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Submillimeter fMRI Acquisition Techniques
for Detection of Laminar and Columnar

Level Brain Activation
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Since the first demonstration in the early 1990s, functional MRI (fMRI) has emerged as one of the most powerful, noninva-
sive neuroimaging tools to probe brain functions. Subsequently, fMRI techniques have advanced remarkably, enabling the
acquisition of functional signals with a submillimeter voxel size. This innovation has opened the possibility of investigating
subcortical neural activities with respect to the cortical depths or cortical columns. For this purpose, numerous previous
works have endeavored to design suitable functional contrast mechanisms and dedicated imaging techniques. Depending
on the choice of the functional contrast, functional signals can be detected with high sensitivity or with improved spatial
specificity to the actual activation site, and the pertaining issues have been discussed in a number of earlier works. This
review paper primarily aims to provide an overview of the subcortical fMRI techniques that allow the acquisition of func-
tional signals with a submillimeter resolution. Here, the advantages and disadvantages of the imaging techniques will be
described and compared. We also summarize supplementary imaging techniques that assist in the analysis of the subcorti-
cal brain activation for more accurate mapping with reduced geometric deformation. This review suggests that there is no
single universally accepted method as the gold standard for subcortical fMRI. Instead, the functional contrast and the
corresponding readout imaging technique should be carefully determined depending on the purpose of the study. Due to
the technical limitations of current fMRI techniques, most subcortical fMRI studies have only targeted partial brain regions.
As a future prospect, the spatiotemporal resolution of fMRI will be pushed to satisfy the community’s need for a deeper
understanding of whole-brain functions and the underlying connectivity in order to achieve the ultimate goal of a time-
resolved and layer-specific spatial scale.
Evidence Level: 1
Technical Efficacy: Stage 1
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The detection of neural signals using functional MRI
(fMRI) at a laminar or columnar level allows the investi-

gation of the fundamental processing of brain functions and
their linked pathways between subcortical tissues. The
increasing popularity of subcortical fMRI in the commu-
nity is facilitated by the advance of acquisition techniques,
which is the main focus of the present review paper. Since
the advent of fMRI, its use as a way to map neural activities
has been demonstrated in an enormous number of func-
tional studies. The wide availability and unique advantages
of fMRI over other neuroimaging modalities, such as its

noninvasiveness or unrivaled in vivo spatiotemporal resolu-
tion, have made it one of the most attractive methods with
which to probe brain function. Various fMRI techniques
have been suggested, depending on the purpose of a partic-
ular study. However, one of the fundamental aims pursued
by most fMRI techniques is the detection of signals arising
from the actual activation sites and their depiction in the
spatial representation of the brain with a high mapping
fidelity. Therefore, good spatial specificity is a crucial factor
in fMRI techniques aiming to successfully delineate subcor-
tical functional signals.

View this article online at wileyonlinelibrary.com. DOI: 10.1002/jmri.28911

Received Jan 27, 2023, Accepted for publication Jul 7, 2023.

*Address reprint requests to: N.J.S., Jülich 52425, Germany.
E-mail: n.j.shah@fz-juelich.de

From the 1Institute of Neuroscience and Medicine 4, INM-4, Forschungszentrum Jülich, Jülich, Germany; 2RWTH Aachen University, Aachen, Germany;
3Institute of Neuroscience and Medicine 11, INM-11, JARA, Forschungszentrum Jülich, Jülich, Germany; 4JARA – BRAIN – Translational Medicine, Aachen,

Germany; and 5Department of Neurology, RWTH Aachen University, Aachen, Germany

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2023 The Authors. Journal of Magnetic Resonance Imaging published by Wiley Periodicals
LLC on behalf of International Society for Magnetic Resonance in Medicine.

747

https://orcid.org/0000-0001-7398-1899
https://orcid.org/0000-0002-8365-6931
https://orcid.org/0000-0002-8151-6169
mailto:n.j.shah@fz-juelich.de
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjmri.28911&domain=pdf&date_stamp=2023-08-17


For this purpose, one approach is to employ the functional
contrasts that reflect more directly physiological responses after
the brain activation. Although the blood-oxygenation-level-
dependent (BOLD)1 contrast offers a relatively high detection
sensitivity, and has thus been widely used in numerous fMRI
studies, the contrast can contain signal contribution from the
draining veins, which are not locally specific to neuronal activa-
tion sites.2 In response to this, non-BOLD contrasts based on
changes in the cerebral blood flow (CBF), cerebral blood volume
(CBV), and cerebral metabolic rate of oxygen (CMRO2) have
been proposed,3–5 and have been shown to have more direct rele-
vance to metabolic changes stemming from the neural activities.2

Another methodological approach to improve the map-
ping specificity is to increase the spatial resolution of the imag-
ing technique. Using a reduced voxel size can aid the more
distinct sampling of brain tissue, resulting in reduced partial
volume effects (PVEs) and thereby increasing spatial specificity.
The reduced PVE can also lead to increased functional sensitiv-
ities as the activation signals are less affected by surrounding
nonactivated regions.6 The spatial resolution of fMRI has been
drastically improved by virtue of hardware developments and
imaging techniques. For instance, high-performance gradient
systems and a large number of receiver channels in the radio-
frequency (RF) coil facilitate the use of a relatively large imag-
ing matrix size and acquisitions can be highly accelerated by
fast imaging techniques (eg parallel imaging or multi-band,
etc.).7,8 Furthermore, developments at ultra-high fields (UHFs)
offer increased signal-to-noise (SNR) and contrast-to-noise
(CNR) ratios compared to lower field strengths, which ensures
the robust detection of neural activities with a submillimeter
voxel size for a group of subjects.9 An additional benefit of
UHF imaging is that the BOLD contrast arises predominantly
from capillaries and becomes more localized to surrounding tis-
sues due to the fact that the contribution of the microvascular
component becomes dominant over that of the macrovascular
component.6 The much shorter T2 of blood water than that of
tissue also yields a reduction of the intravascular contribution
to the BOLD signals.6 Figure 1 shows an exemplary result
from visual fMRI, illustrating the effect of the improved spatial
resolution on the detection of BOLD signals.

As a result of the described advances in fMRI, a number
of previous studies have endeavored to acquire functional data
with a submillimeter voxel size and have attempted to charac-
terize the subcortical activation pattern. This kind of investiga-
tion can provide insight into the fundamental unit of neuronal
organizations and the consequent hierarchical processing in the
brain function. In addition, several early works successfully
identified orientation columns or feedforward/feedback path-
ways to different cortical layers and columns.10–13 Although
the research findings have been derived from healthy volun-
teers, most submillimeter fMRI studies suggest the use of high
spatial resolution to aid improved clinical diagnosis. For
instance, the examination of frequency-specific responses in

tinnitus patients requires a substantially higher spatial resolu-
tion than that conventionally used (�2 � 2 � 2 mm3) to
investigate functions in subcortical auditory structures such as
the medial geniculate body and inferior colliculus.14

In this paper, we mainly focus on a review of the fMRI
techniques that enable the detection of brain function at a
subcortical level. Here, the technical innovations and chal-
lenges of each imaging technique are described and com-
pared. Techniques to generate functional contrast are first
discussed, followed by a discussion relating to the image read-
out techniques used to depict said functional contrasts. We
also introduce supplementary methods to overcome the limi-
tations of current fMRI techniques for improved mapping
accuracy with reduced geometric distortions.

fMRI Contrasts
This chapter summarizes the measurable functional
contrasts employed in fMRI. The achievable fMRI attri-
butes depending on functional contrasts are shown in
Table 1. A schematic representation of the measurable
parameters and their underlying physiological tissue charac-
teristics is depicted in Fig. 2.

Blood-Oxygenation-Level-Dependent
The higher demand for oxygen caused by neuronal activities
induces increased blood flow, resulting in the increase of the
oxyhaemoglobin (Hb)/deoxyhaemoglobin (dHb) ratio. This
phenomenon increases the T2/T2* of blood water inside the
vasculature (intravascular [IV]), which creates local field gradi-
ents (i.e. susceptibility effects) that extend to the surrounding
tissues (extravascular [EV]).2,6 The consequential signal
changes, relative to the rest condition, become the functional
contrast. This BOLD contrast relates to the changes in other
physiological parameters, such as CBV, CBF or oxygen

FIGURE 1: Results of visual task-fMRI obtained with (a)
3.13 � 3.13 mm2 and (b) 0.73 � 0.73 mm2. Both results were
obtained using the 2D GE-EPI method, and the activated voxels
identified with an uncorrected P-value <0.001 are overlaid onto
the co-registered MPRAGE scan. This figure depicts how a
higher spatial resolution in fMRI exhibits improved localization
of activated voxels compared with a low-resolution case.
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metabolism.15 In addition, the effects in the two BOLD signal
components, IV and EV, originate not only from small vessels
relating to the local neural activity, but also from large draining
veins which detrimentally affect spatial specificity.6

This complex behavior of the BOLD contrast makes
its quantitative analysis rather difficult. However, the venous
IV contribution diminishes at a higher field strength, and
the BOLD contrast becomes more specific to activated tis-
sues. Previous work on rat brains has reported that venous
blood has a significantly shorter T2 (9.2 � 2.3 msec) than
the somatosensory cortex (38.6 � 2.1 msec) at a mean oxy-
gen saturation level of 79.6 � 6.1%.16 The BOLD contrast
can be acquired using various imaging techniques (see
Section ‘Sub-mm fMRI Techniques’) without an additional
contrast preparation module, which usually results in a
higher temporal sampling efficiency (eg from sub to a few
seconds) compared to non-BOLD contrasts.

Cerebral Blood Flow
Neuronal activity leads to arterial dilation which ultimately
entails a change in the blood supply.3 The resulting contri-
bution of blood flow and volume to the fundamental
BOLD signal makes CBF an important physiological
parameter that reflects microvascular density during rest as
well as vascular reactivity to functional activation.15 CBF
was observed to show large variations over the whole cor-
tex, while the resting CBF has the potential to indirectly
reflect brain metabolism under the assumption of a homo-
geneous oxygen extraction fraction.17 Thus, quantification
of CBF offers a fundamental parameter for the characteri-
zation of neurovascular function.3,18

The measurement of this contrast is usually performed
using arterial spin labeling (ASL),3,18 which first labels the
arterial water protons by either saturation or inversion pulses
prior to their arrival in the desired imaging volume and then
performs data readout after a sufficient delay to allow
exchange of the labeled spins with the tissue. Here, the sub-
traction of the tagged image from the control image acquired

TABLE 1. Summary of fMRI Attributes Depending on
Functional Contrasts

fMRI Attributes Comparison

Functional
sensitivity

BOLD > Non-BOLD

Spatial specificity Non-BOLD > BOLD

Temporal
efficiency

BOLD > Non-BOLD; Non-
BOLD contrasts require an
additional contrast preparation
module, leading to a substantial
increase of the minimum TR
required (i.e. a few seconds).

Power
requirement

Non-BOLD > BOLD; The tagging
or inversion pulses employed in
the contrast preparation module
of the non-BOLD contrasts
significantly increase the required
power level.

Brain coverage BOLD > Non-BOLD; The
increased volumetric TR and
energy level in non-BOLD
contrasts may restrict the allowed
brain coverage.

Invasiveness A gas challenge is required for
CMRO2.

Comparison of fMRI contrasts is given for the addressed fMRI
attributes. The non-BOLD contrasts include CBF, CBV, and
CMRO2. Depending on the readout (Section ‘Sub-mm fMRI
Techniques’) and Supplementary (Section ‘Supplementary
Techniques for Accurate Spatial Mapping’) techniques, each
fMRI attribute can be more specifically determined.

FIGURE 2: Overview of the physiological parameters that
describe blood metabolism. This figure depicts fundamental
parameters linked to neural activity, such as CBV in the artery,
capillary and vein, as well as the dHb concentration in those
regions. The described parameters in gray boxes are measurable
by fMRI or other appropriate neuroimaging techniques. PETO2

allows the quantification of arterial oxygen saturation (SaO2) and
arterial oxygen content (CaO2). The latter quantity can be
translated together with CBF and OEF to CMRO2. The
measurement of CBF for end-tidal carbon dioxide (PETCO2) gives
rise to the quantity of cerebrovascular reactivity (CVR).
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without the tagging pulse can depict the contrasts created by
the changes in blood flow. An illustration of contrast genera-
tion using ASL is shown in Fig. 3a. In this way, ASL signals
can represent neural activations confined in the regions where
the dominant part of the labeled arterial water exchanges with
tissue water in the capillaries. However, despite providing high
spatial specificity, ASL suffers from a higher RF power deposi-
tion and a lower SNR than BOLD, which usually require
careful optimization of the labeling scheme or imaging proto-
cols.18,19 Here, the required time for the contrast preparation
differs depending on the labeling scheme. However, for the
labeling schemes that are practically implementable in most
clinical MRI systems (i.e. pulsed ASL or pseudo-continuous
ASL), the preparation duration is usually around 2 � 3 s at
7 T, as demonstrated in recent subcortical fMRI studies.18–20

Therefore, in non-BOLD fMRI, like ASL-fMRI, the volumet-
ric TR is constituted by the time for the preparation module as
well as the data sampling readout.

Cerebral Blood Volume
During brain activation, increased CBF leads to CBV
changes, the measurement of which was shown to be locally
specific to parenchyma.4,21,22 Thus, CBV is an important
biomarker for tissue viability and vascular reactivity.15 To
derive the CBV contrasts depending on the vascular space
occupancy (VASO), an imaging technique has been presented
that utilizes the fact that the longitudinal relaxation times
(T1) of tissue and blood are different.4 That is, following the
application of an inversion pulse, the data readout is started
at the time that the recovered blood signals reach the zero-
crossing point. This is done to suppress blood signal

contribution to the reconstructed images. During brain acti-
vation, a further signal decrease is expected in the regions
associated with the neuronal activation due to the vascular
dilation effects. A resultant functional contrast image can be
created by comparing images during rest and activation. The
underlying concept of VASO is illustrated in Fig. 3b. In this
method, the required inversion time for blood-nulling is
around 1 s at 7 T.2,23 However, to further correct the BOLD
contamination from the resulting signals, another inversion
process (3 � 4 s) may also be adopted as suggested in slice-
selective-slab-inversion VASO.23 One limitation of VASO is
that it only reflects relative CBV changes, and its signal
strength relies on the baseline blood volumes, which can be
different with respect to the cortical depth.18 Furthermore,
compared to GE-BOLD contrasts, VASO increases RF power
deposition due to the inversion preparation pulse making it
challenging at ultra-high fields.4 Another imaging method to
quantify CBV is ASL, which is capable of the simultaneous
measurement of CBF and CBV.24

Cerebral Metabolic Rate of Oxygen
As described above, the BOLD contrast relies on various ele-
ments of baseline physiology (eg CBF, CBV, CMRO2),
meaning that signal changes can be affected by not only the
metabolic response but also subject-dependent vascular fac-
tors, like vascular volumes or cerebrovascular reactivity.25

This complication motivated the development of a BOLD
calibration technique that can quantify the non-neural com-
ponents and then remove them from the obtained functional
signals so that a stimulation-elicited, quantitative estimation
of CMRO2 can be obtained.5,22,25 The calibration technique

FIGURE 3: Illustration of contrast generation for fMRI by ASL and VASO. (a) The ASL technique is based on labeling the arterial
water spins and a certain delay during which these spins can exchange with tissue. The resulting image is subtracted from a control
image acquired without the spin labeling. The resulting information reflects blood flow contrast. (b) In the VASO technique, an
inversion pulse is applied, and data readout is started at the time such that the signal from the blood water should be suppressed.
During brain activation, vascular dilation leads to a further signal decrease in the activation region when compared to the resting
state. This signal difference provides the CBV contrast.
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modulates the blood gas using hypercapnia, hyperoxia or a
combination of both (i.e. dual-calibration). This modulation
manipulates the BOLD signal amplitude and subsequently
allows the estimation of the maximum BOLD signal changes
(M). This can be expressed as follows5,25:

ΔBOLD
BOLD0

¼M 1� CBV
CBV0

� �
dHb½ �
dHb½ �0

� �β
 !

,

where the subscript 0, [dHb], and β denote the resting state,
dHb-concentration in blood and a constant describing the
influence of dHb on transverse relaxation, respectively.

The equation is used as a basis model for the BOLD cali-
bration, although a further modification of this equation and a
slightly different quantification procedure is required
depending on the gas challenge methods; Davis et al,5 Chiarelli
et al,26 and Generalized Calibration Models25 are used for the
hypercapnia, hyperoxia, and dual-calibration cases, respectively.
The above equation suggests that BOLD and CBF (or CBV)
measurements should be used as inputs, and in the case of
CBF, its quantity can be transferred to CBV using Grubb’s
relation: CBV/CBV0 = (CBF/CBF0)

0.38.27 Here, a simulta-
neous measurement of BOLD and CBF (or CBV) is possible
using the dual-echo ASL (or VASO) methods, indicating that
the same contrast preparation (i.e. tagging or inversion) module
is also involved in CMRO2 fMRI.

Sub-mm fMRI Techniques
This section describes data readout techniques that can be
used to detect the functional contrasts described above.
Table 2 summarizes a typical imaging parameter set from
each imaging technique and the corresponding previous liter-
ature that demonstrates the detection of subcortical brain
activation.

2D GE-EPI
For effective detection of dynamic haemodynamic responses,
the imaging technique usually needs to offer a high temporal
resolution. This condition is well satisfied with EPI.49 In this
scheme, the zig-zag traversal of k-space requires the gradient
pulses to rapidly change, the rate of which is determined by
the performance of the gradient system (eg slew rate). A
higher rate allows an increased spatiotemporal resolution in
EPI, which is beneficial for submillimeter-resolution fMRI.
Although EPI can generate ghost artifacts as a result of the
zig-zag acquisition and technical limitations (eg eddy cur-
rents), the artifacts can be effectively eliminated by means of
the phase-correction (each line in a given direction is affected
in a similar manner). Various EPI-based methods have been
developed and of these, 2D gradient-echo (GE) EPI is the
most commonly used. This is largely because of its relatively
simple sequence structure (i.e. easy implementation; see

Fig. 4a) and good SNR level with relatively little concern
regarding the specific absorption rate (SAR).

In the BOLD fMRI studies, GE-based methods provide
a higher functional detection sensitivity than spin-echo (SE)-
based methods. However, as described in above, the BOLD
signals detected with the GE sequences contain the contribu-
tion not only from the local microvasculature but also from
the macrovasculature, leading to the phenomenon of func-
tional signals detected at the superficial layers being larger
than those at the deeper layers.11,33,50 The two major mecha-
nisms that create this superficial bias are as follows: 1) cross-
talk introduced by ascending draining veins that carry the
deoxygenated hemoglobin from the deep to the superficial
layers (i.e. leakage effect); and 2) different physiological
parameters (eg baseline CBV or T2*) across the cortical depth
(i.e. multiplicative effect)33,41,50; a schematic illustration of
this mechanism is shown in Fig. 5.

These bias effects negatively affect the spatial specificity
of the activated voxels, which may have an impact on the
characterization of subcortical functional profiles. To avoid
this conflict, alternative imaging sequences based on SE or
steady-state free precession (SSFP)51 have been presented.
However, in regard to the functional sensitivity, previous
works have reported that, when compared to SE-EPI, GE-
EPI shows 1.29 and 5.33 times higher percent signal changes
in gray matter (GM) and in vessels at 7 T, respectively.52 The
vascular blurring in GE-BOLD can also be circumvented by
means of non-BOLD fMRI techniques, such ASL or VASO.
However, these latter techniques are also accompanied by
reduced functional sensitivity (10%–20% for ASL and 40%–

60% for VASO, compared to GE-BOLD) or a much longer
volumetric TR, making the robust detection of neural activa-
tion for whole-brain challenging.9,15,33 For this reason, GE-
BOLD techniques still continue to be used in submillimeter-
resolution, subcortical fMRI studies, in which the effects of
the large vessels are instead alleviated using the additional cor-
rection methods.9,11,13,21,28,31

2D SE-EPI
The SE technique recreates spin phase coherence by using a
180� pulse following the excitation pulse (see Fig. 4b). In
BOLD fMRI, this technique suppresses the static dephasing
effects generated from the field inhomogeneities around large
vessels.6 Therefore, the functional contrast components con-
tributing to SE-BOLD (i.e. T2 contrast) are known to be the
IV changes and the EV changes driven by diffusion-induced
dynamic averaging of field inhomogeneities generated from
dHb-containing components, which are restricted to the
microvasculature.6 Due to the shorter T2 of venous blood at
UHFs, the IV contribution to the BOLD signals becomes
weaker, and the microvascular contributions from the EV
BOLD effect dominate the functional contrast, which is more
specific to the neuronal activation site.6

March 2024 751

Yun et al.: Layer-Specific Submillimeter fMRI Techniques

 15222586, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.28911 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



TA
B
LE

2.
Su

m
m
ar
y
o
f
Fu

nc
ti
o
na

lC
o
nt
ra
st
s
an

d
Im

ag
in
g
Te

ch
ni
q
ue

s
fo
r
H
um

an
Su

b
co

rt
ic
al

fM
R
I

C
on

tr
as
t

Im
ag
in
g
P
ar
am

et
er
s
Fr
om

a
R
ep
re
se
nt
at
iv
e
St
ud

y
fo
r
E
ac
h
T
ec
hn

iq
ue

O
th
er

fM
R
I
St
ud

ie
s

U
si
ng

th
e
M
et
ho

d
R
ea
do

ut
M
et
ho

d
T
R
/T
E
(m

se
c)

V
ox
el
(m

m
3 )

FO
V
(m

m
3
)

M
at
ri
x
(#

of
Sl
ic
es
)

B
O
LD

2D
G
E
-E
PI

2
8

22
00

/2
2.
4

0.
80

�
0.
80

�
0.
80

16
0
�

12
9.
6
�

67
.2

20
0
�

16
2
(8
4)

12
,2
8–

33

2D
SE

-E
PI

1
2

30
00

/3
8

0.
80

�
0.
80

�
0.
80

14
8
�

14
8
�

24
18

5
�

18
5
(3
0)

12
,2
9,
31

,3
4–

36

2D
m
ul
ti-
sh
ot

E
PI

3
7

58
56

/2
7

0.
60

�
0.
60

�
0.
60

19
2
�

19
2
�

19
.2

32
4
�

32
4
(3
2)

35
–
37

2D
E
PI
K
9

35
00

/2
2

35
00

/2
2

0.
51

�
0.
51

�
1.
00

0.
63

�
0.
63

�
0.
63

21
0
�

21
0
�

10
8

21
0
�

21
0
�

77
.5

40
8
�

40
8
(1
08

)
33

6
�

33
6
(1
23

)
9,
38

,3
9

3D
E
V
I4
0

30
00

/2
4

0.
80

�
0.
80

�
0.
80

89
.6

�
22

.4
�

19
.2

11
2
�

28
(3
6)

2,
10

,3
4,
40

3D
E
PI

1
1

29
40

/2
6

0.
70

�
0.
70

�
0.
70

15
0
�

15
0
�

36
.4

21
4
�

21
4
(5
2)

2,
11

,1
3,
41

,4
2

M
ul
ti-
ec
ho

3
5

20
00

/(
30

,6
0)

0.
80

�
0.
80

�
0.
80

12
0
�

12
0
�

12
.8

15
0
�

15
0
(1
6)

35
,3
6,
43

,4
4

Li
ne
-b
y-
lin

e
ex
ci
ta
tio

n4
3

48
12

0/
31

0.
75

�
0.
75

�
0.
75

18
9
�

18
9
�

24
25

2
�

25
2
(3
2)

21
,4
3,
44

N
on
-C
ar
te
si
an

4
5

23
20

/2
3

24
00

/2
2

0.
67

�
0.
67

�
0.
67

0.
80

�
0.
80

�
2.
00

19
2
�

19
2
�

16
19

2
�

19
2
�

13
2

28
8
�

28
8
(2
4)

24
0
�

24
0
(6
6)

45

R
es
tr
ic
te
d
FO

V
4
6

20
0/
22

0.
25

�
0.
25

�
2.
50

18
0
�

45
�

2.
5

72
0
�

18
0
(1
)

44
,4
6

C
B
F

3D
E
V
I
in

A
SL

1
8

16
80

0/
26

.7
8

1.
00

�
1.
00

�
1.
00

10
0
�

50
�

24
10

0
�

50
(2
4)

18

3D
E
PI

in
A
SL

1
9

28
50

/1
5

0.
90

�
0.
90

�
0.
90

19
2
�

19
2
�

39
.6

21
4
�

21
4
(4
4)

19

C
S
in

A
SL

2
0

70
00

–
72

00
/1
3

1.
64

�
1.
64

�
1.
59

23
0
�

23
0
�

17
2

14
0
�

14
0
(1
08

)
20

C
B
V

3D
E
V
I
in

V
A
SO

2
30

00
/4
8

0.
75

�
0.
74

�
1.
50

99
�

25
�

12
13

2
�

34
(8
)

2

3D
E
PI

in
V
A
SO

2
3

44
00

/3
2

0.
79

�
0.
79

�
0.
99

12
8
�

12
8
�

23
.8

16
2
�

16
2
(2
4)

2,
12

,2
3,
29

,4
7

C
M
R
O

2
3D

E
PI

in
V
A
SO

4
8

16
48

/2
4

0.
80

�
0.
80

�
1.
80

10
6
�

35
�

18
13

2
�

44
(1
0)

22
,4
8

Fo
r
ea
ch

fM
R
I
te
ch
ni
qu
e,
a
re
pr
es
en
ta
tiv
e
im

ag
in
g
pr
ot
oc
ol

an
d
pr
ev
io
us

su
bc
or
tic
al
fM

R
I
st
ud

ie
s
pe
rf
or
m
ed

us
in
g
th
e
te
ch
ni
qu
e
ar
e
pr
es
en
te
d.

752 Volume 59, No. 3

Journal of Magnetic Resonance Imaging

 15222586, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.28911 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 4: Schematic representation of the sequence diagram for the EPI-based readout techniques. (a) 2D GE-EPI, (b) 2D SE-EPI, (c)
2D three-shot EPI, (d) 2D three-shot EPIK, (e) 3D inner-volume GRASE, and (f) 3D GE-EPI. For simplicity, the following sequence
components are not depicted: navigator echoes, spoiling gradient, and crusher gradients, each of which is for the elimination of N/2
ghost artifacts, remaining transversal magnetization and unwanted echoes in the SE-based methods. Here, TRn denotes the
volumetric TR, and colored (blue) gradients represent the point at which the data sampling is performed. For the 3D sequences
(e and f), the data at different slice locations are presented with light blue, whereas the 2D sequences (a–d) are only depicted in the
diagram for the single-slice case. In EPIK (d), the central k-space lines (i.e. NPE = 4 and 5), further marked with a hatched pattern, are
sampled to ensure optimum SNR and CNR for every temporal scan.

FIGURE 5: Schematic representation of the depth-dependent vascular contribution on BOLD signals. Cortical layers are
denoted with Ln where n is from 1 to 6. The BOLD signal change, ΔSBOLD, can be formulated as the product of the baseline
factor, fbase(V0, T2*, …) and the signal changes induced by the brain activation, fact(ΔV, ΔdHb). The signal components of the
latter term further consist of contribution from the venules (local microvasculature; colored in light blue) and the draining
ascending veins (macrovasculature; colored in blue). The dHb carried by the ascending veins leads to a signal contribution
from the deeper layers to the upper (i.e. leakage effect), as described with the formula on the right side of the figure. The
baseline factor represents the intrinsic physiological parameters such as baseline blood volume, V0 or transverse relaxation
time, T2* at a certain layer location, which is considered as a multiplicative factor to the BOLD
signal, ΔSBOLD ¼ f base V0,T*

2, � � �
� � � f act ΔV ,ΔdHbð Þ.
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However, implementation of SE-EPI introduces consid-
erable T2* dependence as a result of the long readout length.
Therefore, a restricted readout length, eg 1.25 � T2*, is often
used in SE-EPI to avoid the significant loss of spatial specific-
ity arising from the T2*-induced point-spread-function (PSF)
broadening.6,35 To achieve a purer T2 contrast, alternative
readout methods, such as 3D Gradient-and-Spin-Echo
(GRASE),53 Echo Planar Time-resolved Imaging (EPTI),36

or even line-by-line excitation-based methods, T2-prep GE54

and balanced SSFP (bSSFP)55 can be used. Although the
SE-BOLD method can offer improved spatial specificity com-
pared to GE-BOLD, the disadvantages, such as the reduced
BOLD sensitivity hinder the robust use of high-resolution
(i.e. low SNR) SE fMRI for group studies. A further disad-
vantage is that the increased RF power deposition due to the
180� pulse and the underlying B1 field inhomogeneities may
restrict the number of achievable imaging slices per time
frame (i.e. limited brain coverage). This also requires the care-
ful control of multiple extra-echo coherence pathways, such
as stimulated echoes, which arise from the successive applica-
tion of imperfect refocusing.10

2D Multi-Shot EPI and EPIK
The spatial resolution of EPI can be improved with a greater
number of phase-encoding lines, which directly leads to a lon-
ger readout length. In single-shot EPI, the prolonged readout
duration gives rise to an increase in T2* blurring or geometric
distortion artifacts. Therefore, SNR considerations notwith-
standing, the arising issues, coupled with the long readout
duration, hinder the direct use of single-shot EPI for
high-resolution, whole-brain fMRI. This difficulty can be
mitigated with the in-plane acceleration techniques, such as
parallel imaging7 or partial Fourier techniques,56 which, how-
ever, introduce a substantial SNR reduction or image blur-
ring. An alternative approach is to split the long EPI echo

train into several segments, each acquired with an individual
RF excitation, i.e. multi-shot EPI (see Fig. 4c). In contrast to
the aforementioned in-plane acceleration techniques, in prin-
ciple, the multi-shot scheme does not lead to any additional
image SNR reduction. Here, the greater the number of seg-
ments, the more the problems associated with the long read-
out can be reduced, which, however, comes at the cost of an
increased acquisition time and a greater susceptibility to phys-
iologically induced artifacts; Fig. 6 shows the effect of the
multi-shot scheme on the reduction of geometric distortions.

Crucially, another major drawback of multi-shot EPI
for fMRI is its shot-to-shot instabilities that can create inter-
mittent ghost artifacts or increased susceptibility to subject
motion and respiration-induced field changes.36,37 These
artifacts can corrupt the temporal stability of the fMRI
time-series data, consequently affecting the detection sensitiv-
ity. Figure 7 shows the deleterious effects of the multi-shot
scheme on the detection of activated voxels when compared
to single-shot EPI. To make the use of multi-shot EPI for
fMRI feasible, an alternative shot-reordering scheme has been
presented, which acquires all the segments for each slice
completely before proceeding to the next slice, namely fast
low-angle excitation echo-planar technique (FLEET) or its
variable flip angle progression (VFA-FLEET).37,57

Another approach to overcome the limitation of multi-
shot EPI is to sample the central portion of k-space in every
shot, as proposed in the EPI with Keyhole (EPIK) technique
(see Fig. 4d).9,58–64 As most information relating to natural
images is confined around lower frequencies, sampling the
central k-space ensures optimum SNR and CNR for each
individual shot.61,62 In this way, EPIK has been shown to
have a higher temporal resolution and reduced geometric dis-
tortions than EPI, with a very marginal decrease in temporal
SNR.61,62 When compared to multi-shot EPI, EPIK shows
more robust functional detection performance, which is

FIGURE 6: Geometric deformation of tissue structures in EPI and its reduction using accelerated acquisitions. Reconstructed images
obtained from (a) single-shot EPI and (b) three-shot EPI. Panel (b) demonstrates the effect of the segmentation readout on the
reduction of geometric distortions in EPI.
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FIGURE 7: One-sample t-test results (an uncorrected P-value <0.001) from visual task-fMRI obtained with a group of 16 subjects. For
the original fMRI time-series data acquired with 2D single-shot EPI, two other different data reconstructions (i.e. three-shot EPI and
EPIK) were applied by retrospectively undersampling the k-space data. This figure demonstrates the effect of shot-to-shot
instabilities from three-shot EPI on the fMRI activation; the activated voxels were substantially reduced in three-shot EPI (second
row). However, activation results from EPIK (last row) had features very comparable to those from single-shot EPI (first row) due to
the fact that EPIK fully samples the central k-space (keyhole region) at every scan, ensuring optimum SNR and CNR. The number of
detected voxels, maximum t-value and mean t-value from the three reconstructions are 3662/2036/3672 (single-shot EPI/three-shot
EPI/EPIK), 11.40/10.04/12.46 and 4.86/4.94/4.94, respectively.

FIGURE 8: A reconstructed high-resolution functional scan obtained from a half-millimeter in-plane, 2D EPIK protocol. The protocol
allowed the acquisition of functional data with a voxel size of 0.5 � 0.5 mm2 for 108 axial slices (1 mm thickness) under a TR of 3.5 s
(see Table 2). This spatial resolution enabled the identification of the following mesoscale anatomical structures directly from a
single-volume functional scan: small cerebral vessels (red arrows in r2) and the internal granular layer of the cortex (yellow arrows)
located on the anterior wall of the postcentral gyrus (r1), on the Heschl gyrus (r3) or within the calcarine sulcus (r4).
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comparable to that of single-shot EPI (see Fig. 7). The use of
a half-millimeter in-plane protocol using EPIK for subcortical
fMRI has been demonstrated; this spatial resolution enabled
the identification of internal granular layer structures directly
from a single fMRI scan (see Fig. 8).9,65 The high spatial res-
olution further revealed the cortical depth-dependent func-
tional profiles for various resting-state networks (see Fig. 9).

3D EVI
In 2D multi-slice EPI, data for each slice are acquired with a
respective slice-selective RF excitation and subsequent 2D
spatial encoding. In 3D imaging sequences, the slice-selective
RF pulse is replaced with a non-selective or slab-selective RF
pulse, and the excited volume is encoded with 3D spatial
encoding gradients. This scheme ensures each slice is

insensitive to cross-talk artifacts between neighboring slices,
which is a typical issue in 2D multi-slice imaging. Unless
controlled by a technically more demanding RF pulse design,
the slice profile usually achieved in a typical 2D fMRI
sequence has a wider extent than expected in the slice direc-
tion. This can result in repeated partial excitation for the
adjacent slice locations, and a subsequent SNR reduction is
expected.34 Another advantage of 3D imaging is that the
phase-encoding undersampling schemes, such as parallel
imaging or partial Fourier techniques, can be applied to both
phase-encoding directions, which results in the high g-factor
penalty, that only occurs in one phase-encoding dimension in
2D, to be spread over the two dimensions. Although acceler-
ated multi-slice acquisition is also possible in 2D using the
multi-band technique, the blipped-CAIPI method,8 usually

FIGURE 9: Cortical depth-dependent activation profiles obtained from a half-millimeter in-plane, 2D EPIK protocol
(0.51 � 0.51 mm2). The results are depicted for the three identified resting-state networks: default mode, sensorimotor (right-
hemisphere) and visual (see panel a). The mean � SD of the network-specific probabilities at the 20 solid lines (starting from “P1”
and ending at “P2”) was obtained for each network (see panel b) and is depicted in panel (c). This figure demonstrates the behavior
of resting-state activation profiles with respect to the cortical depth overall, which is confined to the GM region.
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employed for an effective unfolding of the simultaneously
acquired slices, imposes an additional g-factor penalty along
the same phase-encoding direction. This suggests that the
combination of parallel imaging and multi-band acceleration
factors needs to be chosen carefully to avoid the possible gen-
eration of significant aliasing reconstruction artifacts.66

Similar to 2D EPI, a fast imaging scheme can also be
applied to 3D sequences, which samples all the data with a
single-shot RF excitation and is known as 3D
echo-volumar-imaging (EVI). Here, the excessively pro-
longed readout can dramatically increase sensitivity to field
inhomogeneities, signal loss and image blurring artifacts,
making the use of EVI impractical for fMRI. To overcome
this, 3D GRASE uses a readout that was developed based
on the Carr–Purcell–Meiboom–Gill (CMPG) SE using
successive 180� pulses. This scheme can preserve signal
levels better than the GE method, which is more vulnera-
ble to the quickly decaying T2*.

53 When compared to 2D
SE-EPI, 3D GRASE was shown to have a higher BOLD
sensitivity with reduced superficial bias effect in the corti-
cal depth functional profiles. However, stronger image
blurring was evident along the partition direction
(i.e. anisotropic blurring).34 In 3D GRASE, the slice acqui-
sition order can also be optimized such that the central
k-space is acquired first to maximize the SNR.34

Nevertheless, for high-resolution fMRI using 3D
GRASE, the readout length needs to be further shortened. In
response to this, inner-volume GRASE has been suggested as
it can achieve much quicker sampling by restricting the field-
of-view (FOV) to only the target brain region.67 This is
implemented by applying the refocusing gradient perpendicu-
lar to the slab excitation plane (see Fig. 4e). This restricted
FOV approach allows a high spatial resolution without being
affected by aliasing artifacts very much. However, the aniso-
tropic blurring or the limited FOV in GRASE hampers its
use for more general fMRI studies investigating unknown
functional regions or whole-brain resting state fMRI. Several
previous studies have attempted to mitigate this issue to some
degree by using accelerated GRASE or its variable flip angle
configuration.40,68

3D EPI
An approach to overcome the long readout and associated
artifacts in single-shot 3D EVI is to apply an individual RF
excitation for each plane while still performing a single-shot
scheme, like 2D EPI, for the spatial encoding of each plane;
hence the approach is called 3D echo-“planar”-imaging (see
Fig. 4f). 3D EPI has the same 3D imaging advantages over
2D, as described in the previous section, i.e. an improved
slice profile or a reduced g-factor penalty with the two phase-
encoding directions, but the application of parallel imaging
techniques to 3D EPI can further benefit from the

CAIPIRINHA-like acceleration scheme, which yields an
increased SNR at a high acceleration factor.69

However, the repeated use of an RF pulse for every
plane leads to a much shorter time interval between the suc-
cessive excitations on the target tissue volume, which subse-
quently needs a relatively low flip angle (�20�) to ensure an
optimal signal level. The limited SNR from the small magne-
tization70 can be improved by acquiring a greater number of
partitions, as the signal of each slice in 3D EPI is constituted
by the k-space signals at all slice locations in Fourier
encoding. Therefore, an intrinsic SNR advantage with a fac-
tor of

ffiffiffiffiffiffiffiffiffiffi
N slice

p
can be attained in 3D EPI70 at the cost of

increased volumetric TR (i.e.=TRslice �Nslice); it is important
to note that a similar approach can also be applied to the 2D
case by means of oversampling along the phase-encoding
direction.

Due to the aforementioned benefits, 3D EPI has not
only been used for BOLD fMRI, but has also been widely
employed for non-BOLD fMRI studies. The effect of different
3D readout techniques (i.e. 3D GRASE and 3D EPI) on the
functional sensitivity and specificity has been investigated by
one previous work using both BOLD- and CBV-fMRI.2 Here,
3D GRASE was shown to be effective in improving functional
specificity for both contrasts, BOLD- and CBV-fMRI. How-
ever, as the CBV contrast is intrinsically more specific to the
actual neural activities than BOLD, the improvement in func-
tional specificity by means of 3D GRASE in CBV-fMRI is not
as significant as the BOLD case. This may be one of the rea-
sons why non-BOLD fMRI is performed with fewer demands
on the choice of GE or SE type sequences.

One major disadvantage of 3D EPI is that its imaging
scheme is also based on multiple shots, making it vulnerable
to any physiological artifacts generated from subject motion,
respiration or cardiac movements.71,72 The issue of physiolog-
ical noise becomes more critical at UHFs due to its increasing
dependence on the B0 field strength.71,73 To reduce these
artifacts, several approaches have been presented, including
the use of an optimal protocol configured with a reduced
number of segments,69 or, more directly, a correction method
that simultaneously measures physiological information from
the subject and regresses it out from the fMRI time-series
data.71 However, for fMRI with a very high spatial resolution,
the thermal noise effect becomes more dominant, and the
deleterious effects of physiological noise on shot-to-shot sta-
bilities in 3D EPI are circumvented to some extent.71,73

Multi-Echo
For a single-echo fMRI technique, a TE that closely matches
the T2*/T2 of tissue is selected to deliver optimal functional
contrasts. However, due to the diverse T2*/T2 of brain tissues
or the regions more sensitive to magnetic susceptibility arti-
facts, a single TE may not yield optimal functional detection
at a certain location.74 This problem can be overcome by

March 2024 757

Yun et al.: Layer-Specific Submillimeter fMRI Techniques

 15222586, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jm

ri.28911 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [08/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



acquiring multiple echoes with a wider range of TEs, which
can deliver increased detection extent and improved func-
tional contrast in fMRI.75 The multi-echo information can
also be exploited to improve the spatial specificity by identify-
ing venous vasculature or by extracting BOLD signals from
non-BOLD components.31,76

For the effective analysis of multi-echo data, the images
obtained at different TEs are combined into a single compos-
ite image using a weighted summation.75–77 The weight can
be identical at all different TEs (i.e. a simple average). A
recent submillimeter fMRI publication has applied the simple
average to double SE-EPI and has demonstrated improved
functional sensitivity in the detection of cortical depth-
dependent SE-BOLD functional profiles.35 Other weighting
methods based on the signal contrast models require quantita-
tive mapping of T2*

75 or, more simply, rely on the acquired
data itself (i.e. signal intensity or SNR) at given TEs.76,77

While the use of multi-echo fMRI and its benefits have
been successfully demonstrated with EPI-based techniques,35,74

the T2
0 contamination arising from these methods can still

yield undesirable superficial bias.36 In response to this, another
utility of multi-echo data was developed with an EPI-based
readout. In this method, laminar functional profiles are less
polluted by T2

0 by means of the recovery of fully sampled k-t
space data and the reconstruction of multi-contrast images at
all time points (i.e. EPTI).36 In another study employing a T2-
prepared conventional spoiled GE sequence, multi-echo infor-
mation was exploited to extrapolate functional data back to a
TE of 0 msec, resulting in distortion-absent, T2-weighted lami-
nar profiles free from T2

0 contamination.43

Furthermore, a combined acquisition of GE and SE
data may profit from each respective advantage (i.e. high sen-
sitivity and specificity). However, one main disadvantage of
the multi-echo technique is the long TR, which is required to
accommodate all echoes within one TR interval. An optimal
number of echoes or an acceleration technique may facilitate
an increase in the temporal resolution and volume coverage76

of the multi-echo sequences.

Non-EPI Readout: Conventional Line-By-Line
Excitation
In most fMRI techniques, the data readout is implemented
based on EPI due to its very high efficiency in dynamic sam-
pling. However, as a result of its sampling strategy, EPI
images are usually degraded with several artifacts such as N/2
ghosts, geometric deformation of anatomical structures or
image blurring stemming from the substantial signal decay
during readout. Although some of these issues can be allevi-
ated by means of additional post-processing or an accelerated
acquisition, the artifacts develop to a more severe degree at
higher field strengths, and the required correction process
becomes more challenging. Therefore, an imaging method
devoid of the typical EPI artifacts is favorable for more

accurate functional mapping. In view of this, one suggested
approach is to use conventional line-by-line excitation imag-
ing with a highly accelerated acquisition scheme.54,78

These techniques can achieve minimal geometric distortion
across the whole brain, which also assists in achieving
errorless co-registration between the functional and the
anatomical scans.54,55

Under this regime, the most commonly used scheme is
spoiled GE (i.e. incoherent GE) due to its rather simple signal
analysis model. As an alternative to this, an imaging scheme
based on the coherent steady-state has been presented where
the transverse magnetization between successive RF pulses is
not supposed to be zero. Here, the most successful implemen-
tation of this scheme is bSSFP.55 This method has the highest
SNR efficiency of all known imaging sequences and provides
an SE-like BOLD contrast which is, therefore, specific to small
vessels.55 In addition, the fact that bSSFP does not use 180�

pulses results in a reduced SAR level when compared to other
SE-based methods.55 However, one major issue with the
bSSFP method is that its steady-state magnetization level
quickly drops to nearly zero around a certain periodic range of
phase offsets (i.e. stop-band), and the voxels lying within this
offset range are presented as dark bands. To avoid these
banding artifacts, bSSFP imaging needs to be performed with a
very short TR or under a very good shim condition, which is a
challenging issue at higher magnetic fields.55

Another approach to achieve the T2 contrast is to use
the T2 preparation module in the GE readout method. This
scheme stores the spins refocused by an 180� pulse (i.e. static
field inhomogeneity eliminated) in the xz-plane and then per-
forms the GE readout to sample the refocused signals.54 As
this T2 preparation module is applied once before the read-
out, it can avoid the high energy deposition created by a large
number of refocusing pulses in a typical SE sequence.54 One
main drawback of the line-by-line excitation imaging is its
considerably prolonged volumetric TR, which may limit
its use in subcortical fMRI to partial brain coverage.21,43

Another issue to be considered in this technique is the rela-
tively short time interval between successive excitations. This
results in a greater signal dependence on T1 relaxation time,
by which, for instance, the steady-state signal of bSSFP is

given as being proportional to √(T2/T1).
79

Non-Cartesian and Compressed Sensing (CS)
Sampling on the Cartesian grid provides the most straightfor-
ward image reconstruction using Fourier transform. However,
it requires inefficient, regularly spaced sampling throughout
the k-space. To achieve an even higher spatial resolution,
non-Cartesian sampling strategies, such as radial or spiral tra-
jectories, have been presented that can sample the k-space of
a natural image more efficiently based on the fact that most
energy is distributed around the central k-space.45,80 The
radial or spiral trajectories also offer increased tolerance to
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subject motion due to oversampling of the central k-space
that smears out the artifacts.81 However, the non-Cartesian
method requires a suitable reconstruction method, which nor-
mally entails more demanding computation than the standard
Fourier transform. The complex image reconstruction can
also distort the time-series data, which potentially leads to the
reduction of BOLD sensitivity.82 Moreover, the non-
Cartesian k-space traversal is more susceptible to off-
resonance artifacts, ultimately leading to blurring and reduced
robustness. Thus, specific correction80 or self-navigating
methods45 are required to ensure the accurate localization of
the functional activity, and, as a result, the use of non-
Cartesian methods has been demonstrated for subcortical
fMRI.45 The performance of non-Cartesian imaging also
relies on the performance of the hardware. The related issues,
such as gradient delays or eddy currents, can hamper image
quality, and therefore, an extra calibration scan may be neces-
sary to assess the degree of the artifacts. Here, an auto-
calibrated approach has shown its utility in correcting the
artifacts without the need for the extra calibration scan.83

A larger acceleration factor is also possible using the ran-
dom sampling approach, generally referred to as CS,84 which
can achieve a significant improvement in the spatial resolu-
tion. However, its use for fMRI may raise additional con-
cerns, such as potential loss of functional detection efficiency
or an increased temporal correlation of time-series data from
the nonlinear reconstruction process.85

Restricted FOV Imaging
The restriction of the FOV allows the more straightforward
implementation of a high-resolution protocol as it does not
need to reconstruct a full-FOV image, which can potentially
generate additional reconstruction artifacts. This technique
can be categorized into two classes: inner-volume selection
(IVS) and outer-volume suppression (OVS).

A representative IVS technique is 3D GRASE using the
spatially orthogonal slab selective gradient pairs for the excita-
tion and refocusing pulses. Another IVS technique is the use
of a spatially selective RF pulse that can only excite a selected
local region-of-interest (ROI). Using this technique, previous
works have demonstrated a very high spatial resolution for
fMRI, such as 0.5 � 0.5 mm2.86 Although the spatial resolu-
tion is sufficiently high to reveal cortical depth-dependent
activation, to the best of our knowledge, its use has not yet
been demonstrated for the delineation of subcortical activa-
tion patterns. The rare use of this technique is mainly attrib-
uted to the technical difficulties associated with the RF pulse
design; a relatively long RF pulse duration is often required
for a sharp excitation profile, and the subsequently increased
off-resonance effects induce a loss of spatial resolution.87 The
long RF pulse duration can be shortened using an RF acceler-
ation technique (eg transmit-SENSE),88 which, however,

requires additional hardware equipment, i.e. a parallel trans-
mission system.

The OVS technique restricts the FOV by suppressing
the signals outside the ROI with spatially selective pulses
followed by dephasing gradients.89 Based on this scheme, pre-
vious work proposed Zoomed-GRAPPA imaging, which has
achieved a 0.65 mm isovoxel for high-resolution fMRI.90

Another technique utilizing the OVS scheme is the line-scan-
ning method, which only acquires data for a very limited
ROI without a phase-encoding. This method offers the
unique advantage of measuring mesoscale functional response
with a few hundred milliseconds of temporal resolution. Pre-
vious work has demonstrated its use for investigating time-
resolved cognitive computations with laminar precision.46

Supplementary Techniques for Accurate
Spatial Mapping
Correction of Geometric Distortion in EPI
For EPI-based fMRI techniques, accurate mapping of acti-
vated voxels is often hindered by the geometric deformation
of tissue structures typically seen in the reconstructed images.
Geometric distortion is more apparent in the phase-encoding
direction due to the much slower acquisition (i.e. lower band-
width) than in the frequency-encoding.

Distortion can be corrected using a direct measurement of
the B0 offset or the PSF of the employed EPI protocol.91 How-
ever, this approach requires other types of imaging sequences,
which may not be available in a commercial scanner. Instead,
another widely used method is to acquire EPI data with an
opposite phase-encoding direction, which registers the image
voxels between the two different encoding-direction data and
subsequently relocates the shifted voxels onto the correct grid.92

The inversion of the phase-encoding direction can be easily
accomplished by rotating the FOV in the sequence interface,
and the required phase-inverted data are a few temporal volumes
(3 � 5 scans), meaning that only a minimal time increase
for the extra scan is required. Several software packages, such
as COPE (Brain Voyager) (https://support.brainvoyager.com/
brainvoyager/available-tools/86-available-plugins/62-epi-distortio
n-correction-cope-plugin), ANTs (https://github.com/ANTsX/
ANTs), 3DQwarp (AFNI) (https://afni.nimh.nih.gov/pub/dist/
doc/program_help/3dQwarp.html), and TOPUP (FSL) (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup) are available for this correc-
tion scheme, and its use has been demonstrated in numerous
subcortical BOLD and non-BOLD fMRI studies.13,19,33,36

Figure 10 shows an exemplary result of the distortion
correction, in which more accurate co-registration and func-
tional mapping onto the anatomical scan can be observed.93

Although this example does not depict any significant visible
loss of spatial resolution, previous works have reported that
the distortion correction errors generated from this unwarping
process (i.e. resampling or interpolation of the voxels) may
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yield reduced spatial specificity or introduce additional spatial
correlation into the time-series, which then deteriorates the
cortical depth-dependent functional signals.41,94

Distortion-Matched Anatomical Scan
For the reasons described above, sometimes a more attractive
solution than distortion correction is to acquire a distortion-
matched anatomical scan using the same base sequence as for
the fMRI acquisition (i.e. EPI). The definition of the cortical
boundaries from the anatomical scan is particularly important
for subcortical functional analysis to enable the location of corti-
cal layers or columns to be determined. However, a typical EPI
protocol used in fMRI does not have sufficient structural con-
trast to segment the cortical regions out of other tissue compo-
nents.42 Therefore, to acquire an anatomical scan using EPI, a
contrast preparation module, such as inversion or magnetization
transfer, is used, which can deliver the magnetization-prepared,
rapid GE (MPRAGE)-like T1 contrast.

42,95 In this way, the T1-
weighted, anatomical EPI scan has distortions identical to the
fMRI data, resulting in errorless co-registration between the
anatomical and functional scans.95

The feasibility of using this technique for subcortical
fMRI has been demonstrated previously.32,41 Importantly,
however, it should be noted that the anatomical reference also
has the same EPI geometric distortions. This indicates that
the method may not be suitable for other analyses relying on
anatomical information, such as the morphometric

measurement of cortical thickness or the cortical surface-based
atlasing.94 Here, the distortion of T1-weighted EPI can also
be reduced by using the same distortion correction approach
as described in the previous section, although it requires an
additional increase in acquisition time.

Reduction of Large Vessel Effect in GE-BOLD
When compared to SE-BOLD or non-BOLD fMRI, the GE-
BOLD fMRI technique has an increased detection sensitivity
for neural activities along with a reduced RF energy deposi-
tion, which is beneficial at high magnetic fields.13,33 For this
reason, while maintaining the advantages of GE-BOLD, pre-
vious works have suggested correcting the superficial bias
effect for more accurate characterization of subcortical activa-
tion profiles.

One approach is to directly identify the anatomical loca-
tions of the veins and to remove the venous voxels from the
functional analysis.21 Here, for the effective identification of
venous structures, an extra anatomical scan using susceptibility-
weighted imaging (SWI) can be used.28 Another method is the
use of the vascular model for the BOLD signal. As illustrated
in Fig. 5, the BOLD signals at a certain layer can be formu-
lated as the functional signals at the local activation site plus
the weighted summation of those from the deeper layers
(i.e. non-local activation) delivered by the ascending veins.11

Based on this model, previous work has derived the weighting
factors and has performed spatial deconvolution to remove the

FIGURE 10: The effect of EPI geometric distortion corrections on the co-registration and functional mapping. (a) Depicts improved
co-registration between MPRAGE and EPI in the distortion-corrected case around the regions marked by yellow circles
(i.e. ventricles) and red arrows (see the enlarged depiction of the selected ROIs shown below in each slice). As a result, the activated
voxels are also more accurately localized along the cortical ribbon (see the white arrows in [b]) when compared to the non-
corrected case.
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draining vein effects.11,13 However, the above correction
methods require prior knowledge of the vein location or the
vascular model, which may require an additional scan.

In contrast, a data-driven method has also been pres-
ented that only relies on measured functional data. Here, the
underlying principle is that the magnitude BOLD signals are
contributed by both small and large vessels, while the phase
data are primarily only affected by large vessels.31,96 There-
fore, the method regresses out the phase component from the
functional data by first fitting the phase to the magnitude
data and then subtracting the resultant maximum likelihood
estimator to remove the signal components attributed to the
large veins. Previous work has verified its use for subcortical
fMRI, in which the phase-regressed GE-BOLD activation
pattern was shown to be similar to that of SE-EPI.31

An alternative fMRI analysis method to eliminate the
effect of other vascular sources, i.e. different baseline physio-
logical parameters (eg CBV or T2*) depending on cortical
depth has also been presented41 (see Fig. 5). As these parame-
ters are assumed to act as a multiplicative factor to the BOLD
signals, the method proposes the normalization of the effect
by taking the division of the two stimulus conditions in the
fMRI analysis, rather than the subtraction typically used in
most functional analyses.41

Discussion
Summary of Subcortical fMRI Techniques
For the delineation of subcortical functional activation,
numerous fMRI techniques have been developed based on
the exploitation of a specific functional contrast (see
Section ‘fMRI Contrasts’) in combination with a dedicated
imaging technique (see Section ‘Sub-mm fMRI Techniques’).
Due to its relatively high functional detection sensitivity and
low SAR level, one widely used combination is BOLD con-
trast acquired with GE-EPI. Here, the superficial bias effect
arising from the large draining veins can be resolved by
replacing the GE readout with the SE readout, the use of
which, however, may be restrictive for whole-brain fMRI due
to the increased SAR caused by the refocusing pulse. Instead,
the spatial specificity of GE-BOLD can be improved by
applying a superficial bias correction method, which has been
shown to provide SE-like activation patterns.31

The imaging techniques using non-BOLD contrasts are
also sensitized to detect functional signals proximal to neuro-
nal activation. However, similar to the SE-BOLD technique,
the inversion recovery or tagging pulses, designed to create
functional contrasts in the non-BOLD techniques, result in a
substantial increase in volumetric TR and SAR.13,33 Previous
works have benchmarked the performance of three different
fMRI methods (GE-BOLD, SE-BOLD, VASO) and have
reported that VASO showed poor levels of accuracy in
decoding the orientation of feedforward and feedback signals

in visual fMRI,12 which may be attributed to the lower statis-
tical power brought about by the lower temporal resolution.
While VASO was shown to be spatially more specific to the
subcortical functional activation, this advantage comes with
the trade-off of reduced functional sensitivity (i.e. 2 � 8
times lower z-values for the same amount of data).13,29

At UHFs, the increased SNR and functional CNR facil-
itates high-resolution fMRI with enhanced spatial specificity
and, to date, most subcortical fMRI studies have been per-
formed under this circumstance. Nevertheless, intrinsic prop-
erties or technical challenges arising from the use of UHF
may be a limiting factor, depending on the specific fMRI
techniques used. For EPI-based techniques, the fact that the
increased B0 inhomogeneities and a shorter T2* create geo-
metric distortions, signal loss or blurring artifacts demands
careful consideration of imaging protocol or higher-order
shimming. The geometric distortions are often further
corrected with an additional correction method that uses the
reversed phase-encoding data. On the other hand, the B1
inhomogeneity at UHF becomes a critical issue for techniques
using high flip angles (eg 2D SE-EPI, 3D GRASE or non-
BOLD imaging) and may possibly result in a decrease in the
BOLD functional connectivity.97 To account for this issue,
the use of an additional calibration scan (i.e. B1 mapping)
and RF optimization with a parallel transmission system have
been attempted.34,88 The increased field strength also causes
an increase in the T1 relaxation time, which may result in a
longer contrast-preparation time in the non-BOLD tech-
niques that rely on the inversion recovery of targeted spins.

To achieve high spatial resolution in fMRI, more effi-
cient k-space sampling using non-Cartesian trajectories or CS
can be used. However, the complex image reconstruction
(eg reduced statistical degree of freedom from a regularized
reconstruction) or off-resonance artifacts may distort the
functional signals, thus impairing its use for subcortical fMRI
unless an effective correction method is applied.9,45,80,82,85

Alternatively, a more robust, distortion-free k-space sampling
method (eg bSSFP or FLASH) using the conventional GE
sequences has also been proposed. This line-by-line excitation
scheme can attain much purer T2 functional contrast without
being plagued by the geometric distortions typically observed
in EPI. However, the excessively long acquisition time sug-
gests its use only in circumstances where reduced temporal
resolution or limited brain coverage can be tolerated.

In a conventional 2D line-by-line excitation sequence,
the relatively short TR (i.e. a few tens of milliseconds) may
raise concerns relating to the inflow effect. This is an addi-
tional signal change created by unsaturated blood flowing
into the slice, known as the time-of-flight (TOF) effect.
However, the effect is only significant at a relatively short
TR, during which the traveled distance of the spins is shorter
than the slice thickness. Therefore, in the case of 2D multi-
slice EPI, most fMRI protocols that use a relatively long TR
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(i.e. >1 s) can be employed with little concern for the inflow
effect, as demonstrated by previous works.98

In contrast, 3D EPI is inherently free from the inflow
effect as the whole brain volume is always excited between
successive RF excitations. Other advantages of 3D imaging
over 2D imaging are the perfect slice profile obtained and the
possibility of applying in-plane acceleration techniques along
two phase-encoding directions. When compared to single-
shot-based 3D EVI, 3D EPI has a higher SNR and increased
brain coverage and hence, is widely used for fMRI. However,
the multi-shot scheme of 3D EPI has increased susceptibility
to physiological noise and motion artifacts, potentially caus-
ing reduced temporal SNR or poor seed-based correlation
performance in resting-state fMRI (rs-fMRI) unless controlled
with an additional correction method.71,72

As summarized above, each fMRI technique has advan-
tages and disadvantages according to various assessment criteria,
and currently, there is no particular subcortical fMRI technique
that is overwhelmingly outstanding compared to other tech-
niques. Therefore, depending on the purpose of the study, the
most appropriate functional contrast and readout technique
needs to be carefully determined. For example, when a robust
high-resolution method with whole-brain coverage is impor-
tant, GE-BOLD with an EPIK readout incorporating bias cor-
rection would be a good choice. Conversely, when spatial
specificity is paramount, the non-BOLD contrasts or SE-
BOLD using 2D SE-EPI or 3D GRASE techniques would be
good candidates. For non-BOLD fMRI, SE readout is not
essential to improve spatial specificity, and 3D EPI has been
favorably employed in most cases. However, other readout
methods can possibly be applied to mandate the corresponding
imaging benefits. In this review, we have mainly focused on
the introduction of submillimeter fMRI acquisition techniques.
Data sets acquired with this level of high spatial resolution usu-
ally require a dedicated pre-processing or data analysis approach
for more accurate functional mapping.94,99 This is, however,
beyond the scope of the current work and is hence not dis-
cussed herein.

Functional Resolution and Spatial Resolution of the
Sequence
The complex nature of the neuronal hemodynamic response
is manifest in that neural activation, closely linked to an
increase in CMRO2, also induces changes in the blood sup-
ply. Here, the architecture of the vascular network plays an
important part in the interpretation of fMRI signals. For
instance, the heterogeneous distribution of cerebral veins and
venules induces a spatial blurring of functional signals, which
is more pronounced in the GE-BOLD studies. Another factor
that affects the functional resolution is the varying capillary
density. Previous studies have shown that enhanced spatial
specificity can be achieved at higher fields and shorter TEs
because the relative contribution of the microvasculature to

the functional signals over that of macrovasculature increases
under these circumstances.6 Attempts to evaluate the func-
tional resolution were made by estimating the hemodynamic
PSF. In a photo-stimulation study using mice, the full-width-
at-half-maximum (FWHM) of the hemodynamic PSF was
shown to be in the range of between 0.103 mm and
0.175 mm.100 In another study relating to a human ocular
dominance column, the FWHM of the PSF for GE-BOLD
and SE-BOLD was assessed as 0.99 mm and 0.86 mm, respec-
tively.101 Despite contentious discussions around the functional
resolution, the detection of subcortical functional activation
has been demonstrated in numerous submillimeter fMRI stud-
ies. A recently published study has also successfully revealed
the cortical depth-dependent profiles for whole-brain, resting-
state networks, in which the functional data were processed
using standard pre-processing steps and the GE-bias correction
method, and no further contamination was introduced through
additional data polishing techniques.9

In high-resolution EPI using a relatively large imaging
matrix size, the consequent long acquisition window is often
shortened with the partial Fourier technique to reduce the T2*
decay effect. However, if the missing k-space from partial Fou-
rier imaging is poorly estimated, the technique can introduce
additional spatial blurring.9,102 This effect can be minimized
when a large imaging matrix size and a more sophisticated
reconstruction method are employed, as demonstrated previously
(see Fig. 11). In addition, for the same accelerated EPI protocol,
the reconstructed image quality or SNR can be improved by
means of different image reconstruction software. Previous work
has demonstrated that the aliasing artifacts observed in the origi-
nal EPI images were significantly eliminated using other in-
house developed image reconstruction routine.66 Therefore, in
practice, the choice of imaging protocol and a reconstruction
method can have a critical impact on the spatial resolution or
the reconstructed image quality.

Quality Control in Subcortical fMRI
For the reliable and reproducible detection of subcortical func-
tional signals, the quality of submillimeter fMRI data needs
to be carefully controlled. In general, the quality control
(QC) procedure for fMRI requires various assessment tasks to be
performed, depending on the purpose of the study and the stage
of the experiment.103 This sub-section describes QC criteria that
directly relate to the assessment of submillimeter fMRI data.

During the study planning stage, it is important to
employ a robust imaging protocol to yield a reconstructed
image of sufficient quality as submillimeter fMRI data usually
suffer from relatively low image SNR and associated image
artifacts. Therefore, a protocol using a relatively high accelera-
tion factor (eg eight-fold GRAPPA104) may not be suitable in
a study where a robust image quality is required. Moreover,
when an EPI-based technique is used, PSF analysis may also
be necessary to evaluate the degree of spatial resolution
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blurring9,19 created by the T2/T2* decay during the relatively
long acquisition window. For an improved subcortical data
analysis, physiological noise information is often simulta-
neously recorded during the fMRI acquisition. In this regard,
prior to scanning, care must be taken to ensure a secure con-
tact between the recording devices and subjects.

During the data processing stage, an initial evaluation
of the acquired data is required to check the quality of
reconstructed images. Here, the image SNR and tSNR offer a
metric to assess the signal level and temporal stabilities
through the time series. The carpet plot105 is also useful for
the visual detection of abrupt signal changes caused by
motion or any other sources. More quantitatively, the dis-
placement calculated from typical realignment processing can
be used as a numerical criterion (eg mean displacement
<0.5 mm) so that only data sets having acceptable motion
ranges for reliable detection of submillimeter functional sig-
nals for a group of subjects are included in the data set.9 The
temporal skewness37 can also provide an effective indication
with which to detect intermittent ghosting artifacts. Further-
more, during the fMRI analysis, a high mapping fidelity can
be assured by computing the spatial correlation between the
acquired activated voxels and the reference atlas template.9

Future Direction: Spatiotemporal Resolution and
Brain Coverage of Subcortical fMRI
Advancements in fMRI techniques over the last decade have
ultimately been aimed toward the detection of functional sig-
nals with a time-resolved and a layer-specific spatial scale to
reveal the organization of neural circuits in the brain. The

development of current fMRI techniques allows the acquisi-
tion of functional signals with a submillimeter voxel size, but
usually with a relatively slow temporal resolution (3 � 5 s).
Furthermore, most subcortical fMRI studies have only
targeted particular brain regions evoked by a specific task par-
adigm, which precludes the possibility of the analysis of
whole-brain connectivity.

In contrast to task-evoked fMRI, rs-fMRI identifies over-
all activity in the brain and the associated underlying connec-
tivity. The task-free acquisition also ensures its straightforward
use for all types of subjects, including patients or children,
where brain function and the characteristics thereof are of great
interest in clinical applications. To facilitate the various analysis
approaches suggested for rs-fMRI (eg regional homogeneity,
functional connectivity density or independent component
analysis), whole-brain coverage is demanded as the first require-
ment in rs-fMRI. In early work, several submillimeter protocols
were proposed to investigate subcortical functional profiles for
rs-fMRI: Guidi2020 (1.15 mm3; 10 slices; 1.65 s),48 Huber2021
(0.51 mm3; 72 � 104 slices; 6.5 � 8 s),47 Deshpande2022
(1.08 mm3; 37 slices; 3 s),30 and Yun2022 (0.25 mm3;
123 slices; 3.5 s),9 where the parameters presented in the
parenthesis show the achieved single-voxel volume, slices and
temporal resolution provided in each study.

The above subcortical rs-fMRI employed a relatively
long TR. However, the fact that rs-fMRI focuses on low-
frequency fluctuations (<0.1 Hz; Nyquist sampling upper
limit of 5 s) still makes conventional data analyses feasible.9,37

Although reducing the temporal sampling efficiency, a long
TR measurement can increase the spatial resolution or brain

FIGURE 11: The effect of a large imaging matrix size on partial Fourier reconstruction. (a) Simulation results of the phase estimation
for partial Fourier undersampled data with a factor of 5/8 (top: 96 � 96 and bottom: 256 � 256). For the larger matrix size case, the
estimated phase profile (right column) is nearly identical to that of the original phase (left column), whereas the smaller matrix size
case depicts substantial differences from each other. (b) Partial-Fourier-accelerated 2D GE-EPI obtained with the following
conditions: 384 � 384 with a factor of 5/8 (left column) and 288 � 288 with a factor of 6/8 (right column). Albeit at the larger partial
Fourier factor, the spatial resolution of the left image is observed to be better than that of the right image due to the use of a
larger matrix size; see the yellow arrows in the enlarged depiction of the selected ROI.
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coverage with an improved SNR. Conversely, a shorter TR
allows the acquisition of functional data with a greater num-
ber of dynamic samples, resulting in an increased degree of
freedom and a potential improvement in the regressor
fitting.106 However, the shorter time constraint for each slice
encoding leads to reduced spatial resolution or reduced brain
coverage along with a lower SNR level when compared to a
longer TR case with otherwise identical imaging conditions.
Notwithstanding the current advance of fMRI techniques,
the community need for a deeper understanding of brain
functions fosters the growth of further improvements in
imaging techniques toward higher spatiotemporal resolution,
which supports any type of functional study.
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