC 24

1.5 mm 479 8.24 - 4 /  21 / - 6
2-block 369 7.63 - 1 /  14 / - 9
3-block 460 8.59 - 1 /  19 / - 9
Linear 960 10.33 - 4 /  22 / - 3
3 mm - - -

3 -

1.5 mm 400 8.19 21 / - 2 / - 9
right 2-block 629 8.57 20 / - 2 / - 9

Parahippocampal 3-block 613 10.36 23 / - 2 / - 9
gyrus Linear 495 10.43 23 / - 2 / - 9

3 mm 387 9.51 23 / - 2 / -12

4 right ITG 20

1.5 mm 188 7.08 41 / -32 / -18
2-block 648 10.49 41 / -35 / -18
3-block 563 9.15 44 / -35 / -15
Linear 740 8.57 36 / -37 / -23
3 mm - - -

Fig. 6  Group tSNR maps of the 2nd study for the 1.5-mm control 
GE-EPI (left) and 2-block VAST GE-EPI (right). SNR was normal-
ized by √TR for comparison of the protocols in terms of tSNR per 
unit time. Different total slice count and, hence, TR were employed to 

achieve the same volume coverage. The caudal slices both show good 
consistency while the 2-block variant slices, with a doubled slice 
thickness that extends over 2/3 of the volume, provide higher values 
in accordance with the single-subject results of Fig. 5
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these notable between-measurement variations are due to 
increased physiological noise on the single-subject level, 
especially for the linear VAST variant, which can be omit-
ted by a group tSNR analysis that is shown for the 1.5-mm 
control GE-EPI and 2-block VAST GE-EPI (2nd study) in 

Fig. 6. Here, the cranial slices (2/3 of the whole volume) of 
the 2-block VAST variant, measured with Δz = 3 mm and 
interpolated onto 1.5  mm, provide 1.2–1.6 times higher 
median tSNR values in accordance with the single-subject 
results of Fig. 5.

Fig. 7  Event-related averaged BOLD percent signal changes, includ-
ing the respiratory-variation-related fluctuations, over all condition 
blocks and all subjects (N = 12) for the 1st study are shown. These 
are located within the vmPFC volume ROI above the sphenoid bone 
for the 3-mm control GE-EPI (yellow) measurement and the interpo-

lated 2-block (green), 3-block (blue), and linear VAST GE-EPI (red) 
techniques. The error bars per time step (volume) indicate the stand-
ard deviation for the subject cohort. As in Fig. 3, the vmPFC ROI is 
depicted (yellow circle) for 2-block VAST GE-EPI and 3-mm control 
GE-EPI of subject 3

Fig. 8  The extension of statistically significant group activation pat-
terns (N = 12) of voxel cluster 4 is depicted for the 1st study, listed 
within Table  2 for the right ITG. The underlying contrast is based 
on a multi-subject RFX GLM with q < 0.001 (FDR-corrected). The 
three different methods overlap each other and are listed from top to 
bottom while the aforementioned include the following voxel-wise 

2-block (green), 3-block (blue), and linear VAST GE-EPI (red). The 
increased caudal spatial extension of the 2-/3-block VAST variant’s 
significant voxel cluster next to the petrous part of the temporal bone 
show that these techniques are less prone to susceptibility artifacts for 
this cortex region. Note that for the 3-mm control GE-EPI technique, 
no statistically significant voxels are visible at all
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Moreover, these brain regions were investigated in a 
hypothesis-driven approach by event-related averaging 
over all ‘breathing’ and ‘non-breathing’ conditions for the 
complete subject cohort of one exemplar ROI in Fig.  8. 
For this vmPFC volume ROI over all subjects, the aver-
aged absolute maximum/minimum BOLD percent sig-
nals, its standard errors, and the resulting percent points 
(pp) range between these two values for the different tech-
niques are BOLDmin/max

2−block
 = (−1.26/1.04 ± 0.1/0.1)% with 

BOLD
range
2−block

 = 2.3 pp (Fig. 7, green line), BOLDmin/max
3−block

 

=  (−1.12/1.0  ±  0.1/0.11)%  with BOLDrange
3−block

  =  2.12  pp 

(Fig.  7, blue line), BOLDmin/max
linear

  =  (–0.79/0.98  ±  0.

08/0.11)%  with BOLDrange
linear

  =  1.77  pp (Fig.  7, red line), 
and BOLDmin/max

3mm
  =  (–1.16/0.39  ±  0.09/0.16)% with 

BOLD
range
3mm

 = 1.55 pp (Fig. 7, yellow line).
Additionally, four dedicated voxel clusters were identi-

fied for the second-level analysis, which showed a statisti-
cally significant contrast for the main effect of almost all 
techniques in Table  3. For cluster 1, representing the left 
OFC, the 3-block and linear variants have both the largest 
coverage with 435 and 436 voxels, but the 3-block VAST 
GE-EPI had the highest value, with tpeak  =  9.54. On the 
one hand, the left anterior cingulate cortex (ACC) within 
cluster 2 showed no significant voxels for the 3-mm con-
trol GE-EPI at q  <  0.001 (FDR-corrected). On the other 
hand, the linear variant expanded over 960 total voxels with 
tpeak  =  10.33. Cluster 3, within the right parahippocam-
pal gyrus, with 629 voxels and 613 voxels had the largest 
size for the 2-block and the 3-block variant, while here, 
tpeak = 10.36 for 3-block VAST GE-EPI and tpeak = 10.43 
for linear VAST GE-EPI. The right ITG (cluster 4) maxi-
mum size was 740 voxels for the linear variant, while the 
maximum tpeak = 10.49 for 2-block VAST GE-EPI, while 
also here, no statistical significant voxel could be registered 
for the 3-mm control measurement. For conclusion of the 
above cluster findings, both block techniques of the VAST 
GE-EPI sequence show the widest cluster extension which 
can be seen exemplarily for cluster 4 in Fig. 8.

The spatial extent of the latter cluster is demonstrated 
on the co-registered and normalized high-resolution ana-
tomical dataset of one subject. Figure  8 shows the far-
thest caudal extent of voxel cluster 4 statistically signifi-
cant activation patterns, closest to the petrous portion, for 
the 2-block and 3-block variant on an example coronal 
and sagittal slice.

Discussion

The proposed VAST GE-EPI technique was implemented 
in three different ways for examination of its utility for 

functional whole-brain imaging with reduced susceptibility 
artifact signal losses and a higher temporal sampling rate. 
Therefore, the general signal distribution and the tSNR 
aspects on the individual subject level were analyzed before 
the sequence performances for multi-subject functional 
imaging were considered. Moreover, a group analysis on 
normalized tSNR distribution was performed for 2-block 
VAST and the 1.5-mm control measurement to compensate 
for the between-scan data variability of one single subject.

As expected and qualitatively shown in Figs.  3 and 4, 
the through-plane signal dephasing near air-filled cavities 
could be reduced by the use of thinner slices [29]. Although 
the susceptibility-induced artifact could be reduced, it has 
been shown previously that this improvement comes at the 
expense of an overall reduced SNR [29].

In Fig. 5, only one example subject result for the mean 
signal intensity and tSNR distribution of the first study is 
presented. The findings are, to a large extent, consistent 
with the physiological-to-thermal noise ratios reported in 
the literature [32, 33] and its effects on the tSNR distribu-
tion. The single-subject tSNR variability for the datasets 
with GRAPPA acceleration factor R  =  3 have to be dis-
cussed under the scope of the separate ACS acquisition 
at the beginning of each sequence [59, 60]. Especially for 
the caudal brain regions, the voxel volumes were chosen 
so that σratio  =  1, as it has been previously suggested for 
lower magnetic field strength [61]. Furthermore, spatial 
smoothing by interpolation of the data leads to comparable 
results with the control GE-EPI data without adding physi-
ological noise [32, 33]. Moreover, the normalized group 
tSNR results of Fig.  6 are consistent with this statement 
and provide a more robust overview of the 2-block VAST 
GE-EPI performance in comparison to the 1.5-mm control 
measurement.

The full potential of VAST GE-EPI is exploited espe-
cially for a breath-hold fMRI paradigm, which allows 
for robust non-specific brain region task-related statisti-
cal contrast with less sensitivity to habituation effects or 
interscan motion artifacts [45]. For the vmPFC single-
subject volume ROI, the findings resulted into a 54–61% 
increased time-course difference between the maximum 
and minimum BOLD values. This is intriguing, since this 
region is located near the limbic system with the consid-
ered substructures of the amygdalae [62]. Together with 
the prefrontal cortex region these regions take part in sev-
eral higher human cognitive processes and are subject to 
intensive research [63, 64]. The multi-subject vmPFC ROI 
event-related averaging analysis reaffirmed the results with 
a 48% (2-block), 37% (3-block), and 14% (linear) increased 
BOLD signal change for VAST GE-EPI in comparison to 
the 3-mm control GE-EPI.

Depending on the anatomical location and the cover-
age with thin slice selection profiles, several maximum 
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tpeak values for the OFC, ACC, parahippocampal gyrus, 
and ITG region could be reported, while for the 3-mm 
control technique, no statistically significant cluster could 
be reported for the ACC and ITG. Due to the nature of 
the breath-hold paradigm, the statistical analysis was 
conducted with a rather strict thresholding. Therefore, 
the statistically significant cluster expansion of the dif-
ferent VAST contrasts could be illustrated for the grey 
matter near the air-filled cavities of the sphenoid bone 
and the right petrous portion. Furthermore, it has been 
shown that the investigated Brodmann’s areas 11, 20, 
and 24 have comparable mean percent signal changes of 
~2.4–3% and a mean amount of statistically significant 
active voxels with ~0.16–0.2 during a breath-hold fMRI 
exam at 3 T [49]. Apart from its anatomical location near 
air-filled cavities, the area’s comparability in vasculariza-
tion by a functional analysis of their tpeak values is given 
rather than it is for other regions, like the motor or the 
visual cortex.

Of the whole-neocortex breath-hold fMRI variants 
investigated here, the implementation of the 2-block VAST 
GE-EPI proved to be the best alternative to the susceptibil-
ity-prone 3-mm control GE-EPI with a faster sampling rate. 
As for the much slower sampled 1.5-mm control GE-EPI, 
all of the brain region’s signal covered by the thinner caudal 
slice part of the 2-block VAST GE-EPI was preserved. The 
three different VAST GE-EPI variants were implemented 
to show proof-of-concept. Within the scope of this tailored 
examination, we found that the linearly varying slice thick-
ness implementation is less suited for the anatomical cir-
cumstances than the static block-wise slice thickness vari-
ation. For further improvement of the VAST technique, a 
flexible scheme for slice thickness variation could be deter-
mined based on an individual B0 field map pre-scan [34].

The BOLD activation paradigm of the first study was 
chosen for its robustness to produce overall statistical sig-
nificant active voxels, showing proof-of-concept for the 
VAST technique. For evaluation of the potentials of VAST 
GE-EPI, dedicated fMRI paradigms with specific neurolog-
ical research questions of (fast) event-related design would 
be the next logical step. The group-normalized tSNR maps 
for one VAST technique in contrast to the control GE-EPI 
proved the applicability of variable slice thicknesses for 
a standard finger-tapping paradigm of the second study. 
Although the different noise characteristics have to be 
considered for a whole-brain functional analysis, 2-block 
VAST GE-EPI provided the same high-resolution whole-
brain coverage results without signal dropout than the con-
trol, but within only two thirds of the originally required 
time. Therefore, it has been shown for the whole brain, 
without tailoring the analysis for caudal ROIs only, that the 
VAST technique with a higher sampling rate is as effective 
as the much slower control measurement.

2D (VAST) GE-EPI methods provide possibilities for 
dedicated slice-by-slice B0 and/or RF-shimmed single- 
or multi-slice excitation [26, 65]. Because of the non-
equidistant slices through the volume, the VAST GE-EPI 
schemes cannot easily be combined with multi-band exci-
tations as in 2D SMS-EPI [66]. This fact is a clear limita-
tion when it comes to time-optimized and highly acceler-
ated imaging procedures, such as the ones currently being 
used for the Human Connectome Project [67]. Moreover, 
the current developments of 3D EPI in combination with 
CAIPI(RINHA) allow for fast sub-millimeter isomet-
ric voxel sampling without severe susceptibility artifacts 
[68–70]. For future work, a comparison between 3D EPI-
CAIPI, 2D SMS-EPI, and 2D VAST EPI should be con-
ducted, while many aspects of the different techniques 
have to be considered and each method has its merits and 
drawbacks.

Several studies on 2D GE-EPI with slice-dependent 
parameter variations exist, which, for instance, apply a dif-
ferent TE [17], vary the slice-selection refocussing gradient 
strength [39], or combine GE-EPI with spin echo imaging 
for the inferior part [71]. While, in general, these methods 
conceptually bear some similarity to the VAST EPI method 
proposed here, the approach of using slice position-depend-
ent thickness adjustment has not been explored previously, 
to the best of our knowledge.

This pragmatic approach to counter susceptibility arti-
facts offers some new possibilities for slice-specific RF 
shimming with reduced signal voids by adaption to the 
local anatomical conditions within a reasonable measure-
ment time. Recently, promising progress for UHF head 
slice-by-slice RF shimming [72] and spoke pulse design 
application within strong B0 field variations [26] has been 
made. By combining the best of both worlds for compensa-
tion of the transmit RF field variations on one hand and, on 
the other hand, for removal of the static B0 field suscepti-
bility artifacts, the VAST GE-EPI method can be improved 
further. Especially for the cerebellum, the benefit by imple-
mentation of VAST in combination with a semi-dynamic 
RF shimming procedure for a dedicated head-neck RF coil 
combination was currently shown [73].

Conclusion

This work for 7 T UHF MRI introduces the 2D EPI acqui-
sition strategy termed VAST, in which the slice thickness 
is varied over the imaging volume. Thinner slices reduce 
the signal voids by susceptibility artifacts in inferior 
brain regions, while thicker slices efficiently sample un-
problematic superior brain regions, keeping whole-brain 
TR manageable. This provides a method for whole-brain 
GE-EPI with less artifacts and increased flexibility for a 
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whole-brain fMRI imaging protocol. The implementation 
is easy, the slice thickness variation can be setup to match 
the individual anatomical situation, and it can be combined 
with other methods for in  vivo main magnetic field and 
transmit field homogenization.
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