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ARTICLE INFO ABSTRACT

Keywords: The increasing availability of ultra-high field scanners has led to a growing number of submillimetre fMRI studies

T;-weighted EPI in humans, typically targeting the gray matter at different cortical depths. In most analyses, the definition of

Bias field surfaces at different cortical depths is based on an anatomical image with different contrast and distortions than

Flenctignal MRI the functional images. Here, we introduce a novel sequence providing bias-field corrected T;-weighted images
istortion

and T;-maps with distortions that match those of the fMRI data, with an image acquisition time significantly
shorter than standard T;-weighted anatomical imaging. For ‘T;-imaging with 2 3D-EPIs’, or T;23DEPI, 3D-EPI
volumes are acquired centred at two inversion times. These 3D-EPIs are segmented into half, quarter or smaller
blocks of k-space to allow for optimisation of the inversion times. T;-weighted images and T;-maps are then
generated as for MP2RAGE acquisitions. A range of T;23DEPI data acquired at 7 T is shown with resolutions
ranging from 0.7 mm to 1.3mm isotropic voxels. Co-registration quality to the mean EPI of matching fMRI
timecourses shows markedly less local deviations compared to co-registration of a standard MP2RAGE to the same
echo planar volume. Thus, the T;23DEPI T;-weighted images and T;-maps can be used to provide cortical surfaces
with matched distortions to the functional data or else to facilitate co-registration between functional and un-
distorted anatomical data.

Surface definition

Introduction edge information, such as boundary based registration (Greve and Fischl,

2009), assume that the boundaries are at the same location in all images,

The limited anatomical contrast in To*-weighted images means that
nearly all fMRI sessions require the acquisition of a separate dataset with
sufficient anatomically relevant contrast. Usually, this is a T1-weighted
gradient echo e.g. Magnetisation Prepared Rapid Gradient Echo or
MPRAGE (Mugler and Brookeman, 1990), which provides good
gray-white matter contrast in a reasonable scan time. At ultra-high field,
(i.e. 7T or higher), the B;-inhomogeneities favour the use of B;-insensi-
tive strategies (Marques et al., 2010; Mougin et al., 2016; Van de
Moortele et al., 2009). For most pulse sequences, these anatomical
reference data differ from the functional data in contrast, the amount of
susceptibility-induced distortions and, often, in the amount of brain
coverage. This complicates the co-registration between these two data
types. For example, the use of registration methods that rely on internal

which is not guaranteed in images with different contrasts and different
distortions. However, the impact of these registration imperfections for
standard mapping studies is limited, as the functional data often un-
dergoes smoothing in pre-processing and both the functional and
anatomical data are transformed and normalised into a standard space.

More and more 7T data is acquired at sub-millimetre resolution to
study functional responses from different cortical depths (Huber et al.,
2015; Kok et al., 2016; Koopmans et al., 2011; Polimeni et al., 2010) or
columns (Yacoub et al., 2007; Zimmermann et al., 2011), to address a
new range of neuroscientific questions (Dumoulin et al., 2017). For this
type of data, the (even small) local and global differences in distortions
become more problematic. Surfaces at different cortical depths are usu-
ally defined in the anatomical dataset and subsequently overlaid on the
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Fig. 1. Sequence diagram. An (adiabatic) inversion pulse is followed by two EPI readout blocks at TI; and T1, These EPI blocks can contain the sampling of an entire
k-space, in which case a full T;-weighted images and T, map are acquired after 1 TR1123pgp;. For larger k-spaces it is likely to be necessary to split these acquisitions so
that half or a quarter k-space is acquired after each inversion. Data from the two echo planar images (inserts, top) are combined as for the MP2RAGE sequence to

generate T;-maps and T;-weighted images (inserts bottom).

functional data, from which the depth-dependent signals are derived. To
optimally benefit from the advantages of 7T, these anatomical data are
usually acquired using tailored or carefully selected sequences (Marques
and Norris, 2017) and great care is taken to correctly derive the desired
surfaces (Kemper et al., 2017). For these data, which are often not
averaged over subjects in a standard space but treated individually,
spatial accuracy is of paramount importance to obtain functional re-
sponses specifically arising from the cortical depth they are assigned to
(Polimeni et al., 2017). In practice, it is challenging to achieve an accu-
rate and reliable geometric distortion correction (Hutton et al., 2002;
Irfanoglu et al., 2015). Hence, it is advantageous to acquire a reference
with anatomical contrast and with identical susceptibility-induced dis-
tortions as the functional data. In addition, it is important that such an
acquisition is relatively fast as the high-resolution functional sessions
already take up large amounts of scantime and re-acquisition of the
anatomy in multiple scanning sessions may be necessary.

T;-weighted echo planar data or T;-maps based on echo planar
readouts have been suggested for use as anatomical reference previously,
but have so far not been widely used. Most methods suffer from either
limited spatial resolution (Gowland and Mansfield, 1993; Wright et al.,
2008) or modest brain coverage that can be achieved, for example when
preceding an echo volumar readout with an inversion pulse (van der
Zwaag et al., 2006), or else from the long acquisition times associated
with the combination of multislice acquisitions and inversion pulses
(Brammer et al., 1997). This long sampling time can be improved by
clever reordering of slices (Kashyap et al., 2017; Renvall et al., 2016) or
the use of a 3D-EPI readout, which has been compared to more standard
T;-weighted anatomical images in lesion detection, but then found to
suffer from susceptibility induced distortions (Karantanas et al., 1999).
One time-efficient, albeit low-SNR, approach is the use of the, usually
discarded, first volume of the EPI train to derive a T;-map (Bodurka et al.,
2007). T1-maps are generally preferable to T;-weighted images because
they are not sensitive to the bias fields associated with variations of fli-
pangles (Renvall et al., 2016; Wright et al., 2008). It is worth noting that
the majority of the studies mentioned here proposed EPI readouts not just
because of the possible time-savings, but especially because of the
matching distortions to the functional EPI data (Bodurka et al., 2007;
Brammer et al., 1997; Huber et al., 2016b; Kashyap et al., 2017; Renvall
et al., 2016).

In this study, to match the distortions between functional and struc-
tural scans, we modified a 3D-EPI sequence, used in our functional
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studies, to generate T;-weighted echo planar images with an approach
similar to that used to obtain T;-weighted MP2RAGE images. We term
this approach “T;-imaging with 2 3D-EPIs” or T123DEPIL. Here, the two
GRE readout blocks (encompassing all phase encoding steps along one
dimension) of the MP2RAGE sequence were replaced with two 3D-EPI
blocks as shown in Fig. 1. Following the inversion pulse, several segments
of a 3D EPI sequence are acquired, with the k-space centre plane being
acquired at time TI;, resulting in an heavily T;-weighted image. At a later
time, an identical EPI train is acquired centred at TIp, generating an
image with much less T;-weighting. Examples of the acquired images are
shown on the right of Fig. 1. The image acquired at TI; has T; contrast,
but also a strong bias field (note the lower image intensities in the lower
right) and Ty* contrast. The image acquired at TI has the same bias field
and Ty* contrast as EPIyy; (note again the lower image intensities in the
lower right), but not the same T; weighting. In the MP2RAGE sequence
the complex GRE images are combined following: Syparage = (GRE-
11 *GREr12)/(GRE%1 +GRE?2). For the T123DEPI the GRE's are simply
replaced with the complex data of the echo planar images: Sti23pEpr =
(EPIty; *EPIrrp)/(EPT3; + EPI3,). Same as for the MP2RAGE anatomicals,
this combination approach removes the To* contrast associated with the
EPI readout. Thus, the combination of the two EPI blocks yields bias-field
corrected images with homogeneous contrast throughout the covered
area, as also obtained with the MP2RAGE sequence. In addition, proton
density and receive B; sensitivities are also cancelled by the image
combination, allowing generation of a Tj-estimation map via a lookup
table (Marques et al., 2010). As the EPI readout duration is equal to that
of the functional data, the obtained T; estimation maps and bias-field
corrected Tp, images have distortions matched to those of the func-
tional data. Besides the susceptibility induced distortions, another dif-
ference between the T123DEPI and the MP2RAGE sequences is the much
reduced acquisition time in the T;23DEPI. Following a single inversion
pulse, a much larger k-space section is acquired for the T123DEPI than for
the MP2RAGE, drastically shortening the time to fill k-space. In the
extreme case, if all of k-space can be acquired within a single block, a
Tp-weighted image and T;-map can be acquired in a matter of seconds
(Huber et al., 2016a, 2016b), namely the time between two inversion
pulses, TRT123pEpI-

As acquisition times for a single volume can be relatively long in sub-
millimeter fMRI (Batson et al., 2015; Petridou et al., 2013), it may be
necessary to split the 3D-EPI volume into several ‘blocks’ containing
multiple EPI readouts to allow for an optimal inversion time to be chosen
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Table 1
Imaging parameters for the T;23DEPI data acquired in Experiments 1, 2 and 3.
Name TRT123DEPI TI,/TI, o1/ TREgp; Averages FOV Resolution Tacq Notes
Oz
Experiment 1, 2 blocks 10s 1200/ 14/ 57 4 120* 131* 0.7* 0.7* 80s 34 readouts per block
3800 ms 10 ms 24 mm 0.7 mm
Experiment 1, 4 blocks 8.25s 1000/ 20/ 57 4 120* 131* 0.7* 0.7* 132s 18 readouts per block
2700 ms 16 ms 24 mm 0.7 mm
Experiment 2, 0.8 mm slab 8.25s 1000/ 19/ 54 4 150* 169* 0.8* 0.8 0.8 132s 19 readouts per block; Motor task fMRI
3200 ms 16 ms 24
Experiment 2, 1 mm whole- 8.5s 1000/ 15/ 44 2 200* 212* 1.0* 1.0* 170s 31 readouts per block; 10 blocks; also 10 vol
brain 3200 ms 13 ms 120 1.0 mm EPI without task
Experiment 2, 1 mm slab 8.00s 1000/ 19/ 48 4 200* 212* 1.0* 1.0* 128s 19 readouts per block; 4 blocks Including
3200 ms 16 ms 30 mm 1.0 mm reversed readout for distortion correction
Experiment 2, 1.3 mm slab 8.75s 1000/ 19/ 44 4 202* 202* 1.3 1.3* 140s 18 readouts per block; 4 blocks; Motor task
3600 ms 14 ms 40 1.3 mm fMRI
Experiment 3, 0.8 mm 8.25s 1000/ 19/ 53 2 170* 189* 0.8* 0.8* 198s 20 readouts per block; 12 blocks; checkerboard
wholebrain long block 3300 15 ms 120 0.8 mm fMRI. Repeated with N=3
Experiment 3, 0.8 mm 8.25s 1000/ 19/ 53 2 170* 189* 0.8* 0.8* 561s 6 readouts per block; 34 blocks;
wholebrain short block 3300 15 ms 120 0.8 mm

for the 3D-EPI block acquired at TI;. This segmentation means that, for
practically any functional EPI protocol, a Ti-map and T;-weighted
dataset with matching distortions can be acquired.

Methods

A total of 25 healthy volunteers were scanned at 7T (Philips,
Netherlands) with a 32-channel receive and 2-channel transmit volume
coil (Nova Medical, USA) using different acquisition protocols specified
below, some as part of another study. All volunteers provided written
informed consent prior to participating in the session. The protocol was
approved by the local ethics committee.

All acquisition protocols for MP2RAGE and T123DEPI were generated
using the Multiple Instantaneously Switchable Scans, MISS, functionality
on the Philips platform. Bloch simulations as in (Marques et al., 2010)
were used to derive optimal inversion times, TRyolume and flip angles for
both MP2RAGE and T;23DEPI protocols.

In Experiment 1, the effect of changing the length of the EPI readout
block in the T;23DEPI was investigated. Two protocols were compared in
four volunteers: T123DEPI protocols with 3D-EPI readouts split into
either 2 or 4 k-space sections (blocks) were separately optimised. A high-
res (0.7mm istotropic) 3D-EPI protocol previously used for sub-
millimetre fMRI acquisitions (Petridou et al., 2013) was adapted to ac-
quire the T123DEPI data. Parameters of this functional 3D-EPI protocol
were: FOV 120 x 131 x 24 mmg, matrix size 172 x 188 x 34, TR/TE =57
ms/28 ms, EPI factor = 27 (i.e. 2 readouts per k-space plane), SENSE
undersampling factor 3.5 (LR) * 1.3 (AP), slice oversampling factor 1.28,
68 EPI readouts (segments) per volume, volume acquisition time 3.9 s.
No fat saturation was used. Specific parameters for the T123DEPI pro-
tocols are given in Table 1. The minimum inversion time of the first
readout (TI;) in the 2-block protocol was limited by the length of the
readout block. For the 2-block protocol this readout block length was
1.94s, for the 4-block protocol it was 1.03s.

MP2RAGE data were acquired for all subjects as an anatomical
reference, with the following parameters: voxel size 0.64 mm isotropic,
FOV 220 x 220 x 164 mm3, TRmp2raGE/ TE/TRppAsH = 5.55/2.3 ms/6.2
ms, TI;/TI; =800 ms/2700 ms, a1/ap =7/5, taeq 11 min. The readout
block length of the MP2RAGE was 985 ms, comparable to that of the 4-
block protocol described above. For both the MP2RAGE and all T;23DEPI
sequences a non-selective adiabatic inversion pulse (hyperbolic secant)
was used.

For two out of these four volunteers, a 4 min functional run using a
flashing checkerboard stimulus (Jorge et al., 2015) with 10s stimulus
alternating with 20 s baseline was also acquired using the 0.7 mm 3D-EPI
protocol.

In Experiment 2, a range of high-resolution fMRI protocols were
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acquired with matching T;23DEPI data. Details of the different T;23DEPI
protocols are given in Table 1. For all volunteers a 0.64 mm MP2RAGE
with parameters as given above was also acquired.

a) For two volunteers, a sagittal 0.8 mm T;23DEPI slab was acquired in
2 min 12 s along with functional data acquired during execution of a
simple block design motor-task with 15 s hand movement alternated
with 15 s rest with a total functional run duration of 8 min. These data
were part of the pilot acquisitions for another study. 3D-EPI param-
eters were: TE = 28 ms, EPI factor = 27, SENSE undersampling factor
4 (AP), slice oversampling volume 1.28, volume acquisition time 4.1s.
For two volunteers, a whole-brain 1 mm isotropic slab was acquired
in 2.5min as well as 10 volumes of matching whole-brain EPI data.
3D-EPI parameters were: TE = 21 ms, EPI factor = 27, SENSE under-
sampling factor 4 (AP), slice oversampling factor 1.28, volume
acquisition time 15s. The 1 mm isotropic whole-brain T;23DEPI were
automatically segmented using the standard segmentation pipeline
from SPM12 and the automatic pipeline from Freesurfer.

For 12 volunteers, as part of another study, a 1 mm isotropic oblique
coronal slab T123DEPI covering the cerebellum, midbrain and part of
the frontal cortex was acquired. The temporal mean of a matching
functional run was used to demonstrate co-registration quality for an
example subject. For both the functional run and the T;23DEPI data,
five separate volumes were acquired with opposing phase-encoding
direction (LR rather than RL) to allow distortion correction using
FSL's TOPUP (Andersson et al., 2003). From these pairs of images, the
susceptibility-induced off-resonance field was estimated and both
pairs of images were combined into a single corrected one. 3D-EPI
parameters were: TE = 26 ms, EPI factor = 27, SENSE undersampling
factor 4 (LR), slice oversampling volume 1.28, volume acquisition
time 3.6s. For these data acquisitions, a dielectric pad was used to
improve Bj-homogeneity over the cerebellum (Teeuwisse et al.,
2012).

For a further 4 volunteers, a 1.3 mm isotropic coronal oblique slab
covering again the cerebellum, midbrain and part of the frontal cortex
was acquired. A simple block paradigm motor task alternating 15 s of
bilateral finger tapping with 15s rest was used to elicit functional
responses in a 7min EPI acquisition. 3D-EPI parameters were:
TE = 26 ms, EPI factor = 27, SENSE undersampling factor 3 (LR), slice
oversampling volume 1.1, volume acquisition time 3.0s.

b)

C

—

d

=

In Experiment 3, the effects of block length were further tested and
BOLD measures were extracted as a function of cortical depth. Two
T123DEPI datasets were acquired along with an MP2RAGE anatomical
and a 5-min functional acquisition using a checkerboard stimulus. The
checkerboard was alternating at 8 Hz black and white on a gray
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Fig. 2. Example slices from the 0.7 mm isotropic T; maps and T;-weighted T;23DEPI images and comparable slices from the 0.7 mm® MP2RAGE. All data were skull-
stripped and the same intensity range was used for all. Voxels within the brain masks were used to generate the histograms. Note the homogeneous contrast
throughout the slices. 2-block data have slightly lower T; contrast due to the longer TI;, but 4-block T,,,-T;23DEPI images have near-identical contrast to the
MP2RAGE standard. All T; maps are of similar contrast. The same gray scale was used for all T; maps.

background, 10 s ON, 20 s OFF, for 10 cycles (Jorge et al., 2015). 3D-EPI
parameters were: TE = 25.5 ms, EPI factor = 27, SENSE undersampling
factor 4 (LR), slice oversampling volume 1.1, volume acquisition time
3.9s. The slab thickness for this functional dataset was not matched to
that of the T;23DEPI, being only 27 mm in the HF direction (34 slices)
while the T123DEPI covered the entire brain. As the EPI factor, in-plane
FOV, bandwidth, slice orientation and shim-settings remained the same,
all distortions were equal between fMRI and T;23DEPI. Two T;23DEPI's
were acquired with a different block length, but otherwise equal acqui-
sition parameters. Details of the different T;23DEPI protocols are given
in Table 1. The long block length T;23DEPI was repeated three more
times to examine the effect of increased SNR on the image intensity
distribution.

Data analysis

The amount of T;-induced blurring across the slice direction was
simulated for the three acquisition protocols in Experiment 1 (MP2RAGE,
2-block and 4-block T;23DEPI) in Matlab. An artificial image was made
containing a square of 3 x 3 gray matter voxels (T; = 1.85s) in a white
matter (T; =1.15s) or CSF (T; = 4s) background of 36 x 36 voxels, in
order to be able to simulate the encoding used in Experiment 1. The
signal in each compartment at each excitation during the acquisition of
the first and second inversion readouts was computed using Block
Equations. All these images (2 inversions times number of phase
encoding steps per readout block) were Fourier transformed. Synthetic k-
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space data was created where each k-space encoding line was obtained
from the k-space associated with its actual inversion time. Finally these
were inverse Fourier Transformed and combined using the MP2RAGE
image combination. The amount of blurring was visualised by comparing
the readout direction profile with the slice-direction profile.

Both the MP2RAGE and T;23DEPI first and second inversion images
were exported and subsequently combined in Matlab (https://github.
com/JosePMarques/MP2RAGE-related-scripts/).  Because of the
transmit-coil sensitivity map used in the SENSE reconstruction, the
combined phase images do not contain phase singularities and the
combination can be done post-coil combination. In the MP2RAGE com-
bination, an inversion efficiency of 0.96 was assumed.

All EPI and MP2RAGE data were co-registered to their matching
T123DEPI Ti-weighted images using the six degrees of freedom rigid
body co-registration of SPM12 (www.fil.ion.ucl.ac.uk/spm/software/
spm12/) to allow comparisons of local distortions. MP2RAGE data
were brain extracted prior to co-registration by combining the gray and
white matter masks from the SPM segmentation. These masks were also
used to define the ROTI's for histograms of image intensity and T;-values
of the data in Experiment 1 and 3.

All functional data was analysed using SPM, with minimal pre-
processing (realignment and smoothing with a FWHM of the voxel size)
and a GLM modelling the stimuli as a boxcar convolved with the ca-
nonical HRF and including the motion parameters as regressors of no
interest. Functional data from Experiment 3 was not smoothed.
Figures were generated using Matlab (Mathworks Inc), including the
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Fig. 3. A) Histograms of image intensities in the 0.7 mm isotropic T;-weighted T;23DEPI images and co-registered MP2RAGE. b) Histograms of T; maps generated
from the 0.7 mm isotropic T;-weighted T;23DEPI images and co-registered MP2RAGE. c) histograms of image intensities from voxels within the gray (lower values)
and white (higher values) matter masks obtained from the SPM segmentation. d) histograms of T; values from voxels within the gray (centred around ~1800ms) and
white (centred around ~1100ms) matter masks. All panels show data grouped over all four datasets shown in Fig. 2. Note that quantitative T, values in panels b and
d are constant between acquisition types although peak widths depend on the image acquisition type.

image intensity contours used to highlight the gray-white matter and
gray matter - CSF boundaries.

The whole-brain T;23DEPI T;-weighted images, those of experiments
2b and 3, were automatically segmented using SPM and used as input for
the standard freesurfer pipeline for cortical surface generation. The un-
smoothed functional data acquired in Experiment 3 was projected onto
the cortical surfaces generated from the T123DEPI at nine equi-distantly
spaced cortical depths using freesurfer's mri_vol2surf routine.

Data from Experiments 1 and 3 is freely available online (Van Der
Zwaag et al., 2018).

Results

Bloch simulations predicted similar transmit B;-sensitivity for the
MP2RAGE protocol used here and the T;23DEPI protocols of Experiment
1 and 2b (Supplementary Figure 1). The T;-induced blurring due to
signal evolution during the readout (Supplementary Figure 2a) was
negligible for the gray/white matter border in the MP2RAGE and simu-
lated T123DEPI protocols (Supplementary Figure 2b). The gray matter/
CSF border showed more blurring particularly for the 2-block protocol of
Experiment 1, due to its almost 2-s long readout (Supplementary
Figure 2c).

The T;23DEPI data acquired in Experiment 1 were compared to the
MP2RAGE data in terms of contrast in both the T;-weighted images and
the T;-maps (Fig. 2). As expected from the simulations, contrast in the T;-
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weighted images differed significantly between the MP2RAGE, T 23DEPI
2-block and 4-block data. Most noticeably, the gray-white matter contrast
was considerably lower in the 2-block T;23DEPI data. On the other hand,
Ty values in the T;-maps were remarkably similar across acquisitions.
This is confirmed by the histograms of the image intensities presented in
Fig. 3: while there are large shifts between T;-weighted image intensities
in Fig. 3a and c, the T;-value histograms in Fig. 3b and d are centred
around the same T; values for each tissue type. The gray and white
matter peaks in the histograms are well separated in the blue MP2RAGE
curves in Fig. 3, less so in the red 4-block histograms and nearly merged
in the orange histogram of the 2-block data. The increased width of the
distribution in the T;23DEPI is especially noticeable when looking at the
separately plotted distribution for the white and gray matter masks in
Fig. 3c and d.

The result of co-registration between the MP2RAGE, T;23DEPI and
mean EPI volume of the 0.7 mm data is shown in Fig. 4. For reference, the
contours of the MP2RAGE data, which was scaled from 0 to 4095, at
values 1000 (mid-green) and 2000 (orange) are shown overlaid on the
T123DEPI and mean EPI volumes. Although the overall co-registration
appears successful, at several locations a mis-match between the
MP2RAGE contours and the EPI data exists. Blue arrows in the middle
panels indicate troublesome areas in the gray matter surface (light and
mid-blue) and the white-gray matter boundary (dark blue). The activa-
tion overlaid on the anatomy is mainly located in the gray matter strip,
but is also visibly misplaced at some locations. The most notable shift is
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Fig. 4. SPM co-registration results for T;,-images from an MP2RAGE and two T;23DEPI acquisitions to a mean EPI volume (n = 50). Orange and mid-green contours
drawn from the MP2RAGE data (Matlab contour at value 1000 and 2000) correspond roughly to the white/gray matter boundary and gray matter/CSF boundary.
Middle row panels display the area marked with a yellow box (top left panel). Blue arrows indicate regions where the MP2RAGE boundaries do not match the
anatomical structure seen in the mean EPI. The rightmost panels show the same slices but with the activation map of a visual task overlaid. The purple arrow indicates
a region where activation is seemingly on the left bank of the sulcus in the MP2RAGE, yet more equally spread over both banks in the EPI images and both T;23DEPI's.

indicated with a purple arrow in the rightmost panels of Fig. 4. While the
activation is spread equally over both banks of the sulcus in the mean EPI
volume and T123DEPI's, when overlaid on the MP2RAGE it appears more
on the leftmost bank of the sulcus. Note here again the improved contrast
of the 4-block T123DEPI compared to the 2-block T;23DEPI.

In Experiment 2, a range of protocols and resolutions were tested in
the T123DEPI. The first, a 0.8 mm isotropic acquisition with sagittal slice
orientation, shows more distortions than the 0.7 mm protocol in Exper-
iment 1 because of the larger portion of brain included in the FOV and the
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larger voxel sizes. Co-registration errors are therefore much more pro-
nounced between the distortion-free MP2RAGE and mean EPI, especially
anterior and posterior to the central brain portion (Fig. 5, white inset and
middle panels). Note that in Fig. 5, all red and green contours are now
taken from the T123DEPI image, again at values 1000 (green) and 2000
(red) with the image scaled from 0 to 4095. Significantly active voxels
associated with the motor task fall within the gray matter strip both on
the T;23DEPI and in the MP2RAGE (yellow insets, right panels) because
of the central position of the central sulcus and, hence, locally reduced
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Fig. 5. Image quality and co-registration results for the 0.8 mm sagittal protocol. The mean EPI and MP2RAGE were co-registered to the T;23DEPI. Red and green
contours indicate the white/gray matter boundary and gray matter/CSF boundaries; note that these are in this figure, and in the subsequent figures, drawn from the
T,23DEPI data. The middle column inserts show the area marked in the white box (top left panel). Alignment errors are clearly visible in the MP2RAGE panel (bottom
row, middle). The right column inserts show the area marked in yellow (top left panel), which includes the primary motor cortex which was activated by the finger

movement task.

distortion.

The T;23DEPI data acquired with protocol b) of Experiment 2,
matched to a 1 mm isotropic whole-brain EPI, can be used in automated
segmentation routines such as that of SPM. An example slice from the
gray and white matter segment of the result of such a segmentation is
shown in the rightmost panel of Fig. 6. The contours in Fig. 6 are drawn
from the same segments. The segmentation-boundary follows the gray
matter-white matter boundary in the mean EPI faithfully, while small
deviations to the MP2RAGE gray-white matter boundary can be observed
in the bottom row panels. These deviations signify differences between
the MP2RAGE and EPI-based data, and indicate that EPI-based surfaces
would be more appropriate for this fMRI protocol than MP2RAGE-based
surfaces.

The 1 mm slab images (Table 1) that were also acquired with reversed
phase-encoding direction were distortion corrected prior to the co-
registration steps. For the example subject, both EPI to T;23DEPI and
MP2RAGE to T123DEPI co-registration steps were successful, with good
alignment of the internal structures (Fig. 7). The T123DEPI contours
closely match the anatomic structures in both the MP2RAGE and mean
EPI throughout. To investigate the utility of the T;23DEPI as interme-
diate in the co-registration pipeline, co-registration of the fMRI data to
the MP2RAGE was undertaken with and without the T;23DEPI step for
all twelve volunteers and visually inspected. For three out of twelve
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volunteers, the co-registration was improved when the T;23DEPI was
included, for the other nine no differences were found.

The results for an example subject of the 1.3 mm run with motor task
are shown in Fig. 8. The motor task yields activation in the entire motor
network, including the left and right cerebellar lobule V, left and right
primary motor areas and the supplementary motor area (SMA) (Fig. 8,
right panels). Overlaid on the T;-weighted images from the T;23DEPI
and MP2RAGE the activation is seen to be limited to the gray matter strip,
even in the finely structured gray matter of the cerebellum. The small
clusters in the cerebellum necessitate high accuracy of segmentation and
co-registration to correctly identify the folia in which the clusters of
activated voxels are found. The T123DEPI contours are generally well-
aligned with the structures in the mean EPI and MP2RAGE, though
some white matter regions in the MP2RAGE are misaligned with the
contours because of the susceptibility-induced distortions in the echo
planar images (Fig. 8, blue arrows).

The distribution of image intensities in the longer and shorter readout
T123DEPI data acquired in Experiment 3 were compared to the
MP2RAGE image intensity and T; distributions to test the effect of block
length (or Tj-induced blurring) and increased averaging (or SNR) on the
width of the histogram peaks. Image intensities differed between the four
protocols (Fig. 9A and C). The peaks of the N =3 acquisition were
somewhat narrower than the long and short readout blocks, which were
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Fig. 6. Image quality and co-registration results for the 1 mm whole-brain protocol. The mean EPI and MP2RAGE were co-registered to the T;23DEPI. The red and
green contours on these example slices indicate the outline of the white matter and gray matter boundaries from the automated segmentation of the T;23DEPI The
gray arrow in the T;23DEPI and mean EPI panels indicates a region affected by a SENSE artefact, visible as a near-horizontal line of higher (in the T;23DEPI) or lower
(mean EPI) intensity traversing the white matter. The second column inserts show the area marked in the white box (top left panel). The third column shows for the
same slice the gray and white matter masks of the automated SPM segmentation. The last column shows the result of the freesurfer automatic pipeline: the brain
extracted image with the pial and white surfaces overlaid, the cortical surface in 3D and finally the inflated cortical surface of the left hemisphere with the curvature

measures overlaid in red/green.

similar in height. Note that the number of pulses in the readout train
influences the intensity distribution in the MP2RAGE images, and hence,
in Fig. 9A and C, the peaks in the short readout block protocol in red are
in a different position to those in the long and N = 3 acquisitions. The
lookup-table for the T;-map takes this into account, yielding correct,
overlapping, T;-value peaks in Fig. 9B and D. Both 9-min scans, with
either more averaging or shorter readouts, led to slightly sharper peaks in
the T;-value distributions (Fig. 9B and D), but the MP2RAGE distribution
had the narrowest peaks, especially for the white matter compartment
(Fig. 9D).

The 3-min T;23DEPI data was successfully put through the fully
automatic freesurfer pipeline. Fig. 10 shows the BOLD responses to the 5-
min visual task overlaid on the mid-gray matter surfaces of the T;23DEPI
and MP2RAGE. The white matter surface (yellow) and pial surface
(purple) from the freesurfer segmentation are shown overlaid on the
T123DEPI along with intermediate cortical depths (25%, 50% and 75%)
overlaid on the T123EPI data and its segmentation mask. Fig. 10D shows
an enlarged version of the white box in Fig. 10C. The average t-values as a
function of relative cortical depth are shown for both surfaces defined on
both the T123DEPI and MP2RAGE data. For both ROIs and both
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anatomical scans the BOLD signal increased towards the cortical surface.
When mapped onto the T123DEPI surfaces the responses in the right
hemisphere ROI were similar to when mapped onto the MP2RAGE. For
the left hemisphere ROI, the BOLD increase toward the cortical surface
was less steep for the MP2RAGE-based surfaces, most likely due to the
imperfections in the coregistration (6-parameter rigid body).

A more quantitative comparison in of the MP2RAGE and T;23DEPI-
derived surfaces is presented in Fig. 11. The image intensity values from
the mean of the functional run from Experiment 3 were extracted for
three Freesurfer-generated ROIs in the occipital lobe, one on the poste-
rior brain surface (ROI1), one along the calcarine sulcus (ROI2) and one
more anterior (ROI3). For each ROI, values were extracted from (1) the
overlapping region between MP2RAGE and T;23DEPI segmentation re-
sults (Fig. 11, black histograms), (2) the voxels exclusively included in
the T123DEPI-derived segmentation (Fig. 11, red histograms) and (3)
voxels exclusively included in the MP2RAGE-derived segmentation
(Fig. 11, blue histograms). The peak of the T123DEPI-only histogram
(red) was closer to the maximum of the joint ROI histogram (black) for
both ROI2 and ROI3, indicating that the image intensity in the T;23EPI
voxels was more similar to the joint region than that of the MP2RAGE-
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only voxels. More importantly, some of the histograms in ROI1 and ROI2
have a shoulder with low-intensity voxels. These voxels lie outside the
brain, and are included in the ROI where the pial surface of the ROI
deviates from the pial surface in the EPIL In the MP2RAGE-only histo-
grams, these shoulders of low-intensity voxels are much more pro-
nounced. The difference is especially large in ROI1, the most posterior
ROI, where small distortions immediately lead to the inclusion of non-
brain voxels in the ROI. This quantitative comparison, similar to the
one presented in Kashyap et al. (2017), shows that the T;23DEPI-derived
segmentation more faithfully follows the cortical gray matter in the
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Fig. 7. Image quality and co-registration
results for the 1mm slab protocol. The
mean EPI and MP2RAGE were co-registered
to the T;23DEPI following TOPUP distor-
tion correction of both the functional EPI's
and the T;23DEPI. Red and green contours
indicate the white/gray matter boundary and
gray matter/CSF boundary in the T;23DEPIL.
The right column images show an enlarge-
ment of the central area outlined in white in
the top left panel. Although for this example
subject alignment around the cerebellum
was good, in general the alignment of the
mean EPI of this protocol to the MP2RAGE
was more reliable when the T;23DEPI vol-
ume was used as an intermediate step.

functional EPI data.
Discussion

Here we presented an acquisition strategy for T;-imaging with 2 3D-
EPIs, T123DEPI, with which bias-field corrected T;-weighted data and T;-
maps are obtained with the same distortions as in functional echo planar
images, in a scan acquisition time of only a few minutes. The availability
of T1-weighted data with matching distortions to the functional data is
especially important for those studies where fine anatomical ROIs or
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T,23DEPI

Mean EPI

MP2RAGE

Fig. 8. Image quality, co-registration result and activation map for the 1.3 mm para-coronal slab. Top row: T;23DEPI data with, in the left panel, contours indicating
the gray-white matter boundary (red) and gray matter surface (green) in a coronal oblique slice passing though the cerebellum and crossing the central sulcus. Middle
panels show an enlarged region in the cerebellum. The zoomed-in area is outlined in white in the top left panel. The activation map from a hand movement task is
overlaid on the same slices in the right panels. The slice traverses the supplementary motor area (midline, top), primary motor cortex (bilateral) and cerebellar lobule
V, all showing clusters of significantly active voxels. Middle row: matching slice from the mean EPI volume of the fMRI timecourse with the T;23DEPI contours (left
and middle) and activation map (right) overlaid. Bottom row: matching MP2RAGE slice with the T;23DEPI contours (left and middle) and activation map (right)
overlaid. The blue arrow indicates a region of cerebellar white matter which is not corresponding to white matter in the EPIs due to the distortions therein. The yellow
arrow in the right panel indicates small clusters of activation falling within the cerebellar cortical gray matter for which very precise segmentation and co-registration
are necessary.

layers are currently obtained from an undistorted anatomical sequence to targeting cortical laminae and/or cortical columns.

be used with distorted functional data. Even in functional data with very These Tq-weighted images and T;-maps can be used in various ways:
minor distortions, these will generally be relevant on the millimetre

scale. Hence, we expect these T123DEPI to be useful for fMRI studies
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Fig. 9. Histograms for whole-brain 0.8 mm resolution data. A) Image intensities from the whole brain mask of the 0.8 mm whole-brain T;-weighted T;23DEPI images
and MP2RAGE B) Histograms of 0.8 mm whole-brain T; maps and MP2RAGE T; maps. C) histograms of image intensities from voxels within the gray (lower values)
and white (higher values) matter masks obtained from the SPM segmentation. D) histograms of T; values from voxels within the gray (centred around ~1800ms) and
white (centred around ~1100ms) matter masks. Note that quantitative T; value distributions in panels b and d do not vary significantly with readout block length in
the T;23DEPI.

For sub-millimetre protocols such as those in Experiment 1, or the
0.8 mm protocols in Experiments 2 and 3, the T;23DEPI can be used
to define the cortical surfaces needed for laminar imaging, circum-
venting the need for acquisition of a full anatomical scan. With the
currently available software packages for cortical layer definition this
approach is problematic because whole-brain coverage of the anat-
omy is often expected. If (semi)-manual layer definition is planned,
brain coverage is less important and the T;23DEPI data will suffice for
layer definition (Fig. 5).

A T123DEPI with whole-brain coverage can be segmented automati-
cally and used for layer definition directly, completely replacing the
typical anatomical acquisition. This approach has been suggested
previously for other Tj-weighted acquisitions (Kashyap et al., 2017;
Renvall et al., 2016). For protocols which allow the extension of the
small imaging slab to cover the whole brain with equal distortions as
the functional imaging, this is a very fast way of acquiring the
necessary Tj-weighted data. For example, the 1 mm whole-brain
dataset shown in Fig. 6 was acquired in under 3 min, the 0.8 mm
whole-brain dataset in Fig. 10 in just over 3 min.
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- An intermediate step between the distorted, low contrast functional

data and high-contrast, non-distorted anatomical data can already
greatly simplify co-registration of the two. T;23DEPI data is high
contrast and distorted, meaning co-registration between both mean
EPI and the anatomy is expected to be relatively straightforward. In
all protocols of both Experiment 1 and 2, the overall co-registration
was successful, even for very limited slab coverage. Distortion
correction schemes commonly used for the functional images, such as
the TOPUP scheme applied on the data in Experiment 2c, can also be
applied to the T;23DEPI's (Fig. 7), improving the local fidelity of the
anatomy-derived information. Here, we have not explored co-
registration using nonlinear deformations, but the improved gray-
white matter contrast should once again prove to be beneficial.
Using a T;123DEPI to aid co-registration to another anatomical scan is
especially useful if the fMRI data and matching T;23DEPI do not
contain enough spatial information because of limited spatial reso-
lution, such as for example in the case of the 1.3 mm protocol shown
here (Fig. 8). Another situation, in which acquisition of a fast
distortion matched T123DEPI will be useful, is if participants
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Fig. 10. Surface reconstruction and cortical
depth profiles for T;23DEPI and MP2RAGE
pipelines. A) BOLD responses shown overlaid
on the mid-cortical layer of the T;23EPIL The
location of the functional imaging slab can
clearly be observed. As expected, the full-
field checkerboard resulted in positive
BOLD responses near the occipital pole. B)
BOLD responses overlaid on the mid-cortical
layer of the MP2RAGE. C) Five surfaces
overlaid on the T;23DEPI and the segmen-
tation result. Yellow: white matter surface,
orange: 25%, red: 50%, wine red: 75%,
purple: pial surface. The white insert in-
dicates the region shown enlarged in panel

average t-value

0.57

D. E) Average t-value in left and right
hemisphere ROIs as a function of cortical
depth. 0% is the white matter/gray matter
surface, 100% is the pial surface.
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participate in multiple scanning sessions. A long anatomical acquisi-
tion will then have to be acquired only once, while the other sessions
can suffice with a faster T;23DEPI acquisition.

One of the interesting features of the current implementation of
T123DEPI is that any fMRI acquisition protocol acquired with either a 3D
or 2D EPI readout can be mimicked, even those with very long volume
acquisition times. In the current implementation, the 3D-EPI volume can
be separated in various blocks/segments to ensure that the optimum
inversion times can be used and the amount of susceptibility-induced
distortion is matched exactly to that of the fMRI images. 2D-EPI pro-
tocols can also be matched by T;23DEPI, as distortions are predomi-
nantly present in the phase-encoding direction and the readout length of
the EPI train in the T;23DEPI can match that of most 2D-EPI protocols.
Note that the assumption that distortions only occur in the phase-
encoding direction breaks for 2D EPI when the bandwidth of the RF-
pulses used for (simultaneous multi-) slice selection becomes compara-
ble to the static field inhomogeneity gradients. However, even in this
case the phase-encoding distortions will still be the dominant source of
distortion as the EPI readout train is significantly longer than the slice
selection gradient. Only 2D-EPI protocols with a very low number of
slices will be difficult to match as the slab excitation profile in the
T123DEPI will be suboptimal; requiring an extended slab in the
T123DEPI of which the middle slices match the fMRI data, at the cost of
longer scanning times for the T;23DEPIL Even higher resolution voxel
sizes than the ones presented here could also be achieved by further
segmentation of the T;23DEPI acquisitions, although the T;-weighting
also reduces SNR and hence large numbers of averages might need to be
acquired. As can be seen from the 1 mm protocols for a slab and whole-
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brain, the filling of the larger 3D-matrix means fewer averages need to be
acquired to obtain good image SNR and white/gray matter CNR. For
smaller matrices, SNR increases can be achieved through averaging of
several T123DEPI volumes.

Comparing the T123DEPI to recent literature approaches mainly
based on multislice imaging (Huber et al., 2016c; Kashyap et al., 2017;
Renvall et al., 2016), there are two aspects that should be discussed,
namely the SNR or precision of the method and the accuracy of the
method. T;-maps obtained with T123DEPI (based on a 2 point fit) are by
definition sensitive to the validity of the single pool tissue model, which
has been shown not to be fully valid 7T for white matter. On the other
hand, slice selective T; maps are extremely sensitive to slice profile ar-
tifacts, whereby the effective flip angle varies throughout the slice.
Generally, in slice-selection, flip angles will be smaller at the edges of the
slice, meaning that signal locally will be less saturated by the flip angle
train and a T1-model fit which does not take this lack of saturation into
account, will overestimate the T; value. From an SNR point of view, the
T123DEPI SNR should be comparable or higher than what is achieved by
the 2D counterparts because of the 3D nature of the acquisition and
relying on two inversion times for the T;-estimation. In Renvall et al.
Ri-maps at 7T with 1 mm isotropic were obtained in 2min 56s which is
on the same order of magnitude of what we have presented here (2min
30s) but no further judgements can be made on the obtained SNR. The
higher number of inversion times measured by Kashyap et al. means a
longer overall acquisition time, nearing 20 min (Kashyap et al., 2017).
The two-shot VASO-approach using a 3D-EPI readout from Huber et al.
(2016b) also lends itself to calculation of T;-maps, though the imple-
mentation does not allow for a k-space segmentation of the 3D volume
and is hence limited in the achievable spatial resolution of FOV by the
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Fig. 11. Histograms of the mean EPI signal
distribution in three Freesurfer-generated
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available gradient coil. In contrast, the current T;23DEPI implementation
allows matching of the distortions and use of ideal inversion times for any
protocol because of the tailored amount of segmentation of the 3D-EPI
volume.

There are disadvantages associated with the EPI readout of the
T123DEPI also; the distortions in the T123DEPI T1-weighted images make
them less suitable for volumetric experiments, even if the quality is high
enough for segmentation. Also, the distortions in the T,23DEPI are
assumed to be identical to those of the functional data. This requires
some care that the same shim-settings are used for both acquisitions and
that subjects do not move between acquisitions in such a way as to
significantly change the By field distribution, similar to the care taken
when acquiring different runs of a functional task. The wider distribution
of image intensity values in the T;23DEPI than in the MP2RAGE (Figs. 3
and 9), in combination with the smaller difference in image intensity
between the gray and white matter (Fig. 2) mean a reduced CNR
compared to the longer MP2RAGE anatomical scans. The use of long
readout blocks seems unadvantageous, especially if suboptimal inversion
times have to be used, as the use of 4 shorter blocks rather than 2 longer
ones improves the distribution of image intensities substantially (Fig. 3).
In addition to the optimal inversion times, the use of shorter readouts
means there is less Tj-relaxation during the readout and, hence, less T;-
induced blurring in the resulting image. The Tq-induced blurring espe-
cially affects borders between tissues of very different T;-values, such as
the gray matter/CSF border. The simulation results in Supplementary
Figure 2 show that the white matter/gray matter border is not signifi-
cantly affected by T;-induced blurring for any of the simulated protocols
and the gray matter/CSF border only in the 2-block protocol of
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Experiment 1. Hence, not all of the difference between the histograms of
the 2-block and 4-block data can be ascribed to Tj-induced blurring, a
large part must be driven by the lower SNR and CNR of especially the 2-
block protocol. An even larger difference in read-out length was forced in
Experiment 3, at 1060 ms vs 318 ms in the short block using the same
flipangles in the readout train. The T histograms for these data were very
similar (Fig. 9), again suggesting the effect of Ti-induced blurring is
limited. Nonetheless, for applications in which the point spread function
is essential, such as the detection of thin structures, e.g. the Stria of
Gennari or the bands of Baillarger, the T;23DEPI point spread function
can probably be improved by applying a variable-flip angle throughout
the acquisition train. Such approaches have long been known for
MPRAGE (Deichmann et al., 2000).

As in the MP2RAGE sequence, the sensitivity of the specific protocol
to the transmit B;-field depends on the parameters used. The use of very
long blocks (with many segments), while reducing the overall acquisition
time, introduces additional transmit B; sensitivity because of the larger
number of excitations (Marques and Gruetter, 2013). From the Bloch
simulations, it is clear that the B; sensitivity of the 4-block T123DEPI
protocols used in Experiment 1 was similar to that of the used MP2RAGE
protocol (Supplementary Figure 1). Generally, B;-sensitivity is lower for
MP2RAGE and T;23DEPI protocols when a smaller flip angle is used for
the first GRE/EPI readout block, respectively. This, however, comes at a
cost of SNR in the final image (Marques et al., 2010). A more
SNR-friendly option than lowering the flip angle is the acquisition of a
fast and low resolution B;-map (Eggenschwiler et al., 2012; Nehrke et al.,
2014) to correct the resulting MP2RAGE or T123DEPI T;-maps (Marques
and Gruetter, 2013). This is highly recommended if quantitative
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Ti-measurements are to be undertaken with the T123DEPI sequence.
Inversion homogeneity in the T;23DEPI's could be significantly improved
upon by the use of a more B;-inhomogeneity insensitive inversion, such
as the FOCI pulse. While the contrast in the presented images did not
suffer noticeably from the use of the sech pulse, areas known to suffer
from low B, such as the cerebellum, would benefit from such an
inversion pulse. Although the use of dielectric pads can also improve
B;-inhomogeneity (Teeuwisse et al., 2012), the combination of pads and
FOCI pulse outperforms the dielectric pads alone in such areas (O'Brien
et al., 2014).

In Fig. 9 the distribution of high SNR (N = 3, green line) yields an only
slightly narrower distribution for the T,23DEPI values in white matter
than the equivalent 3-min scan (orange). It seems that the narrower
distribution of image intensities and T;-values in Figs. 2 and 9 has mul-
tiple possible explanations, though even with similar T;-induced blurring
(Fig. 9, red line); B -inhomogeneity (Supplementary Figure 1) and SNR
(Fig. 9, orange line), the difference to the MP2RAGE (Fig. 9, blue line) is
not explained. This could be suggestive of an increased spread of T,
values in the tissue/water compartment that have longer T5*. Note that
in T123DEPI the T;-mapping is based on signals acquired at TE 21-28ms
while the MP2RAGE had a TE of 2.3ms.

For the different potential usages of this sequence mentioned above,
different choices of sequence parameters might have to be made. The
definition of cortical layers in a high-resolution partial brain dataset re-
quires both high SNR and high contrast. Hence, a short block length
could be used, i.e. a more aggressive segmentation of the EPI volume
and/or lower excitation flip angles, to reduce T;-induced blurring. In
addition, several averages will need to be acquired to obtain sufficient
SNR. For a whole-brain acquisition, the large 3D matrix size that needs to
be filled means that SNR is already high. The block length used here
(~1s), comparable to standard MP2RAGE protocols, introduces some T;-
blurring, but is nonetheless sufficiently short to yield good segmentations
and surface reconstructions. Finally, if the aim is merely to aid co-
registration, a faster acquisition with longer blocks and fewer averages
can be considered. Note that the 2-block protocol (Fig. 3) is an example of
a very fast acquisition, where the longer readouts negatively influence
the image contrast (Fig. 3b) and amount of T;-blurring (Fig. 3d). For all
protocols counts that if the user would like to obtain quantitative Ti-
values, a Bymap based correction to remove transmit B;-contamination is
highly recommended (Marques and Gruetter, 2013).

The SENSE artefacts in some of the fMRI data, associated with the
high acceleration factors used, lead to similar artefacts in the T;23DEP],
locally disturbing the gray/white matter contrast. An example is indi-
cated by the arrow in Fig. 6. The boundary of the segmentation result
here presents with a less smooth surface than in neighbouring tissue.
These artefacts could be avoided with the use of a more performing
gradient system which would allow lower in-plane acceleration factors to
be used, or the usage of k-space trajectories that exploit controlled ali-
asing (Bilgic et al., 2015; Narsude et al., 2015).

Nevertheless, even when using a fast, 3-min protocol, image quality in
the T;23DEPI was sufficient to be used in a completely unmodified,
automated pipeline for cortical depth dependent BOLD analysis (Fig. 10).
The cortical ROI's derived from these T123DEPI surfaces contained fewer
non-brain voxels in the mean EPI space (Fig. 11). The benefits of an ideal
co-registration outweighed here the improved SNR of the MP2RAGE.

Conclusion

Here, we introduce a sequence providing bias-field corrected Ti-
weighted images and T;-maps with distortions matching those of the
fMRI data, ‘Ti-imaging with 2 3D-EPIs’, or T;23DEPI. A range of
T123DEPI data is shown with resolutions ranging from 0.7 mm to 1.3 mm
isotropic and acquisition times ranging from 80 s to 170 s. Co-registration
quality to the mean EPI of matching fMRI timecourses were compared to
co-registration of a standard MP2RAGE to the same volume and showed
markedly less local deviations. Wholebrain T;23DEPI data were of
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sufficient quality to be used directly for cortical surface generation, but
an alternative use would be to include them in a coregistration pipeline
as intermediate step.
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