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Mapping of whole-cerebrum resting-state networks with the half-millimetre in-plane voxel enabling the identification
of cortical depth-dependent activation.




EPI WITH KEYHOLE (EPIK)

Acquisition
strategy

Higher temporal
resolution

Robustness
against
distortions

EPIK is a hybrid imaging technique which over- ;
comes many of the performance disadvantages k-space trajectory of three-shot EPIK

associated with EPI. EPIK has been developed >
[1, 2] and validated at 1.5T, 3T and 7T with | @ ------------ |
various applications, such as fMRI, perfusion and | BZN ~—~~~ T S
quantitative mapping of relaxation parameters [3- | &4 | : ____________
3 1 R B (| meesnsuee— P (TR T
Ay |
As shown in the figure to the right, the EPIK [ <444
acquisition consists of Nyquist sampling (Aky = mll ¢ |
1/FQV) for central k-space (keyhole) and sparse | >
sampling (Aky' = 3/FOV) for peripheral k-space | 0@ -~—~—~—~—~—~-—----- P sy
— in which the black solid, dashed and fine- | =@ ~~ 7 cseemnnreneaserecrany
dashed lines are sampled during the 1st, and | P | ___________ : ____________
3rd scans, respectively, like three-shot EPI. | == | ____________________ oo
Here, the missing k-space lines in the peripheral

k-space are reconstructed with a sliding-window
reconstruction.

In general, higher-resolution MRI requires increased scanning time, which may be a critical constraint
to derive a particular contrast or for scanning patients with motion control abnormalities. In EPIK, the
number of phase-encoding lines required to encode a single-slice of k-space data can be effectively
reduced, which enables dynamic MRI with a shorter acquisition time. In our early works, several
EPIK configurations have been demonstrated [5,6,12] and a substantial reduction in scanning time has
been achieved (see the table below).

Matrix size Resolution (mm?) # keyhole lines iPAT Acceleration rate
96 x 96 [5] 25x25 24 2 4.0

240 x 240 [6] 1.0x1.0 60 2 4.8

408 x 408 [12] 0.5x0.5 48 3 10.5
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Configuration of EPIK parameters

The figure below shows reconstructed in vivo slices acquired with EPl (community standard fMRI
protocol) and EPIK at identical slice positions [5]. The EPIK scan is observed to have substantially
reduced geometric distortions compared to the EPI scan (see the regions marked by arrows).
To aid comparison, a GRE image is displayed alongside as a reference.




SIMULATIONS

Point spread The degree of image blurring in an EPI-based method can be measured by simulating its signal decay

function (PSF) trajectory as a function of the sampled k-space line. The figure below (left) depicts the signal decay
tra-jectories of EPI, three-shot EPI and EPIK. The signal decay plot of EPIK is not smooth due to the
different sampling rates for central and peripheral k-space. However, the continuous and monotonic
decrease of the signal can prevent the occurrence of major image artefacts such as ghosts. The PSF
of EPIK (right figure) has a narrower shape than the EPI case, indicating that EPIK results in fewer
image blurring artefacts (i.e. better spatial resolution) [5].
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BOLD The performance of each imaging Simulation phantom with activation spots
simulation method for the detection of BOLD

signals has been investigated using an
fMRI data set generated by an MRI
simulator - JEMRIS (Jilich Extensible
MRI Simulator). The sequences em-
ployed in this simulation are two-fold
accelerated EPIK and four-fold acce-
lerated EPI; both sequences have an
identical reduction factor [5].

Five small, square-shaped activation 12

+ - designed input
regions (marked by yellow squares in 10| { =~ accelerated EPI

4 accelerated EPIK
the figure right) were defined inside the

simulation phantom. The artificial
BOLD signal was designed so that
the peak signal change was 5% of the
baseline (see the fine-dashed line in
the bottom right figure). As depicted in
the figure, the BOLD response from
the accelerated EPIK method shows
excellent agreement with the originally
designed one, which is not the case
with accelerated EPI. This simulation -
result suggests that EPIK can be

effectively deployed in fMRI. Scan index

Relative signal change (%)



fMRI AT 3T

Design of fMRI
& data recon

fMRI activation

In order to demonstrate the feasibility of EPIK for fMRI, three different reconstructions (single-shot EPI,
three-shot EPI and EPIK) were performed for the same fMRI data set. The fMRI data set was obtained
using single-shot EPI, which is considered as a reference against the other two different reconstructions
(three-shot EPI and EPIK). Sixteen healthy volunteers (8 males; mean age, 28.44 years; range, 22-38)
were recruited and a visual checkerboard paradigm was employed to elicit circumscribed activation in
the visual cortex [6].

6 repetitions

Parameters

TRITE 3000/35 ms
FOV 240 x 240 mm?
Matrix 96 x 96 (2.5 x 2.5 mm?)
Visual stimulus Baseline il 25 (10% gap)
Visual checkboard paradigm Employed imaging parameters

The figure below presents one-sample t-test results (an uncorrected p-value < 0.001) for the three
recon-structed data sets. Visual inspection of the figure suggests that the results from EPIK have
features very comparable to those of EPI, whereas the activation area from multi-shot EPI are
substantially reduced when compared to EPIl. The table below shows the statistical quantities
examined for several functional ROIs: V1 ~ V5 and lateral geniculate nucleus (LGN). The values in the
table are presented in the following order: EPIl/three-shot EPI/EPIK. The results reveal that the

RFT77T 7 sagital coronal _ axial parable to that of EPI in
‘;’ ”'\." terms of all examined
6 * " . l.t & statistical quantities.
4 ar - ‘ 2 However, in three-shot
4 ’ EPI, considerable perfor-
:?, L mance degradation was
8 o observed in the number
2 ‘_ fz ' of detected voxels. For
: i 28 ¥ EPIK, 85.3 % of the iden-
9 tified voxels have exactly
10 e the same functional lo-
: ' ‘r 4 & cations as EPI, where-
4 t: ~ &. .. : as only 47.2 % exactly
g ‘ match for three-shot EPI.

ROI [Maximum t-value |Mean t-value |# detected voxels| MNI coordinates (X, Y, Z)

V1 9.50/9.37/10.03  4.91/5.25/5.06 182/120/165 18 -92 0/16 -94 2/18 -92 0
V2 7.19/6.49/7.05 4.77/14.81/4.78 40/32/42 22 -96 18/22 -96 18/22 -96 18
V3  11.15/10.04/11.79  5.91/5.55/5.98 555/486/576 26 -94 18/30 -92 2/26 -94 18
V4 6.98/6.42/5.96 4.54/4.40/4.36 58/34/66 32 -86 -12/-22 -84 -4/-20 -82 -2
V5 5.51/6.74/5.16 4.26/4.29/4.29 58/27/50 44 -70 0/ -40 -74 -4/44 -66 0
V6 6.12/5.03/5.33 4.36/4.18/4.20 154/16/80 -24 -26 2/-22 -26 2/-22 -24 2
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FMRI EPI AT 3T

fMRI design The putative enhanced sensitivity of EPIK has been examined using ‘visually guided finger tapping’
fMRI to demonstrate the advantages of EPIK for fMRI at 3T. The acquired data were directly
compared to the community standard fMRI protocol using single-shot EPI to ascertain a clear
comparison. The effect of each sequence on effective connectivity has also been inspected using
dynamic causal modelling (DCM) [10].

fMRI protocols Each EPI and EPIK sequence was optimised to
offer its highest possible spatial resolution under
the condition that the other imaging parameters
were kept identical: FOV = 200 x 200 mm?, flip
angle = 90°, TR/ TE = 2200/30 ms and slice Res. (mm?  3.13x3.13 2.08x2.08
thickness = 3 mm with a distance factor of 10%. # of slices 36 32
In this way, higher spatial resolution and
increased slice coverage was achieved with
EPIK (see table — right).

Matrix size 64 x 64 96 x 96

Higher Both EPI and EPIK consistently revealed significant activations for motor and visual brain regions (see

sensitivity Fig. a below). However, EPIK revealed stronger BOLD amplitudes for several brain regions (see
Fig. b and the table below). Moreover, effective connectivity analyses using a DCM model (see figu-
re — below right) indicate that EPIK and EPI have a similar performance for task-induced connectivity
changes between brain regions. However, the coupling parameters of the intrinsic connection
between the hand area and the right visual area had a significantly smaller variance (i.e. reliable
estimation) in EPIK compared to EPI.

0.6 MNI: -42 -26 64 -m
03 | Task
0.0 ‘ ‘ ' [

-0.3

BOLD amplitude

-0.6

o0 100 200 300 400 500
0.6 MNI: 4 -4 64 T —
EPIK
03

o

E

2 M { : i DCM model for effective
3 03 connectivity analysis

=

-0.6
0 100 200 300 400 500
Time (s)

Time course at the maximally activated voxel from: (a) M1 and (b) SMA

MNI-coor- | T-Score Brain Hand Visual | Visual

dinates region left right
Pre-/Postcentral K F (13,13)= F (13,13)= F (13,13)=
gyrus 132 L -42-2664  7.56 Hand  087é7 04%aSe 14384
Medial frontal p=1n.s. p=in.s. p=1n.s.
82 R 4-464 6.66
SRR/ o F(13,13)= F(13,13)= F (13,13)=
Inferior/Middle 39 R 36 -78 -2 7.04 isual le 0.54103 0.45834 1.1
occipital gyrus p=1n.s. p=1n.s. p=1n.s.
Cerebellum 32 R 20-48-28 6.37 . F(13,13)= F(13,13)= F (13,13)=
. |Visualright 48796  0.71235  0.91628
Cerebellum 29 R 6-58-24 6.94 § p=0.033  p=1n.s. p=1n.s.

Brain regions showing higher activity by EPIK. F-scores and p-Values testing
for lower variance in EPIK.
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HIGH-RESOLUTION IMAGING

High-resolution
imaging

High-resolution
imaging

Anatomical
structures in
high-resolution

The EPIK scheme can be further accelerated

with parallel imaging and partial Fourier techni- EPIK scheme - fMRI

ques to achieve even higher resolution in fMRI; :
the figure (right) shows schematic represen-
tations of the two acceleration techniques where
the dotted lines indicate skipped lines. The high
resolution afforded by EPIK can be exploited in
applications  investigating relatively  small
functional areas.

Parallel imaging Partial Fourier

©INM-4

For the figures shown below, the imaging parameters for EPIK were optimised in such a way so that
the maximum achievable matrix size and number of slices were provided under the given imaging con-
ditions: FOV = 240 x 240 mm?, flip angle = 90°, TR/TE = 3000/35 ms and slice thickness = 4 mm (10%
gap). The EPI sequence was also optimised in the same way (see table below).

Method ’ Matrix size Resolution # of Slices Acceleration
EPI 192 x 192 1.25 x 1.25 mm? 28 _ Parallel
imaging (2) +
Partial
EPIK 240x 240 1.00 x 1.00 mm? 32 Fourier (6/8)

©INM-4

From the left figure below, it can be seen that the higher spatial resolution of EPIK (1.00 x 1.00 mm?)
enabled clearer identification of the boundaries between grey and white matter compared to EPI
(1.25 x 1.25 mm?) (see the regions marked by black arrows). In an additional set of slices, shown on
the right, significantly reduced geometric distortions were observed in the EPIK image, particularly
around the marked white arrows; signal drop-out induced by the susceptibility differences around the
frontal lobe is significantly less in EPIK than in EPI.

The above slices show that higher resolution The above slices show better performance of
imaging of EPIK enables a clearer identifica- EPIK in terms of robustness against suscep-
tion of the boundaries between grey and white tibility difference, when compared to EPI (i.e.
matter than EPI (see the black arrows). less signal drop-out around the frontal lobe).



EPIK AT 3T

fMRI design

Method
evaluation

Detection of
small functional
region:

LGN & SC

A visual checkerboard paradigm was employed for in vivo fMRI experiments to elicit circumscribed
activation in the visual cortex. The imaging protocol consisted of six dummy scans for reaching a
steady state, and 72 scans comprising six cycles of baseline-activation states, each lasting six volume
acquisitions for a total of 18 seconds. Sixteen healthy volunteers (10 males, 6 females; mean age,
28.88 years; range, 20-42 years) participated in the study [6].

Six repetitions

‘ Matrix size 192 x 192 240 x 240

Res. (mm?) 1.25x1.25 1.00x 1.00
# of slices 28 32

Visual stimulus Baseline Imaging parameters of EPl and EPIK

Visual checkboard paradigm

The performance of high-resolution EPIK was directly compared to that of high-resolution EPI
(community standard) and its potential advantages were investigated with visual fMRI experiments.
The imaging protocols provided by each method are shown in the table above.

The bottom middle figure shows activation patterns obtained from one representative subject. It was
observed that activations were largely identified around the visual cortex in both imaging methods, but
the activations from EPIK were distributed more precisely along with the cortical area
compared to those from EPI. The bottom right figure shows activation patterns obtained from a 16-
subject group. Besides the visual cortex, LGN and SC (see bottom left figure) were also recognised as
activation regions, although illustrating rather smaller activation volumes. From this figure, it can be
observed that the LGN and SC regions were better characterised by EPIK than EPI.

nerve Optic
; tract
Optic
charism Hypo-
thalamus §
LGN AN \ _Pre-
. tectum
Optic  _
radiation sc
Striate / |
cortex -
LGN (Lateral Geniculate Nucleus): Result from a repre- Result from
transit of visual information sentative subject a 16-subject group

SC (Superior Colliculus):
control of eye movements
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PERFUSION IMAGING

Dual-Contrast
EPIK

AIF an
CBF/CBV

10

The EPIK scheme can be configured
to provide dual contrasts (DC-EPIK) for

dynamic susceptibility contrast MRI. As
ynami PR oon . . Fov 230 x 230

shown in the acquisition diagram (right):

The “time” axis is present for the different Matrix size 1 88281)(81028 7

contrasts (TE; and TE;) and the (Res.) (1.80 x1.80 mm?)

“repetition” axis is present for the ‘ # of slices 20 24

temporal scans (A, B, and C) where data I
P s ) TEs 32ms  1333ms |3

sharing of peripheral k-space lines takes

place. For the given conditions (see the  Imaging parameters of EPl and EPIK
table right), EPIK yielded dual contrasts

(13 ms and 33 ms) with 24 slices, T,E1 TEz
whereas EPI only provided single : :
contrast (32 ms) with a decreased slice
coverage (20 slices) [7,8].

EPI (32 ms)

signal intensity

EPIK (13 ms) EPIK (33 ms)

Acquisition diagram Acquisition diagram
of DC-EPIK of DC-EPIK

The figure on the right depicts the estimated arterial input function (AIF), obtained from EPI, EPIK
(TE4), and The curve peak from EPIK (TE;4) is higher than in
other cases due to the use of a shorter TE. The peaks from the other three curves have similar am-
plitudes and temporal location, which demonstrates the - " B
performance of EPIK in AIF estimation. In the figu- | | s E;LK TES
re below, the images in the first and second columns were | It h
acquired before and after the contrast injection. The effect | |

of the contrast agent on the image contrast can be clearly
seen in both EPI and EPIK. The arrows indicate the area
where contrast leakage occurred due to the presence of a
tumour. The effect of contrast leakage can be effectively /
corrected using the dual contrasts in EPIK, resulting in / G A o

better parametric images (CBF & CBV) (see the third | s - NS
and last columns below).

AIF (u.a.)

CBF CBV
(mL/100mL/min) (mL/100mL)

4 o ‘ .“/ jA ™ ) / ) "’/

"W




PERFUSION IMAGING

Five-echo
GESE EPIK

Contrast
tracking /
Parametric
images

A more thorough and versatile investigation of tumours, including information about the vasculature,
can be carried out by combining gradient-echo (GE) and spin-echo (SE) signals. For this purpose, the
original GE-EPIK has been extended to a GESE version to provide five echoes: two with GEs, two
with mixed GESE and one with SE (see the figure below) [7,9].

TE, TE.  180° TE, TE, TEs
rRep O : : : 5 :
readout readout readout readout readout
GE GE Mixed GESE Mixed GESE SE

Schematic sequence representation for GESE-EPIK with five echoes

The figure above shows recons-
tructed images for all of the five
echoes from GESE EPIK at base-
line and at peak contrast pas-
sage. The figure (bottom right)
illustrates the time course plot of
the signal intensity, depicting the
arrival of the contrast agent at a
single, representative grey mat-
ter voxel. For all echoes, it was
possible to clearly track the dy-
namic signal changes induced by
the contrast agent even though a
higher signal drop was found in
earlier echoes when compared to
the later echoes. The middle figu-
re (right) presents tumour deline-
ation obtained from PET data and
GESE-EPIK parametric images.
The values of CBF and CBV are
higher in the GE data than those
in the SE data. The hottest voxels
from the FET-PET image are not
in agreement with the maximum
value of the perfusion-weighted

images in either GE or SE, sug- ~TE1 =11 ms
. =TE2 =27 ms
gesting that the EPIK GE and {300 ~TE3 = 50 ms!
. ~TE4 = 66 ms
.SE conjtrasts prese.n.t additional CTEE - 60 e
information. In addition, vessel ‘;’-’000
size images are also obtained > -
where different vessel organisati- £
. 2
on in the tumour can be observed £ &0
when compared to contralateral g
=’ 400
areas. (2]
200
Time (seconds)
% 20 4 60 80 100 120 140 160 180 200 220

11



QUANTIFICATION OF T,AND T,

Ten-echo
GESE EPIK

Images /
T2and T." maps

12

Relaxometry quantification relies on multi-contrast multi-echo data. However, multi-echo sequences
based on an EPI readout often require relatively large TEs for later echoes, resulting in reduced SNR
and reduced slice coverage for a given TR. This GESE method aims to provide 10 echoes (i.e. two
with GEs, six with mixed GESE and two with SE), enabling fast and simultaneous quantification of T,
and T2" relaxation times (see figure below) [Kiippers 2022].

TEsgy/2 TEsg1/2 TEsg2/2
r T T !
%0 180° T 180°
» - 4 :
). A A T2 Ty A A T
RF/signal | | G40 — 1} — L
M
\_S?/ = spoiler
SS & Crusher
TEy TE TE3 Tes  TEsTEsgy T Te; SS&Crusher  TEg Teg  TE10°TEqm
G EPK EPK ﬂ n EPK EPK EPIK EPIK EPIK EPIK EPK EPK
XY readout || readout readout || readout || readout || readout || readout U U readout || readout || readout [spoiler
GE1 GE2 GESE1  GESE2 SE1 GESE3  GESE4 GESES ~ GESE6 SE2

slices EPIK
scans

Schematic sequence representation for GESE-EPIK with ten echoes.

The figure below depicts reconstructed images, showing 10-echo images at a representative slice lo-
cation revealing the contrast evolution over echo times. The second figure shows representative Tz
and T." along with the main acquisition parameters. For validation purposes, the histogram
comparison of the T; and T." maps reveals a good agreement of To/T2* values with those from
established reference methods and also with the known values from the literature.

10-echo overview
GESE




Oxygen
extraction fraction
(OEF)

10 TRITE 28s
2 FOV 240 x 240 mm?
® Matrix 128 x 128
(Res. mm?) (1.88 x 1.88 mm?2)
40
# slices 20 (3 mm thick.)
20
Acquisition time 0:57 min z
0 ©
Relaxometry maps Measurement Parameters
100 100
g 80 E 80
v hv4
= 60 o 60
v i
1%]
% 40 E 40
G U
= 20 Ev 20
0
0 20 40 60 80 20 40 60 80 100
T, reference [ms] T,* reference [ms]

Quantification Validation with Reference Methods

The oxygen extraction fraction (OEF) is a valuable biomarker to describe brain health and its
metabolism. While the standard access is provided by PET measurements, logistic challenges as well
as the radioactivity of the required tracer bring non-invasive MR methods into the focus. A recent
approach makes advantage of the relationship between OEF and T.', where latter one is characterised
by the combination of T, and T.*. Here, the proposed 10-echo GESE-EPIK sequence offers the
potential to quantify OEF. A successful validation for healthy in vivo subjects revealed good agreement
with expected literature values. During breath-holding experiments, a good sensitivity of the proposed
method to challenge-related changes have been shown.

In the future, our research group aims to investigate the potential benefit and informative value of the
MR derived OEF values in different clinical applications, such as hybrid MR-PET studies on brain
tumour patients, as well as its correlation with existing clinical biomarkers [Kiippers, 2023, ISMRM].
OEF [%]

_T OEF: representative Slice o
68 1 —— T,* —— OEF: Mean(all Slices) r0.48 0.6 1
65 1 - 0.45 0.4 lj
v ] | © 0.2 ;F]
£ & WMWMM&W ez &
= @ 0.0
~ 594 F0.39 =)
& &L 0.2
= S)
56 1 L 0.36 B
531 .33 ~o6 = EP
§5 breathe hold breathe hold breathe hold 050 -0.81
0 50 100 150 200 250 300 ' breathe hold breathe hold breathe hold
time [s]
Time envelope for a single volunteer OEF slope of a single volunteer

Representative OEF maps 13



14

T, MAPPING

Due to their relative insensitivity to B inhomogeneities, Look-Locker methods are widely used for the
quantification of T1 relaxation time. One such Look-Locker method, TAPIR, has been demonstrated
with several clinical applications and has been shown to be faster than conventional gradient-echo
sequences. However, it still requires considerable time for whole-brain imaging. The use of inversion
recovery EPIK (ir-EPIK) aims to provide a much faster and whole-brain-covering Look-Locker method

Slice

Time poinls—

_AM

Slice

r4

Time points

T T T

I*scan 2™scan 3" scan

Inversion
recovery
EPIK
(ir-EPIK)
(see figure below) [27,29,30].
a
G Sat. & :b
Inv.
Gpe 90°-1-180°
- e -
Sequence diagram of ir-EPIK
TAPIR
vs. ir-EPIK
In T+ maps

Data sets from twenty subjects (10 males, 10 females; mean + SD age, 28.20 + 4.99 years) were acquired
using both TAPIR and ir-EPIK at 3T. Two ROIs (i.e. WM and GM) from each imaging method were defined
and the corresponding mean + SD T4 values were obtained. The estimated T1 values from ir-EPIK were
comparable to those from TAPIR but were found to be slightly higher — around 6.84 % and 3.67 % higher

for the WM and GM regions, respectively (see the table below. However, the estimated Ty values

are in good agreement with those from previous
literature. In addition, EPIK enabled whole-brain

T1 mapping with the T4 recovery data (2.5 mm?re-

solution x 49 slices x 63 time-points) acquired

TAPIR

within 5 minutes. The figure below shows the T4

maps for all 49 slices from ir-EPIK, showing that
reliable T4 estimation was performed for all slices

27,29,30].

Whole-brain T, maps from ir-EPIK

ir-EPIK

934.16
+36.19

998.03
+ 26.40

1538.84
+46.98

1595.36
+44.18

Estimated T4, values

B e e e s

12500
[ms]

12000

1500

1000

500
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RESTING-STATE NETWORKS AT 7T ()

TR-external EPIK

Despite the advancements of fMRI acquisition techniques, the spatial resolution achieved in several
recent works has remained around 0.7 x 0.7 x 0.7 mm?, and most methods are only able to provide
limited brain coverage. Therefore, a novel fMRI method is presented, providing a half-millimetre in-
plane resolution with whole-brain coverage. The imaging method was developed based on the
combination of ‘TR-external EPI phase correction’ with ‘EPIK’, both of which have been shown to be
effective in improving the spatial resolution and brain coverage while maintaining comparable BOLD
detection performance when compared to a standard EPI method [5,6,10,11]. The developed imaging
method is termed ‘TR-external EPIK’ [12].

> TR
. ]
> R
0 i Navigator echoes Main EPIK acquisition
2 - & - q >
o i e— R TE
8 - S—— | :
. ...‘ ane sas ams wam aEs sas @ V V aPc V VaMain :

>
3 < 6. I - !
< E— * [0 = ’
> o AT

’—( Gre L] !

> EPIKireadout
> P i =i : =
‘_CJJ - -’.-- . GRO I—| E il
o
e i | |
o S S - A
. -..{ wer

Key element1: EPIK

Reconstructed
images

TRITE
FOV

Matrix

No. of
slices

Accele-
ration

Imaging Parameters

iPAT/multi-band/pF =

Key element2: TR-external EPI phase correction

The above TR-external EPIK scheme enabled a half-millimetre protocol with the imaging parameters
shown in the table [12]. The above imaging configuration was employed on a Siemens Magnetom
Terra 7T scanner with a single-channel Tx/32-channel Rx Nova medical coil supplied by the
manufacturer. The figure below shows reconstructed images obtained from the half-millimetre
protocol, taken from a single-volume functional scan at representative slice locations. The images are
well reconstructed without any severe degradations and a detailed spatial representation of
anatomical structures can be observed. The complete extent of the brain covered by TR-external EPIK
can be verified from the coronal and sagittal images. It is important to note that the cortical ribbon can
even be seen clearly in these resliced images. Moreover, all slices were shown to be reconstructed
without any significant inter-slice artefacts,

Coronal

3500/22 ms
210 x 210 mm?

408 x 408
(0.51 x 0.51 mm?)

108 (axial; 1 mm)

3/3/62.5%%




RESTING-STATE NETWORKS AT 7T (ll)

Layer From the axial slices, specific brain regions were chosen (marked by white rectangles: ri—r4) in which

structures the following mesoscale anatomical structures can be observed (see Figure below): small cerebral
vessels (red arrows in rp) or the internal granular layer of the cortex (yellow arrows) located on the
anterior wall of the postcentral gyrus (rq), on the Heschl gyrus (r3) or within the calcarine sulcus (r4).

Resting-state Figure below shows identified resting-state networks from TR-external EPIK: default mode,

networks sensorimotor (LH), sensorimotor (RH), fronto-parietal (executive) and the visual network. This figure
demonstrates that the extensive brain coverage provided by TR-external EPIK enabled the five RSNs
to be simultaneously determined from a single fMRI session. In addition, the half-millimetre protocol
(0.26 mm? voxels) enabled the identification of functional voxels very locally along the cortical ribbon.

Default mode

Fronto-
parietal

Sensori-
Sensori motor (RH)
Sensori-

motor (LH)

Sensorimotor (LH) Fronto-parietal Visual

16



RESTING-STATE NETWORKS AT 7T (llI)

Cortical depth For each resting-state network (default mode, sensorimotor (RH) and visual), an ROI was selected

dependent (marked with a green rectangle) and is displayed in a magnified view. Here, twenty solid lines, starting

functional profiles from ‘Pi and ending at ‘P,’ crossing the cortical ribbon, were manually defined and the network-
specific probability profiles along the lines were examined. The results show signal variation within the
cortical regions and the functional activation from the three networks is mostly confined to the GM
regions.
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Imaging Figure below shows the imaging parameters employed in our work (TR-external EPIK) in comparison
performance to those in previous submillimetre-resolution fMRI studies. It has the highest in-plane spatial resolution

(0.51 mm) compared to prior publications. Importantly, the spatial resolution was achieved with a
sufficiently large in-plane FOV (210 mm), which can cover an entire normal, adult-sized brain sliced in
any orientation, which is not the case in most prior studies. As a result, TR-external EPIK gives the
largest number of voxels per temporal volume (17.98 M).
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SUB-MILLIMETRE EPIK
EVOKED FMRI ()

Depth-depen-
dent evoked
responses

Correlates
of finger
tapping at 7T
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Given that the cortical thickness is approximately 3 mm (see
map on the right), the sub-millimetre resolution achie-ved
with EPIK allows the blood-oxygen-level-dependent
(Bold) fMRI signal to be tracked across different corti- § £
cal depths. An MP2RAGE scan can be used to identify the
outer (“pial”’) and inner (“white”) boundaries of the cortical
mantel, between which a number of intermediate surfaces
can be generated. The EPIK fMRI scan (0.63 mm isovoxel)
can then be projected to each of these surfaces to perform
cortical-depth-dependent functional analysis.

PARAMETERS

TRITE 3500/22 ms

FOv 210 x 210 mm?

Matrix 336 x 336 x 123
(Res.) (0.63 mm®)

DINM-4

P Once the 4D-EPIK image is mapped onto MP2RAGE-based cortical surfaces, the
general linear model (GLM) can be applied to the fMRI time course of each vertex.
The images below show surface-based results of a motor task (bilateral finger
tapping) at 0.63 mm isotropic resolution from a representative subject. The ROI-
based results from four different volunteers are shown on the next page.

Surface General
Linear Modelling
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Line activation
profiles

Besides a surface-based GLM, a routine volume-based GLM analysis can benefit from sub-millimetre
resolution to identify depth-dependent activations locally across a particular section of the
cortex. In the example below, a line-profile approach was used to demonstrate depth-dependent
activations within a single axial slice. A group of 20 lines with a start point at the CSF and an end point
in the white matter (WM) was manually defined to study depth-dependent activations of grey matter
(GM) in the motor cortex. The intensity profile of all lines crossing the pre-central gyrus was generated
for three different images: (a) a mean EPIK, (b) a cortical ribbon mask (obtained from a co-registered
MP2RAGE) and (c) a statistic activation map computed in volume-space from a routine GLM. For
each modality, the profiles of the 20 lines were averaged and plotted as mean intensity *+ std (dashed
lines) (see d-f). The average activation profile across the lateral portion of the omega-shaped pre-
central gyrus was identified as the activation profile overlapping with the cortical ribbon (the part of the
curve within the grey rectangle in Fig. f).
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rs-fMRI

Cortical depth-
dependent
rs-fMRI
oscillations

IC #16 — Default Mode Network

(1)

The high resolution and large coverage provided by EPIK make it possible to assess cross-
regional connectivity including different cortical depths. As an initial step in the analysis of this
multidi-mensional data (i.e., cortical areas and depths), the brain can be decomposed into
functionally-different cortical regions using the co-registered MP2RAGE and an atlas-based automatic
segmentation tool.

Once EPIK is mapped onto the cortical ROls, several sub-ROls can be generated as intermediate sur-
faces between the outer and the inner cortical boundaries. The time course of the vertices belonging
to a particular sub-ROI can be averaged, resulting in ROI-depth functional units. The image below
shows the average time course of an ROl at 6 cortical depths (BOLD amplitude encoded in
greyscale).
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rs-fMRI

Cortical depth-
dependent
connections

Functional time courses can be characterised based on their frequency
content (power-frequency decomposition). Resting-state oscillations are
believed to occur within a frequency range of 0.01 Hz - 0.1Hz, with slower
frequencies typically associated with noise (and therefore, filtered during pre-
processing). The spectral characteristics of the cortical signals can be
analysed at different depths using EPIK (see graphs below). On the vertical
axis of the spectral matrices, 28 ROIs are shown, each of them decomposed
into six depths (for each ROI, the top row corresponds to the deepest layer —
closest to white matter, and the bottom row to the more superficial layer —
closer to the pial veins or the CSF). Superficial layers tend to show a higher
power for nearly all frequencies.

ROls generated
by Freesurfer from
an 0.6 mm isotropic resolution MP2RAGE.
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The EPIK time course at each cortical layer from all ROIs can be correlated with every other compart-
mentalised time course in the cerebral cortex. This renders a depth-dependent ROl connectivity
matrix (on the next page). Each marked division in this matrix contains the cross-ROI correlation
values considering one seed ROI. The smaller sub-divisions (see magnified inset) correspond to six
different cortical depths within each ROI.
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Impact of EPIK
on rs-fMRI
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Left hemisphere

ROls x layers x 2 hemispheres

Right hemisphere

ROIS in LH ROIS in RH

This high order connectivity matrix can be simplified as a connectivity graph by thresholding the corre-
lation values. Furthermore, the ROls of particular networks can be selected to report depth-dependent
network connectivity. As an example, the two graphs below show the connections between ROls of
the default mode network (left) and the executive control network (right) that survive a correlation
threshold of 0.4 and exhibited a p-value below 0.05 in a group t-test. Connections between different
depths are colour-coded (see legend). Note the symmetry between both hemispheres, which suggests

reliability of the connectivity results obtained from EPIK. Different line colours indicate connections at
different cortical depths. The results of a cortical depth-specific network analysis in the healthy human

brain are explained in detail in reference 16.
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Overall, rs-fMRI benefits greatly from EPIK because it enables scanning with high spatial resolution
without compromising brain coverage. With these features, the function of the cerebral cortex in the
human brain can be investigated in unprecedented detail, adding one dimension (cortical depth) to the
investigation of cortical networks.
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