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a b s t r a c t 

Resting state functional magnetic resonance imaging (rs-fMRI) is based on spontaneous fluctuations in the blood 
oxygen level dependent (BOLD) signal, which occur simultaneously in different brain regions, without the sub- 
ject performing an explicit task. The low-frequency oscillations of the rs-fMRI signal demonstrate an intrinsic 
spatiotemporal organization in the brain (brain networks) that may relate to the underlying neural activity. In 
this review article, we briefly describe the current acquisition techniques for rs-fMRI data, from the most com- 
mon approaches for resting state acquisition strategies, to more recent investigations with dedicated hardware 
and ultra-high fields. Specific sequences that allow very fast acquisitions, or multiple echoes, are discussed next. 
We then consider how acquisition methods weighted towards specific parts of the BOLD signal, like the Cerebral 
Blood Flow (CBF) or Volume (CBV), can provide more spatially specific network information. These approaches 
are being developed alongside the commonly used BOLD-weighted acquisitions. Finally, specific applications of 
rs-fMRI to challenging regions such as the laminae in the neocortex, and the networks within the large areas 
of subcortical white matter regions are discussed. We finish the review with recommendations for acquisition 
strategies for a range of typical applications of resting state fMRI. 
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. Introduction 

Resting state functional magnetic resonance imaging (rs-fMRI) stud-
es spontaneous fluctuations in the BOLD signal, which are synchronous
etween spatially distinct brain regions in the absence of a specific task,
o infer functional connectivity ( Jann et al., 2016 ; Lee et al., 2013 ;
mith et al., 2013 ). Biswal et al. (1995) first showed these coherent
pontaneous fluctuations in the somatosensory areas, and this work was
uickly followed by other brain systems (visual, auditory, cognitive (for
 review, see van den Heuvel and Hulshoff Pol, 2010 )). Functional con-
ectivity has since then been shown to provide reproducible resting
tate brain networks both at individual and group levels ( Yang et al.,
020 ). The most relevant are the default mode (DMN), motor, visual,
uditory, language, and attentional networks ( Yeo et al., 2011 ). Rest-
ng State Networks can only be obtained if sufficient quality data is ac-
uired, covering all the brain areas of interest, either with the standard
OLD contrast, or a suitable alternative. The requirement to image spe-
ific brain areas of interest, or practical limitations in scan time or scan-
er availability may limit the available choices for acquisition. Practical
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onsiderations must be taken into account for the robust application of
s-fMRI. 

In this review, we first discuss general recommendations or com-
on strategies for rs-fMRI in section 2 before discussing the possibili-

ies offered by ultra-high field in section 3 , and possibilities that open
p with other hardware improvements such as improved rf-coils and
radients in section 4 New or promising sequences used for rs-fMRI for
onnectomics are discussed in sections 5 to 7 , detailing fast acquisitions,
ulti-echo echo planar imaging (EPI) and alternative contrasts, respec-

ively. Finally, we discuss two ‘new’ brain areas targeted by rs-fMRI in
ections 8 and 9 : cortical laminae and white matter. We finish the review
ith recommendations for acquisition strategies for a range of typical
pplications of resting state fMRI, summarized in Table 1 . 

. General acquisition 

Currently, 3 Tesla (3T) is the most convenient field strength for ac-
uiring reliable data from large cohorts on clinical scanners, often us-
ng gradient-echo echo-planar imaging (GE-EPI) sequences ( Smith et al.,
013 ). These acquisitions are fast, covering an entire brain in a few sec-
ugust 2021 
article under the CC BY-NC-ND license 
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nds, and naturally T2 ∗ weighted, and therefore highly efficient. The
2 ∗ weighting makes them sensitive to the Blood Oxygen level Depen-
ent (BOLD) signal of interest. BOLD signal is based on oxygen con-
entration changes in the blood that lead to changes in T2 and T2 ∗ ;
owever, T2 ∗ is more affected. Therefore, GE sequences are commonly
sed despite the more significant effects of large vessels compared to
2-weighted spin-echo sequences ( Yacoub et al., 2005 ). 

Whole-brain coverage, including the entire cerebellum, is required,
ith in-plane resolution as high as possible (typically about 2 to 3 mm)
nd a TR of 2 to 3 s ( Van Dijk et al., 2010 ). Such parameters are feasi-
le on commercial scanners used in standard clinical routine. However,
igher temporal resolution provides a better sampling of physiological
rtifacts that can then be filtered out ( Jahanian et al., 2019 ), as dis-
ussed in sections 4 and 5 . Multi-band imaging techniques, which will
e discussed in section 5 , enable the acquisition of images with sub-
econd temporal resolutions ( Smith et al., 2013 ; Yang et al., 2020 ), like
he ones for the Human Connectome Projects (HCP) in Development and
ging (72 slices with 2-mm isotropic voxels, TR = 800 ms) ( Harms et al.,
018 ). 

Another factor to consider when designing rs-fMRI studies is the du-
ation of the run. Acquisition times of about 6 minutes have provided ad-
quate sampling to obtain robust functional connectivity since estimates
f correlation strengths stabilize before this time ( Van Dijk et al., 2010 ).
owever, longer scan times are required when low spatial smoothing is
sed ( ∼ 2 mm), and small seed regions are employed ( Caparelli et al.,
019 ). Unreliable connections between two specific regions can be bet-
er measured with multiple scans per subject ( Pannunzi et al., 2017 ).
his approach also allows a margin of error for exclusion of data due to
canner transients and head motion. Therefore, when possible, longer
cquisitions (about 12 min), split into short (6 min) runs are recom-
ended ( Hacker et al., 2019 ). For children, who typically do not toler-

te staying in the same position for long times, multiple (4 to 6), even
horter runs (about 3.5 min) can be acquired ( Harms et al., 2018 ). 

During resting state experiments, participants are usually instructed
o keep their eyes closed (EC), eyes open (EO), or eyes fixated on a
rosshair (EO-F). Although EO and EO-F produce similar functional con-
ectivity results ( Van Dijk et al., 2010 ), several studies have shown
ignificant differences between eyes open and closed, reporting BOLD
ignal with decreased amplitude and lower variance in the former con-
ition ( Donahue et al., 2012 ; Jao et al., 2013 ; Xu et al., 2014 ). Dynamic
hanges in connectivity patterns are also dependent on eye conditions
 Agcaoglu et al., 2020 ). Recently, functional connectivity within the vi-
ual networks was shown to present pronounced differences between
C and EO-F in a large dataset, while only EO-F functional connectiv-
ty showed significant correlations with age, gender, and social status
core ( Agcaoglu et al., 2019 ). Greater reliability of within-network con-
ections was reported when participants were lying still with their eyes
xated on a cross ( Patriat et al., 2013 ; Zou et al., 2015 ). Eye- movements
re better controlled, and the brain seems less active with visual fixa-
ion ( Weng et al., 2020 ). Therefore, EO-F is a more controlled condition
hat reduces experimental variability and appears to be a better choice
or collecting rs-fMRI data and correlating functional connectivity with
emographic and behavioral variables ( Agcaoglu et al., 2019 ). 

Although these are the most common methodologies for rs-fMRI, ad-
ances in hardware, field strength, pulse sequences, image processing
nd analysis have allowed other approaches that enable new applica-
ions, such as laminar connectivity. 

. High field MRI 

As mentioned, currently most resting state fMRI data are acquired
t 3T. Nevertheless, the increasing availability of 7T and even higher
eld scanners may provide advantages for rs-fMRI ( Hale et al., 2010 ).
ig. 1 clearly shows that, regardless of the spatial smoothing, 7T net-
orks show higher correlation coefficients. Obtaining reliable connec-

ivity patterns with less smoothing means that the spatial characteristics
2 
f the networks can be measured with greater spatial specificity than at
ower field. This can be further increased by exchanging signal for in-
reased spatial resolution of the acquired data. 

The main advantage of ultra-high field fMRI is the availability of
igher spatial specificity through higher spatial resolution, which facil-
tates the interpretation of the functional maps with respect to the un-
erlying neuronal activity. When smaller imaging units (i.e. voxels) are
ampled, partial volume effects decrease ( Yacoub et al., 2001 ), but also
he SNR and functional CNR (fCNR) are reduced. Ultra-high fields are
dvantageous because of the linear dependency of the SNR on the mag-
etic field ( Pohmann et al., 2016 ; Vaughan et al., 2001 ) and the supra-
inear gains in BOLD fCNR ( van der Zwaag et al., 2009 ; Yacoub et al.,
001 ). These combined effects greatly improve signal detection, allow-
ng higher spatial resolution, and a better spatial accuracy of the fMRI
aps. However, higher spatial resolution implies longer TR, as a larger
umber of slices is required to cover the brain. Resting state studies need
hole-brain measurements to detect functional networks completely, as

hese are largely distributed across the brain, including the cerebellum
 Buckner et al., 2011 ). By combining a relatively standard 2D-EPI acqui-
ition with parallel imaging at 7T, De Martino and colleagues ( De Mar-
ino et al., 2011 ) showed that enough sensitivity can be retained to
xtract the typical resting state networks, even at high spatial resolu-
ions of 1 mm isotropic voxels, without sacrificing whole brain coverage
r temporal resolution (2 s). The smaller voxel volumes reduce partial
olume effects and leads to more distinct spatial features, allowing im-
roved localization of the resting state networks ( Newton et al., 2012 ).

High fields present several technical and methodological challenges,
uch as inhomogeneous B0, receive and transmit RF coil sensitivity
rofiles ( Van de Moortele et al., 2009 ; Yang et al., 2002 ). The ad-
ent of multi-channel receive coils and parallel imaging techniques
 Setsompop et al., 2016 ), along with improved gradient performances
nd correction for field inhomogeneities ( Togo et al., 2017 ; Van de
oortele et al., 2009 ) now allow large volume fMRI acquisition at high
elds (see also section 4 ). Novel analysis approaches can improve the
nalysis of ultra-high fields resting state fMRI, such as using a cluster-
ased physiological noise correction ( Pinto et al., 2017 ), or connective
eld mapping ( Knapen, 2021 ). Physiological noise mitigation, which is
specially important at higher fields ( Triantafyllou et al., 2011 ), will be
iscussed in the fast imaging section as it is somewhat sequence depen-
ent. 

As the technical challenges associated with ultra-high field are being
olved, fMRI becomes possible beyond 7 T also, which should further in-
rease the SNR and CNR gains. For example, Yacoub et al. (2020) used
 10.5T scanner to acquire resting state data in macaques. They demon-
trate that the combination of multi-channel transmit and receiver ar-
ays, optimized pulse sequences, and a careful anesthesia regime al-
ows for detailed single-subject resting state analysis at high resolu-
ions (0.75 mm isotropic), and they detected robust resting state net-
orks across individual macaques, which closely resembled human
ndings. 

Despite the advantages of ultra-high field fMRI in terms of SNR, CNR
nd parallel imaging performance, fMRI applications are hindered by
he quadratically-increasing Specific Absorption Rate (SAR). SAR limi-
ations can restrict fMRI EPIs when using multiband pulses, refocusing
ulses as in SE-EPI, high spatial- or temporal-resolution, fat saturation
r parallel transmit systems (pTX). SAR efficiency can be improved by
ew coil designs ( Ertürk et al., 2017 ; Lee et al., 2012 ; Wu et al., 2016 ),
AR-optimizing pTX techniques ( Poser et al., 2014 ), advanced multi-
and pulses, such as PINS ( Hargreaves et al., 2004 ; Norris et al., 2011 )
nd lower-SAR fat saturation ( Stirnberg et al., 2016 ). More specifically
or resting state measurements, in 2012 Koopmans et al. implemented a
ow-SAR PINS pulse with which they could perform a whole-brain spin-
cho resting-state experiment ( Koopmans et al., 2012 ). A group-level in-
ependent component analysis (ICA) revealed several resting-state net-
orks, highlighted by the higher specificity and sensitivity in higher

usceptibility regions. Today, high SAR techniques are regularly used in
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Fig. 1. Functional connectivity maps of the default mode network (DMN) 
of a representative subject, overlaid on the standard MNI brain. 3, 4 and 
5 mm denote the FWHM of the spatial smoothing kernel applied prior 
to correlation computation. 3T high-res represents data acquired with 3T 
and 7T high-res with 7T, with the same spatial resolution (for comparison). 
Figure adapted with permission from ( Hale et al., 2010 ). 
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Fig. 2. Seed-based dense connectome with a Human Connectome-like protocol 
at 7 T (seed in putamen as highlighted by a red arrow). Top, single transmit coil 
with dielectric pads. Bottom, 8 transmit coil with pTX multiband pulses. The 
pTX protocol shows stronger functional connectivity between the seed and the 
rest of the brain especially the cortical regions, as a result of improved flip angle 
homogeneity. Figure adapted from ( Wu et al., 2019 ). 
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ltra-high field fMRI ( Gras et al., 2019 ; Huber et al., 2018 ; Ivanov et al.,
017 ; Wald, 2012 ). 

By now, many resting state studies have been conducted using ultra-
igh field MRI. Some of these will be discussed in other sections because
f the advanced sequences or contrast used. The higher SNR and better
patial resolution provided by ultra-high field strengths are well suited
o assess the temporal reliability of mapping results, and to determine
f resting-state fMRI can be applied in a clinical setting. For example,
ranco et al. (2018) used resting state fMRI at 7T to examine two func-
ional networks of major importance in preoperative planning (sensori-
otor and language networks) and assessed their intrasession and inter-

ession temporal reliability. Torrisi et al. (2017) used 7T rs-fMRI to map
he habenula resting state network at high resolution in humans, to in-
estigate its involvement in disorders such as anxiety, pathophysiology
f depression and addiction disorders. Ebneabbasi et al. (2020) assessed
he brain–behavior correlations between the emotion processing- and
motion regulation-related areas and the level of depression severity. 

Ultra-high field resting state MRI may also offer insights in funda-
ental neuroscience, for example to map connectivity within the hu-
an visual cortex ( Heinzle et al., 2011 ; Raemaekers et al., 2014 ), as
ell as in studying layer specific connections, which will be discussed

n section 8 . 

. Other hardware 

Gradient-echo EPI, the most common acquisition method for fMRI,
s sensitive to magnetic susceptibility, which results in signal dephas-
ng and local distortions as well as BOLD sensitivity ( Deichmann et al.,
002 ). Hence, the high SNR and BOLD sensitivity at high field are
ccompanied by increased distortions. Higher-order shimming is now
outinely used to reduce susceptibility effects, though distortions and
ropout are typically still evident in the inferior part of the brain. In
D EPI, decreasing the slice thickness further reduces through-plane
ephasing ( Deichmann et al., 2002 ; Wald, 2012 ). Distortion and blur-
ing can be reduced with the careful manipulation of phase-encoding
irections depending on the intended usage (e.g. in the L-R direction
o minimize the Field-of-View in the phase-encoding direction, as was
one in the Human Connectome Project ( Smith et al., 2013 )). Respi-
ation or participant motion may additionally alter the B0 homogene-
ty during the scan and induce dynamic dephasing and distortions as
ell as spin history effects ( Yancey et al., 2011 ). These can bias func-

ional connectivity metrics towards short-distance correlations in resting
tate ( Van Dijk et al., 2012 ). Online tracking of B0 with field cameras
 Fillmer et al., 2016 ) or navigators ( Wallace et al., 2021 ), and a dynamic
pdate of the shim can reduce distortions, improve temporal signal to
oise ratio (tSNR) ( Wallace et al., 2021 ) and result in robust resting-state
etwork correlations ( Fillmer et al., 2016 ). Motion can be further miti-
ated with head molds ( Power et al., 2019 ) or with prospective motion
orrection approaches to naturally complement dynamic B0-shimming.
rospective motion correction approaches based on camera trackers or
3 
otion estimates from the fMRI data itself have been shown to reduce
he negative correlation between motion and BOLD (e.g. due to signal
ropouts), increase tSNR and resting-state sensitivity, particularly for
lower, higher-resolution acquisitions ( Huang et al., 2018 ; Lanka and
eshpande, 2019 ; Maziero et al., 2020 ; Zaitsev et al., 2017 ). 

Besides B0 inhomogeneity, B1 tends to destructively interfere at
igher fields ( Vaidya et al., 2016 ). This is particularly an issue for high-
ip angle techniques, but can also decrease BOLD functional connectiv-

ty in resting state (e.g. with a typical Human Connectome protocol,
ee Fig. 2 ( Wu et al., 2019 )). RF homogeneity can be passively im-
roved with the usage of dielectric pads ( Yang et al., 2006 ), as was
one for the 7T fMRI acquisitions of the Human Connectome project
 Smith et al., 2013 ), or with the combination of parallel RF transmit
pTX) either statically (i.e. by calculating an individual- and channel-
pecific phase or amplitude offset to optimize B1 homogeneity) or dy-
amically (for example by further modulating the RF for each slice in
 SMS protocol) ( Deniz, 2019 ). Such RF optimizations can be time-
onsuming, but have been shown to be robust between individuals,
o that non-individual-specific weightings still result in good excitation
omogeneity ( Gras et al., 2017 ) and produce BOLD functional connec-
ivity gains ( Wu et al., 2019 ). pTX further naturally lends itself to the
o-called zoomed-EPI approaches that allow very fast fMRI acquisition
 Feinberg and Yacoub, 2012 ; van der Zwaag et al., 2018 ). pTX is becom-
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ng less expensive and better supported by scanner vendors and may be-
ome the norm for ultra-high field fMRI in the future ( Gras et al., 2019 ).
or fMRI techniques such as ASL and VASO that depend on longitudinal
nversion, adiabatic pulses are also now commonly used due to their in-
ensitivity to B1 inhomogeneity ( Bause et al., 2016 ; Huber et al., 2018 ;
vanov et al., 2017 ). 

Most of the gains in fMRI sampling rate and image quality are
ue to the development of receive arrays with multiple smaller re-
eive elements in a 3D arrangement. Smaller receives show higher SNR
 Kumar et al., 2009 ; Roemer et al., 1990 ) with improvements in fMRI
ensitivity ( Petridou et al., 2013 ; Priovoulos et al., 2021 ). Crucially,
he multiple receivers constitute an additional spatial-encoding mech-
nism due to their differential sensitivity fields (an effect accentuated
t higher field). This permits extensive undersampling of the k-space,
hus allowing fast volume acquisitions, high spatial-resolution and re-
uced susceptibility artifacts in fMRI. Parallel imaging techniques have
een shown to produce resting state networks with higher sensitivity
r in less scanning time ( Anteraper et al., 2013 ; Narsude et al., 2014 ;
reibisch et al., 2015 ; Salomon et al., 2014 ; Smitha et al., 2018 ) leading
o the development of even higher count receive arrays ( Hendriks et al.,
020 ; Wiggins et al., 2009 ). Note that the intrinsic SNR gains of these ar-
ays are largely in the periphery of the brain, but due to their improved
arallel imaging performance (e.g. in SENSE techniques) they also tend
o show better SNR in the center of the brain with high-acceleration
cquisitions ( Bollmann and Barth, 2020 ; Wald, 2012 ). fMRI improve-
ents are further fueled by the successful integration of high-amplitude

nd slew-rate gradients (for example, the Human Connectome project
sed a gradient coil capable of producing fields up to 300 mT/m with
00 T/m/s ( McNab et al., 2013 ; Wald, 2012 )). High-performance gradi-
nts are critical for the usage of advanced multiband pulses for highly-
ccelerated imaging ( Barth et al., 2016 ) and further allow a shorter echo
pacing, thus resulting in reduced distortions and drop-out in the EPI
mage ( Tan et al., 2016 ). The current limitations on gradient perfor-
ance are largely set by the peripheral nervous stimulation that the

ast-slewing gradients induce, rather than by hardware limitations. Ded-
cated head-only gradient coils or physiological modeling may reduce
ervous stimulation further in the future and allow the usage of even
tronger/faster gradients ( Davids et al., 2019 ; Wong, 2012 ). 

. Fast fMRI 

Aided by the advent of parallel imaging, fast fMRI is increasingly
revalent in resting state studies, despite the hemodynamic response be-
ng relatively sluggish. At low sampling rates, physiological noise from
espiration and cardiac pulsation aliases to the lower, brain function-
elevant frequency bands ( Chen et al., 2020 ). This physiological effect
s particularly critical in resting state, since there is no assumption of
 task timeseries. Increasing the sampling rate can reduce the spectral
verlap of these physiological processes on resting state ( Huotari et al.,
019 ) and/or facilitate the removal of structured noise from fMRI time-
eries ( Agrawal et al., 2020 ). Fast fMRI can also allow us to exam-
ne how brain function at rest relates to other processes such as car-
iac pulsation and respiration ( Jacobs et al., 2020 ; Napadow et al.,
008 ; Wu and Marinazzo, 2016 ) or CSF flow ( Fultz et al., 2019 ). The
aster readouts can increase the sensitivity of multivariate approaches
 Demetriou et al., 2018 ) and potentially achieve the same sensitivity
n less time in the scanner, which is important for clinical populations
 Preibisch et al., 2015 ), though this is still controversial ( Akin et al.,
017 ; Chen et al., 2019 ; Demetriou et al., 2018 ; Huotari et al., 2019 ).
urthermore, while most of the power of the resting state BOLD fluctua-
ions is in the slower 0.01–0.1 Hz band, higher frequencies may also hold
rain function-relevant information that may be interesting to sample
 Gohel and Biswal, 2015 ). Finally, there is an ongoing discussion about
he stationarity characteristics of fMRI resting state timeseries ( Dai et al.,
016 ; Jones et al., 2012 ; , but fast fMRI has provided evidence for dis-
inct brain connectivity states that change dynamically, a phenomenon
4 
hat is gathering increasing attention ( Preti et al., 2016 ; Zalesky et al.,
014 ). 

As noted in section 4 , fast fMRI was popularized with the advent
f multiple-receiver coils, that allow the unfolding of simultaneously-
cquired but spatially-distinct data through the differential spatial sen-
itivity profiles of the receivers. While several techniques have been de-
eloped, the two most popular are the Multiband (or Simultaneous Mul-
islice) and 3D-EPI. Multiband imaging has probably experienced the
idest uptake of all methods mentioned here, greatly benefitting from

he development and distribution by the Human Connectome Project.
ultiband pulses excite several slices simultaneously that can then be

nfolded, providing that there are enough distinct receives per unit
istance ( Barth et al., 2016 ). The typical number of simultaneously-
xcited slices is MB2-4 (Multiband factor), up to MB8 for the popular
MRR protocol of the Human Connectome project ( Moeller et al., 2010 ;
mith et al., 2013 ), thus allowing an equally reduced TR and potentially
mproved network detection and shorter scan times ( Preibisch et al.,
015 ; Smitha et al., 2018 ). When the multiband factor is increased be-
ond the decoding capabilities of the rf-coil, signal leakage between
lices may occur ( Todd et al., 2016 ). However, the multiband fac-
or, and fMRI sampling rate, can be further increased if the overlap
etween slices is artificially minimized with approaches like CAIPIR-
NHA ( Breuer et al., 2005 ; Setsompop et al., 2012 ). The acquisition can
dditionally be accelerated by combining with other sparse-sampling
chemes, such as partial Fourier, to reduce the TR and potentially the
cho time ( Feinberg et al., 1986 ). Nowadays, fast online reconstructions
re available from all major vendors, greatly simplifying workflows and
ata handling. One aspect to take into account for high temporal reso-
ution data is that the conventional auto-correlation models might not
e sufficient for data acquired with faster TRs ( Bollmann et al., 2018 ).
igher-degree temporal autocorrelation models are advised for task-

elated GLM fast fMRI, but they may be beneficial also in resting-state
nalysis, for example when fitting nuisance regressors ( Bright et al.,
017 ). 

In 3D-EPI, the slice direction is also defined with a phase encod-
ng gradient. As the entire imaging volume is excited every TR, much
maller flip angles are used, which can be an advantage over the more
AR-intensive multiband pulses. The second phase encoding gradient
lso means that the acquisition can be accelerated in the slab-direction,
hile keeping the echo time and BOLD contrast constant ( Poser et al.,
010 ). This feature has been used to achieve very high spatial resolution
 Batson et al., 2015 ). A 2D-CAIPIRINHA scheme can also be used here
o permit higher acceleration factors ( Narsude et al., 2016 ). The biggest
ifference between 3D-EPI and multiband 2D-EPI is the sensitivity to
hysiological noise (in 3D-EPI) and spin-history artefacts (in MB-EPI).
he longer effective averaging time in 3D-EPI leads to both higher SNR
nd higher sensitivity to system instabilities, including physiological
oise ( van der Zwaag et al., 2012 ). At moderate spatiotemporal resolu-
ions, this necessitates physiological noise removal ( Jorge et al., 2013 ).
owever, in faster acquisitions, with a volume TR of ∼0.5 s, 3D-EPI
nd multiband are equivalent in terms of detection of resting state net-
orks ( Reynaud et al., 2017 ). When profiting from the volumetric acqui-

ition to introduce fast water excitation and elliptical sampling, 3D-EPI
as found to outperform a matched MB-EPI sequence ( Stirnberg et al.,
017 ). 

Even faster approaches include the Magnetic Resonance Electroen-
ephalography (MREG). In its typical implementation, MREG traverses
he k-space in a stack-of-spirals trajectory ( Zahneisen et al., 2012 ). This
llows for extensive undersampling and a subsequent whole-brain ac-
uisition at < 100 ms at low spatial resolutions (e.g. a nominal spa-
ial resolution of 3 × 3 × 3 mm 

3 ) ( Hennig et al., 2020 ). This has al-
owed the detection of resting state networks at frequencies above 0.1
z ( Akin et al., 2017 ), improved individual level network detection (
ee et al., 2013 ) as well as the extraction of resting-state networks from
ub-minute fMRI segments, thus greatly facilitating dynamic functional
onnectivity analyses ( Akin et al., 2017 ; Jacobs et al., 2014 ). A draw-
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Fig. 3. (top ) 𝜅 and 𝝆 spectra of an individual multi-echo dataset differentiating 
BOLD and non-BOLD components. ( bottom ) Boxes highlight high- 𝜅 components 
in the motor cortex, hand area of motor cortex, Broca’s area network, lateralized 
sensory cortex, primary visual cortices and thalamic resting state network. 
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ack, besides the limited spatial resolution, is the computationally in-
ensive reconstruction. 

Similar to the MREG, inverse imaging (InI) increases the sampling
ate of traditional functional MRI due to the minimal time required to
raverse k-space, at a cost of a moderate reduction in spatial resolution
 Lin et al., 2012 ). InI derives spatial information by solving inverse prob-
ems using data simultaneously acquired from all channels in the array,
eading to whole-brain coverage at ∼100 ms and 5 mm spatial resolu-
ion. The spectral characteristics of resting state networks with general-
zed inverse imaging (GIN) have been investigated by Boyacioglu at al.
 Boyacioglu et al., 2013 ) with 50 ms TR and 3.5 mm isotropic resolution.

Keyhole techniques also allow significantly improved temporal res-
lution ( Gao et al., 1996 ), while keeping the same spatial resolu-
ion. A combination of the keyhole concept with EPI sequences (EPIK)
 Zaitsev et al., 2001 ), has proven to be more robust against susceptibil-
ty and chemical-shift artifacts than single-shot EPI. The performance of
PIK, in term of BOLD sensitivity and functional connectivity, has been
valuated by Yun at al. ( Yun et al., 2019 ) through a visually-guided
nger-tapping task. 

These acquisition advances promise that fast fMRI will become a
ainstay of rs-fMRI, with increasing usage. To further establish fast

maging, dedicated data processing may be beneficial, such as avoiding
he typically-applied low-pass filter that removes statistical degrees-of-
reedom and may insert high-frequency noise ( Chen et al., 2019 ) and
ccounting for the higher-degree temporal autocorrelation where rele-
ant ( Agrawal et al., 2020 ; Bright et al., 2017 ). 

. Multi-echo fMRI and connectomics 

Multi-echo fMRI acquisition is an extension of the standard 2D BOLD
PI, which involves acquisition of images at multiple TEs instead of
nly one ( Kundu et al., 2012 ; Poser et al., 2006 ; Posse, 2012 ). The
se of multi-echo fMRI in the study of connectomics has emerged as
 strategy for contending with artifacts from head motion, imaging, and
on-neuronal physiology in fMRI datasets. Having signal time series at
ultiple echo times (TEs), enables evaluation of both BOLD contrast dy-
amics and time series activity concurrently ( Bright and Murphy, 2013 ;
uur et al., 2009 ; Kundu et al., 2012 ). The advantages of the multi-echo
MRI approach are most evident when assumptions regarding BOLD con-
rast and time series dynamics deviate from ideal conditions, which
ccurs when imaging patients, at high-field and deep brain regions
 Kundu et al., 2017 ). In these cases, multi-echo fMRI can separate BOLD
ignal from artifacts in the time series ( Peltier and Noll, 2002 ). Specifi-
ally, BOLD percent signal changes scale linearly with TE, whereas ar-
ifactual signals from hardware instabilities, motion, or physiology do
ot exhibit this dependence, and are thus TE-independent. 

Nevertheless, the advantages of ME-fMRI are largest when data is
cquired at moderate spatial resolution and at low to moderate field
trength, on a system with high-performing gradients. If these ingredi-
nts are not present, sampling multiple echoes before TE = T2 ∗ can only
e achieved with detrimentally high acceleration factors, which coun-
eracts the benefits of acquiring multiple echoes ( de Hollander et al.,
017 ; Harms et al., 2018 ). 

Hence, typical multi-echo fMRI acquisition parameters at 3.0 T in-
olve voxel sizes from 2.0 mm to 3.5 mm isotropic, R = 2 to 3 in-plane ac-
eleration, three to five TEs usually spanning ∼10–60 ms, and TR rang-
ng from 800 ms to 3.0 s with and without multi-band acceleration. 

Reconstructing multi-echo fMRI results in separate 3D + time datasets
orresponding to the different acquired TEs. Combining the separate 4D
atasets into a single time series through averaging with BOLD-sensitive
eights has been shown as a reliable means of mitigating susceptibility
rtifacts, increasing BOLD contrast, and reducing thermal noise across
he brain volume. Implementing a matched filter by averaging with
oxel-wise weights based on voxel-wise T2 ∗ estimates and TE yields op-
imum contrast at all voxels by approximating acquisition at TE = T2 ∗ 

t each voxel ( Morris et al., 2019 ; Poser et al., 2006 ). This enhance-
5 
ent leads to appreciable improvements in resting state fMRI func-
ional connectivity mapping (and task activation) in deep brain regions
ith low signal amplitude and susceptibility artifacts such as the or-
itofrontal cortex and inferior temporal cortex ( Dipasquale et al., 2017 ;
irilina et al., 2016 ). 

The TE-dependence of linear components of spatiotemporal datasets
an also be evaluated. After decomposition of multi-echo datasets with
rincipal component analysis (PCA) or ICA, a weighted average of good-
ess of fit statistics provides a summary statistic for component-level
E-dependence, 𝜅, and TE-independence, 𝝆. This strategy is the basis
or the analysis and denoising technique called multi-echo independent
omponents analysis (ME-ICA) ( Kundu et al., 2012 ). 

Spatial ICA of the dimensionally reduced dataset produces compo-
ents with 𝜅 and 𝝆 values that indicate subsets of component in two
eparable regimes. The first shows high BOLD weighting (high 𝜅) and
ow non-BOLD weighting (low 𝝆), and the second has low 𝜅, and high
r low 𝝆 ( Fig. 3 ). Removing components of the low- 𝜅 regime by linear
rojection results in time series denoising of numerous artifacts related
o subject head motion, cardiac pulsation, in-plane and through-plane
cceleration, and even baseline signal drifts ( Power et al., 2018 ). 

The advantages of multi-echo fMRI acquisition and analysis have
een demonstrated in a wide range of connectomic studies across field
trengths, experimental conditions, and at subject and population levels.
ask-based analysis of multi-echo fMRI shows increases in sensitivity to

ndividual events, and with concomitant resting state fMRI, intra- and
nter-subject variability of task activation and connectivity patterns is
ecreased ( Gonzalez-Castillo et al., 2016 ). Resulting increases in sta-
istical power lead to two- to four-fold reductions in required sample
ize to achieve significant findings in key connectivity patterns, par-
icularly across cortical and subcortical areas and in precision connec-
omics. ( Baek et al., 2017 ; Lombardo et al., 2016 ; Lynch et al., 2020 ;
orris et al., 2016 ). 
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Fig. 4. GE and SE functional connectivity maps. A seed-based connectivity 
map for Gradient echo (GE) and Spin echo (SE) obtained from random ef- 
fects group analysis showing the following resting state networks: default mode 
network (DMN), executive control network (ECN), salience network (SN), dor- 
sal attention network (DAN), sensorimotor network (SMN). Differences are es- 
pecially large in the inferior frontal areas of the DMN. Figure adapted from 

( Chiacchiaretta and Ferretti, 2015 ). 
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Other notable areas of functional neuroscience are also seeing novel
pplications of ME-ICA, particularly neuropsychopharmacology. A re-
ent study using multi-echo fMRI acquisition at 3 T MRI on the response
f patients with major depressive disorder to the recently FDA-approved
ntidepressant ketamine showed that, after a 40-min infusion, patients
ad increased functional connectivity between the hippocampus and
ubgenual anterior cingulate cortex proportional to their performance
nd activation on the incentive flanker task ( Morris et al., 2020 ). 

Because ME-ICA makes no assumptions on the number or charac-
eristics of functional networks in a given dataset, it can be used to
tudy variations in component number with condition. Multi-echo fMRI
ata acquired in a cohort of healthy volunteers aged 40 to 80 showed a
onsistent reduction in the number of resting state components 1-hour
fter emerging from general anesthesia ( Nir et al., 2020 ). A study on
ulti-echo fMRI across the age range showed an exponential decrease

n component number with age from age 8 to 40, alongside increasing
unctional connectivity in cortical networks ( Kundu et al., 2018 ). The
ge-dependence of functional connectivity network integration has also
een demonstrated in a larger neurodevelopmental study ( Váš a et al.,
020 ). 

. Other contrasts 

Despite its high sensitivity to deoxyhemoglobin variations and
idespread availability, rs-fMRI based on GE has several drawbacks: 1.)
he spatial specificity is limited, as the BOLD signal is predominantly
riven by the large draining vessels. 2.) Images contain geometric distor-
ions because of the long EPI readout and are sensitive to signal dropout
n regions near air cavities. 3.) BOLD signal does not provide a direct or
uantitative measure of brain function. 

.1. SE-EPI 

Although less sensitive, spin-echo EPI (SE-EPI) can also be used
or BOLD imaging, with the advantage of an increased localization
f the neuronal activity ( Koopmans et al., 2012 ; Norris, 2012 ) and
igher robustness against signal dropouts ( Boyacio ǧlu et al., 2014 ;
hiacchiaretta and Ferretti, 2015 ; Khatamian et al., 2016 ; Norris, 2012 ).
he benefit of conducting an fMRI experiment with SE at 3T is usually

ow, as the gain in specificity is not that large, susceptibility-induced
istortions remain and the sensitivity loss in some regions is quite
igh ( Koopmans et al., 2012 ; Norris, 2012 ). Nevertheless, two stud-
es showed that SE-EPI based rs-fMRI at 3T provides higher sensitiv-
ty, specificity, and inter-subject reproducibility in high-susceptibility
egions ( Chiacchiaretta and Ferretti, 2015 ; Khatamian et al., 2016 ) and
ee Fig. 4 . 

High spatial resolution is easier at high field (see section 3 ), but there
re fundamental difficulties for SE BOLD data acquisition at 7T. First, the
E needs to match the longer gray matter T2, rather than the T2 ∗ , mak-

ng it challenging to acquire whole-brain data quickly. Another prob-
em is SAR deposition because of the refocusing pulse (see section 4 and
 Poser and Norris, 2007 )). Although challenging, the 7T implementation
f SE-EPI with PINS is a compelling alternative because it can achieve
air spatial and temporal resolution ( Koopmans et al., 2012 ). Neverthe-
ess, the sensitivity penalties are high, the requirements for this imple-
entation are challenging, and the sequence is not yet widely available.

.2. ASL-CBF 

With recent technical advances, Arterial Spin Labeling (ASL)
s gradually becoming a more feasible alternative to BOLD fMRI
 Borogovac and Asllani, 2012 ; Chen et al., 2015 ; Vidorreta et al., 2013 ).
SL is a non-invasive method that uses the water present in the arterial
lood as a freely diffusible intrinsic tracer to measure tissue perfusion.
uantitative CBF maps can be obtained using Buxton’s General Kinetic
6 
odel ( Buxton et al., 1998 ). Similar to BOLD rs-fMRI, functional ASL ex-
eriments are performed with a timeseries acquisition where a pairwise
cquisition (label-control) is acquired ( Borogovac and Asllani, 2012 ). 

There are several possible labelling implementation schemes for ASL.
ue to its straightforward implementation and relatively high SNR,
seudocontinuous (pCASL) labelling has become the method of choice
or most ASL experiments ( Alsop et al., 2015 ). Although the typical read-
ut is 2D GE EPI, the timing differences between slices mean that for
 whole-brain resting state connectivity measurement, 3D acquisitions
re usually preferable. BOLD contamination can be quite pronounced
ecause of the GE-EPI readout. Hence, a 3D Gradient and Spin-Echo
GRASE) readout ( Günther et al., 2005 ) emerged as an alternative to
he 2D readout ( Liang et al., 2012 ), providing higher SNR and more
rain coverage. The 3D GRASE acquisition, in combination with pCASL
nd Background Suppression (BS) ( Garcia et al., 2005 ) seems to be the
urrent optimal protocol for both static and dynamic resting state ASL,
hough it is not yet widely available ( Alsop et al., 2015 ; Chen et al.,
015 ). Another motivation for an ASL acquisition at high field is the
rolonged blood T1, which can amplify the perfusion signal. There are
ot many ASL fMRI experiments at 7T but an interesting study employed
urbo-Flash (Fast Low Angle Shot) ASL (both pCASL and PASL) and
howed its feasibility in a 7T resting state experiment ( Zuo et al., 2013 ).

Compared to GE-EPI, ASL offers a direct and quantifiable CBF mea-
ure, and increased spatial specificity to neuronal activity due to the
apillary signal origin of ASL. The main drawbacks of ASL are its in-
rinsic low signal-to-noise ratio (SNR), and the temporal resolution,
hich is usually much lower than BOLD GE rs-fMRI protocols. Despite

ts disadvantages, ASL has gained considerable attention. Several stud-
es demonstrated the viability of characterizing intrinsic brain activity
ith ASL maps ( Biswal et al., 1997 ; Chen et al., 2015 ; Jann et al., 2015 ;
iang et al., 2014 ; Viviani et al., 2011 ). The recently improved post-
rocessing methods for subtraction and filtering have also contributed to
he rising number of resting-state functional connectivity studies using
SL ( Chuang et al., 2008 ; Jann et al., 2016 ; Liang et al., 2015 ; Silva et al.,
018 ; Wang et al., 2008 ). 
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Fig. 5. Left/Right executive control networks identi- 
fied with a seed-based analysis of the A) blood oxygen 
level dependent (BOLD), B) vascular space occupancy 
(VASO) and C) Arterial Spin Labeling (ASL) data. Fig- 
ure adapted from ( Zhang et al., 2018 ). 
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ASL has been used as an alternative to rs-BOLD in several clinical
nvestigations in Schizophrenia ( Kindler et al., 2015 ; Oliveira et al.,
018 ; Zhu et al., 2015 ), chronic fatigue ( Boissoneault et al., 2016 ),
pilepsy ( Boscolo Galazzo et al., 2019 ; Xu et al., 2021 ), healthy age-
ng ( Galiano et al., 2020 ) and psychosis ( Overton et al., 2020 ). Recent
tudies show that ASL provides enough statistical power, reproducibil-
ty and low-frequency variations comparable to BOLD ( Federspiel et al.,
006 ; Jann et al., 2015 ), but it is still limited by partial brain coverage
n the majority of the sequences used. 

.3. VASO-CBV 

Similarly, spontaneous fluctuation in CBV-weighted signal can also
e used for resting state functional connectivity ( Huber et al., 2017 ,
020 ; Miao et al., 2014 ; Zhang et al., 2018 ). The Vascular Space Occu-
ancy (VASO) sequence takes advantage of the T1 differences between
lood and the surrounding tissue to null blood signal and measure CBV
hanges ( Lu et al., 2003 ). Recently, VASO fMRI gained attention be-
ause it offers higher spatial specificity than GE BOLD ( Huber et al.,
015 ; Jin and Kim, 2008 ). Similar to ASL, much smaller coverage is
chieved in VASO than in BOLD fMRI experiments. Also, VASO is less
ensitive than GE BOLD fMRI ( Oliveira et al., 2021 ). 

The first study that showed VASO-CBV resting-state functional con-
ectivity was conducted by Miao et al. 2014 ( Miao et al., 2014 ), using
 3T scanner. For a whole-brain acquisition, a single-shot 3D GRASE
eadout was used ( Poser and Norris, 2009 ), which also yields increased
NR, minimum BOLD contamination and low sensitivity to suscepti-
ility artefacts. Their functional connectivity analysis consisted of a
horough comparison between VASO-CBV and BOLD using ICA and
eed-based analysis, identifying the DMN, salience-, executive control-,
isual-, auditory-, and sensorimotor networks. 

Another exciting study was published by Zhang et al. 2018 , compar-
ng GE BOLD, CBF and CBV resting-state functional connectivity met-
ics within the same group of subjects using a seed-based approach.
oth VASO and ASL were more specific and less sensitive than GE-
OLD ( Fig. 5 ). These differences are at least partially biologically driven
 Zhang et al., 2018 ). 

A recent VASO variant was used for resting state connectivity anal-
sis at high spatial resolution ( < 1 mm) in a small slab covering M1
 Huber et al., 2017 ) and will be described in section 8 below. A Slice
elective Slab Inversion VASO ( Huber et al., 2014 ) was employed to ac-
uire VASO-CBV and BOLD simultaneously using an interleaved acqui-
ition. Recent technical improvements with Multiple Acquisitions with
lobal Excitation Cycling (MAGEC) ( Huber et al., 2020 ) allow whole-
rain coverage and detection of a larger number of networks. 

. Laminar connectivity 

Ultra-high magnetic fields open up novel avenues in the mapping
f functional specialization and the flow of information between and
cross the cortex ( Dumoulin et al., 2018 ; Petridou and Siero, 2019 ).
he thickness of the human cerebral cortex ranges from 1 to 4 mm
 Fischl and Dale, 2000 ) and is highly convoluted. As we cannot distin-
7 
uish the six layers of the neocortical microcircuit ( Felleman and Van
ssen, 1991 ), the BOLD signals are typically described in terms of cor-
ical depth ( Dumoulin et al., 2018 ), which relates loosely to the differ-
nt cortical layers: feedforward projections arrive in the granular layer
L4), feedback projections terminate in the more superficial supragranu-
ar layer (L2/3) and the deeper infragranular (L5/6), while lateral fibers
arget all areas ( Felleman and Van Essen, 1991 ). Increasing the spatial
esolution results in more accurate sampling of the signals arising across
epth ( Kay et al., 2019 ). In other words, a conventional 3T fMRI pro-
ocol with a voxel dimension of 3 mm practically samples 2 "layers" of
he cortex, rendering interpretability at mesoscopic level pointless due
o partial voluming; signals from multiple layers/sources are sampled as
ne ( Guidi et al., 2020 ; Huber et al., 2015 ). With sub-millimeter fMRI,
ultiple cortical depths can be separated ( Polimeni et al., 2010 ). 

While promising, high-resolution (sub-millimeter) laminar fMRI also
aces challenges ( Dumoulin et al., 2018 ). The cortical vascular architec-
ure poses a difficulty for the interpretation of the BOLD signal across
epth, as BOLD signal originates primarily from field distortions re-
ulting from deoxygenated blood draining via venules and intracorti-
al veins to larger pial veins at the cortical surface ( Kashyap et al.,
018 ; Turner, 2002 ; van Dijk et al., 2020 ). While this problem is in-
erent to the GE-BOLD-contrast, its consequence is magnified while in-
erpreting signals across depth ( Polimeni et al., 2010 ; Uluda ğ and Blin-
er, 2018 ). The vascular architecture means that venous blood from
eeper layers contributes to the BOLD signal in upper layers as it flows
owards the pial surface ( Heinzle et al., 2016 ; van Dijk et al., 2020 ).
dvanced modeling strategies capturing the contribution of venous ef-

ects ( Heinzle et al., 2016 ; Kay et al., 2020 ; Markuerkiaga et al., 2016 ;
arquardt et al., 2018 ; van Dijk et al., 2020 ) might enhance inter-

retability of laminar signals ( Larkum et al., 2018 ). Given that ex-
ravascular contamination from the veins at the pial surface decreases
apidly away from the cortical surface ( Ogawa et al., 1993 ) and sig-
als from central layers can be distinguished from those of pial veins
 Fracasso et al., 2018 ), issues inherent to GE-BOLD at the laminar level
an, to some extent, be mitigated. 

Recognizing these challenges, efforts to map connectivity using
esting-state fMRI across and between layers and to develop analysis-
trategies are only slowly appearing ( Egbert et al., 2021 ; Guidi et al.,
020 ; Huber et al., 2020 ; Shamir and Assaf, 2020 ). One of the most
rominent examples of laminar rs-fMRI with seed-based connectivity
howed that the primary motor area (M1) received somatosensory and
remotor input in superficial layers and cortico-spinal motor output in
eep layers using a slab-selective VASO contrast with 0.75 mm isotropic
esolution ( Huber et al., 2017 ). Though challenging, the feasibility of
robing laminar connectivity with gradient-echo approaches is increas-
ngly being recognized ( Pais-Roldán et al., 2020 ); using a TR-external
E-EPI with keyhole (EPIK) sequence with 0.63 mm isotropic resolu-

ion, Pais et al. were able to show that during rest, the superficial lay-
rs show high coherence (a measure of "similarity in frequency con-
ent", rather than "correlation in the time domain", thought to be less
ffected by draining vein effects ( Pais-Roldán et al., 2020 )). The scope
f laminar connectivity has also been broadened towards task-related
rocesses. Depth-dependent connectivity patterns were observed dur-
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Table 1 
Common resting state fMRI acquisition approaches for different study’s goals. 

Application 
Magnetic 
Field Spatial Information Acquisition Approach Subject’s Condition 

Large groups of patients, 
single-center study 

3T Whole brain coverage (14cm) moderate 
spatial resolution (2-3mm) 
Cerebrum coverage 
Spatial resolution (3-4mm); quantitative CBF 
also acquired 

Multiband EPI or 3D-EPI, TR acq 

sub-second 
2D pCASL EPI TR acq 3–5 s (use 
ASL for qCBF & connectivity) 

Eyes open, fixation cross 

Large groups of patients, 
multi-center study 

3T Whole brain coverage (14 cm) moderate 
spatial resolution (2-3mm) 

2D-EPI, TR acq 2–3 s to avoid 
differences between vendors 

Eyes closed 

Individual subject or moderately 
powered patient studies OR: 
Seed-based analysis of subcortical 
structures 

3T, 7T Whole brain coverage (14 cm) moderate 
spatial resolution (2-3mm) 

Multi-echo EPI, 3-4 TEs, 
TR acq = 2.5 s (single-band) 
TR acq = 1.0 s (multi-band); ME-ICA 

Eyes open, fixation cross 

Changes within a network upon 
task-related activation 

7T Coverage of network of interest, higher spatial 
resolution (1.5 mm) 

Multiband EPI or 3D-EPI, TR acq 

∼2 s 
Eyes open, fixation 
cross/ task 

Connectivity within layers of a 
specific gray matter area 

7T Coverage of area of interest 
Sub-millimeter resolution (0.7–0.8 mm) 

VASO with TR acq 3 s or T2 ∗ -w 

3D-EPI, TR acq ∼2 s 
Eyes open, fixation cross 

i  

[  

(  

e  

s  

t  

m

9

 

g  

t  

n  

(  

l  

s  

t  

d  

s  

s  

f  

r  

2  

t
 

q  

s  

r  

s  

i  

p  

m
 

t  

a  

(  

s  

2  

l
 

s  

a  

w  

s  

c

1

 

p  

q  

h  

a  

i
 

o  

s  

w  

s
 

a  

w  

o  

s  

T  

a  

c  

d
 

s  

t  

(  

m  

b
 

o  

g  

s  

c

C

 

i  

e  

i  

i  

i  

&
r

ng motor ( Pais-Roldán et al., 2020 ) [0.63 mm isotropic], language
0.943 × 0.9 mm] ( Sharoh et al., 2019 ), and auditory [1.5 mm isotropic]
 Wu et al., 2018 ) processing; all showing the contribution of deeper lay-
rs to task performance using a GE-EPI acquisition scheme. These early
tudies highlight the impact of laminar connectivity, adding an addi-
ional dimension to our understanding of the brain using non-invasive
ethods ( Huber et al., 2020 ). 

. White matter 

Although the overwhelming majority of connectivity studies are tar-
eting gray matter networks, there is a recent interest in white mat-
er functional connectivity based on resting state BOLD data. These sig-
als are much smaller than those in gray matter, as both the blood flow
 Van Osch et al., 2009 ) and blood volume ( Jensen et al., 2006 ) are much
ower in white matter than in gray matter. Hence, reports of BOLD re-
ponses in white matter are relatively rare. The existing literature of
ask-based responses is mostly focused on the large white matter bun-
les in the corpus callosum ( Gawryluk et al., 2014 ). Nevertheless, the
ignal fluctuations found in the white matter in resting state data do
how consistent networks ( Gore et al., 2019 ). These networks can be
ound with similar analysis approaches as used to identify the cortical
esting state networks, such as ICA or clustering approaches ( Ding et al.,
016 ; Marussich et al., 2017 ) and white matter voxels have been shown
o contribute at least a little to brain-wide networks ( Li et al., 2020 ). 

In terms of acquisition, the same T2 ∗ weighted EPI images are ac-
uired for white matter network identification as for cortical resting
tate analysis. Images tend to be acquired at 3T with a modest spatial
esolution of 3.5 mm and TE of ∼T2 ∗ . For the post-processing, a masking
tep is added to remove the gray matter, so as to avoid signal swamp-
ng from the large BOLD responses. This suffices to make the further
ost-processing analysis sensitive to the signal correlations in the white
atter networks. 

In 2016, Ding et al. (2016) showed that the resting state connec-
ivity found in white matter is indeed BOLD-like and TE-dependent,
nd, hence, separate from physiological effects that are S0-based
 Kundu et al., 2012 ). The same group showed that a hemodynamic re-
ponse function, HRF, can be derived for white matter ( Wang et al.,
020 ). This white matter HRF has a reduced peak amplitude and de-
ayed peak times compared to the gray matter HRF. 

These findings have recently led to the publication of a few papers
pecifically investigating white matter resting state connectivity, for ex-
mple observing differences in these networks during baseline or movie
atching ( Marussich et al., 2017 ) or differences in clinical populations,

uch as patients suffering from epilepsy ( Jiang et al., 2019 ) and mild
ognitive impairment ( Lin et al., 2020 ). 
8 
0. Conclusions 

In this review, we presented the most common and recent ap-
roaches for different resting state studies, specifically focusing on ac-
uisitions and hardware improvements. In each section, applications
ave been discussed, to show the potential of rs-fMRI and its growing
vailability and usage for both fundamental neuroscience and clinical
nvestigations. 

In Table 1 , we summarize the most common approaches in terms
f imaging sequence, spatial and temporal resolution, required field
trength and subject behavior, for different purposes, depending on
hich subject population or specific brain activity is the object of the

tudy. 
Overall, we can conclude that lower field strength (3T) is more suit-

ble for large patient studies, where whole brain coverage is required,
hile extremely high spatial resolution is not essential. For this kind
f investigations, multi-band or 3D EPI methods can be used, with a
ub-second acquisition time, as well as 2D EPI or 2D pCASL EPI, with
R acq ranging from 3 to 5 s. For most of these applications, subjects
re instructed to keep their eyes open and fixate on a fixation cross, ex-
ept for multi-center studies, where eyes close condition is best to avoid
ifferences in stimulus displays. 

Instead, when specific brain regions are targeted (such as when
tudying deep gray matter, or connectivity within layers for a cer-
ain gray matter area), higher field strengths or alternative acquisitions
ME-EPI, VASO/ASL) are more suitable. 7T is essential to reach sub-
illimeter spatial resolutions, and this is usually combined with smaller

rain coverage. 
In conclusion, the exact acquisition parameters will depend on the

bjective of the study at hand. Nevertheless, this review and Table 1 can
uide the new rs-fMRI user to make an informed choice from the pos-
ible acquisition schemes currently available for rs-fMRI for functional
onnectomics. 
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