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Abstract
Previous evidence showed that, due to refocusing of static dephasing effects around large

vessels, spin-echo (SE) BOLD signals offer an increased linearity and promptness with re-

spect to gradient-echo (GE) acquisition, even at low field. These characteristics suggest

that, despite the reduced sensitivity, SE fMRI might also provide a potential benefit when in-

vestigating spontaneous fluctuations of brain activity. However, there are no reports on the

application of spin-echo fMRI for connectivity studies at low field. In this study we compared

resting state functional connectivity as measured with GE and SE EPI sequences at 3T.

Main results showed that, within subject, the GE sensitivity is overall larger with respect to

that of SE, but to a less extent than previously reported for activation studies. Noteworthy,

the reduced sensitivity of SE was counterbalanced by a reduced inter-subject variability, re-

sulting in comparable group statistical connectivity maps for the two sequences. Further-

more, the SE method performed better in the ventral portion of the default mode network, a

region affected by signal dropout in standard GE acquisition. Future studies should clarify if

these features of the SE BOLD signal can be beneficial to distinguish subtle variations of

functional connectivity across different populations and/or treatments when vascular con-

founds or regions affected by signal dropout can be a critical issue.

Introduction
Since its discovery [1–3], functional magnetic resonance imaging (fMRI) based on blood oxy-
genation level-dependent (BOLD) contrast has been extensively used for mapping brain func-
tion in humans. In particular, after the first observation that spontaneous BOLD fluctuations
in the left and right motor cortex are correlated in the absence of a task [4], resting-state fMRI
has witnessed an exponential growth of interest. The attractiveness of resting-state fMRI to
study brain functional connectivity stems from the potential use as a biomarker for various dis-
eases and from the easy of implementation even for problematic patient populations, since no
task is required [5–7].

The BOLD signal is usually measured using gradient-echo (GE) T2�-weighted images due
to their large sensitivity to deoxyhaemoglobin variations associated with the hemodynamic
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response induced by neuronal activity. MRI signal in spin-echo (SE) T2-weighted images is
also affected by the local deoxyhaemoglobin content but to a less extent [8–10], with a signifi-
cant drop in sensitivity (about a factor of 3 at 3T) with respect to its GE counterpart [11–13].

Although less sensitive to BOLD functional signal, SE sequences have been proposed as a
potential alternative to obtain increased functional localisation to the capillary bed, because
static dephasing effects affecting the extravascular contribution around larger vessels are refo-
cused by the 180° radiofrequency pulse, (see [14] for a recent review). The refocusing pulse is
also effective at recovering the signal loss caused by magnetic susceptibility differences at tissue
interfaces, suggesting SE fMRI techniques as an attractive solution when e.g. ventromedial
frontal and anterior inferior temporal cortex are a main focus of the experiment [12,15,16].

In fact, the superior spatial specificity for the microvasculature of SE fMRI has turned out to
be effective only at high field (�7T), while a significant intravascular contribution from large
vessels is still present at low field [14,17]. Recent investigation also showed that signal dropout
in regions affected by magnetic field inhomogeneities can be effectively reduced using a dual
echo GE EPI as well, with the shorter echo-time yielding a good compromise between reduced
signal loss and sufficient fMRI contrast sensitivity in critical regions and the longer echo-time
yielding optimal whole brain BOLD sensitivity [18].

However, other studies showed that even at low field the SE BOLD signal has interesting
features, apart from spatial specificity or signal drop out recovery. A recent study at 3T showed
that the well known saturation of the visual contrast response function [19,20] was more pro-
nounced for the GE BOLD than the SE BOLD signal, allowing the latter an increased ability to
distinguish different levels of stimulus-evoked brain activity [21]. Moreover, significant differ-
ences in the dynamics of GE and SE BOLD signals were observed at 3T, with SE BOLD re-
sponses peaking earlier than GE BOLD responses [22–24]. A reduced “refractoriness” and
increased linearity of the SE BOLD signal was also observed in a couple of studies at 4T
[25,26]. In these studies, Zhang et al. demonstrated that the BOLD nonlinearity in T2� weight-
ed GE acquisition mainly arises from large-vessel contribution and is responsible of a reduced
BOLD amplitude and delayed BOLD onset in response to the second of paired stimuli when
the inter-stimulus interval was shorter than 4–6 s [25]. Instead, SE BOLD signals were replica-
ble in response to replicated neuronal activities even at inter-stimulus intervals as short as ~1s,
with no significant reduction in amplitude or increase in latency [26]. These findings suggested
that the increased linearity and promptness of the SE BOLD signal could have potential bene-
fits for quantitative assessment of the neurovascular coupling relationship and for connectivity
studies [21,26].

However, to our best knowledge, there are no reports on the application of spin-echo fMRI
for connectivity studies at the most commonly used field strenght of 3T. At high field, where
the greatest benefits from SE BOLD are expected, the SAR level due to the refocusing pulse is
often a limitation issue imposing sub-optimal repetition rate or brain coverage and only one
study demonstrated the detection of SE fMRI resting state networks at 7T, using a specialized
EPI sequence to keep acceptable radiofrequency power deposition levels [27].

In this study at 3T we compared GE and SE measurement of resting state functional connec-
tivity in the main networks. In particular we tested i) if the expected drop in sensitivity with SE
acquisition is similar to that reported for activation experiments; ii) if SE allows a recover of
the functional connectivity signal in regions affected by signal void in GE data; iii) how the two
sequences confront each other in the group analysis.

Resting State BOLD Connectivity: Spin Echo versus Gradient Echo EPI
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Methods

FMRI data acquisition and preprocessing
Resting state BOLD fMRI signals were recorded from 16 right handed healthy subjects (age
range between 20 and 31 y; mean age ± st. dev = 23.4 ± 4.3 y; 6 females). Participants were
screened by a neurologist/psychiatrist to ensure they had no history of neurological/psychiatric
conditions. Other exclusion criteria were chronic medical disorders, current medication, im-
planted metals, pregnancy and abnormal findings in their structural brain MRI. To avoid any
confounding effects of psychoactive substances on the fMRI signal, we also excluded subjects
with any drug or alcohol abuse within the previous six months. All subjects gave their written
informed consent according to the Declaration of Helsinki (World Medical Association Decla-
ration of Helsinki, 1997) and all procedures were approved by the Ethics Committee for bio-
medical research of the University G. D'Annunzio—Chieti, Italy. Subjects were instructed to
keep their eyes closed and not to engage in structured thoughts.

MRI data were acquired with a 3T Philips Achieva scanner, (Philips Medical Systems, Best,
The Netherlands) using a whole-body radiofrequency coil for signal excitation and an 8-chan-
nel phased-array head coil for signal reception. Acquisition was performed using gradient-
echo (GE) T2�-weighted and spin-echo (SE) T2-weighted echo-planar (EPI) sequences with
the following parameters: matrix size 64x64, FOV 230 mm, in-plane voxel size 3.6 mm x 3.6
mm, Sensitivity Encoding (SENSE) factor 1.8 anterior-posterior, flip angle 74°, slice thickness 5
mm and no gap. Echo times were TE = 30 ms for the GE sequences and TE = 75 ms for the SE
sequences. Two GE and two SE resting state runs were acquired with a pseudorandomized
order across subjects. For each run, 265 functional volumes consisting of 17 transaxial slices
were acquired with a TR of 1700 ms.

A high resolution structural volume was also acquired via a 3D fast field echo T1-weighted
sequence with the following parameters: 1 mm isotropic voxel size, TR/TE = 8.1/3.7 ms, flip
angle = 8°, 160 sections, SENSE factor = 2.

During fMRI, physiological signals related to cardiac and respiratory cycles were registered
using a pulse oximeter placed on a finger of the right hand and a pneumatic belt strapped
around the upper abdomen, respectively. Cardiac and respiratory data were both sampled at
100 Hz and stored by the scanner’s software in a file for each run.

Resting state fMRI data were analysed using AFNI ([28]; afni.nimh.nih.gov/afni) and cus-
tom-written software implemented in Python (http://www.python.org). The first 5 volumes of
each functional run were discarded to allow T1 equilibration of the MR signal. Initial prepro-
cessing steps included despiking (AFNI’s “3dDespike”) to remove transient signal spikes from
the EPI time series, RETROICOR [29] to remove signal fluctuations time locked to cardiac and
respiratory cycles, slice scan time correction and motion correction. RETROICOR was per-
formed regressing out physiological noise components from the EPI time series, considering 8
slice-wise regressors generated by AFNI’s “RetroTS.m” code using the logged cardiac and re-
spiratory waveforms as input. Motion correction was done by rigid body registration of EPI
images to a base image represented by the first volume of the first run, separately for GE and
SE. A summary statistic of motion was defined as the root mean square (RMS) of the six re-
alignment parameters (three translations and three rotations), in order to inspect for runs af-
fected by excessive motion. One GE run and one SE run exceeded a root mean square (RMS)
movement of 1.5 mm and were discarded from further analysis.

The preprocessed functional time series were coregistered with the corresponding structural
data set using an affine transformation and resampled to a 3mmx3mmx3mm grid. The motion
correction and coregistration transformations were applied at once to the EPI images to pre-
vent multiple resampling steps.

Resting State BOLD Connectivity: Spin Echo versus Gradient Echo EPI
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Then, additional preprocessing was performed using the ANATICOR method [30] to re-
move further physiological and hardware related confounds. Individual masks of large ventri-
cles and white matter to be used in this approach were obtained from the structural scans
segmentation using FreeSurfer (http://surfer.nmr.mgh.harvard.edu). The white matter mask
was eroded slightly (one functional voxel) to prevent partial volume effects that might include
signal from gray matter voxels in the mask. This step was not performed for the CSF mask,
since with the functional voxel size used in this study the eroded CSF mask would not contain
enough voxels in most subjects. Then, for each run, a global nuisance regressor was obtained
extracting the EPI average time course within the ventricle mask and local nuisance regressors
were obtained calculating for each gray matter voxel the average signal time course for all white
matter voxels within a 3 cm radius [30]. These nuisance regressors and the six regressors de-
rived from motion parameters were removed from the EPI timeseries using AFNI’s
@ANATICOR.

Further preprocessing steps to prepare the data for functional connectivity analysis included
spatial normalization into the Talairach space using an affine transformation, spatial smooth-
ing with an isotropic gaussian kernel (full width at half maximum = 6 mm), scaling to a com-
mon mean and temporal band-pass filtering in the frequency band considered of interest for
resting state fMRI (0.01< f< 0.1 Hz). Finally, the two runs for each sequence were concatenat-
ed resulting in voxel time courses with 520 time points. Prior to functional connectivity analy-
sis, a volume censoring technique [31,32] was used to reduce motion related artifacts in resting
state correlations calculations potentially not accounted for by spatial registration and regres-
sion of motion parameters. Briefly, the framewise displacement (FD) and the root mean square
value of the differentiated BOLD timeseries (DVARS) within a whole brain spatial mask were
used as quality control measures to guide the censoring procedure [31]; [33]. Here FD>

0.2 mm and DVARS> 0.3% ΔBOLD were used to remove frames likely affected by excessive
movement [34]. Two volumes before and two volumes after the flagged volumes were removed
as well to account for spin history effects and possible temporal spread of motion related
artifactual signal.

The run-averaged DVARS and FD metrics and the correlations between DVARS-FD time-
series were also compared for GE and SE in order to characterize a potential difference in mo-
tion sensitivity of the two sequences.

Functional connectivity analysis
First, seed-based resting state connectivity maps were created for each subject and sequence
calculating the Pearson correlation coefficient (r-value) between the seed time series and the
time series at each voxel. The time series at each seed was derived averaging the time courses of
voxels inside a sphere with 6mm radius centered at the seed’s coordinates. Five seeds were cho-
sen compatibly with the cited references to reflect established resting state networks (see
Table 1): 1) the posterior cingulate cortex [35] for the default mode network (DMN), 2) the left
inferior parietal lobule [36] for the executive control network (ECN), 3) the left anterior cingu-
late cortex [37] for the salience network (SN), 4) the left inferior parietal sulcus [38] for the dor-
sal attention network (DAN), 5) the left primary motor cortex [39] for the sensorimotor
network (SMN).

Then, individual correlation maps were converted using z-Fisher transformation (z = atanh
(r), where r is the correlation coefficient) to approach a normal distribution before entering the
group analysis. A one-sample t-test was performed on the z-Fisher maps to obtain group statis-
tical functional connectivity maps for GE and SE.

Resting State BOLD Connectivity: Spin Echo versus Gradient Echo EPI
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Group statistical maps were thresholded at p<0.05 (corrected for multiple comparisons)
using a cluster-size thresholding algorithm [40] based on Monte Carlo simulations (AFNI’s
AlphaSim). A threshold of p<0.001 at the voxel level and a minimum cluster size of ten voxels
yielded the required alpha level of p<0.05, corrected for multiple comparisons.

For each network, a number of nodes were defined considering the clusters of voxels show-
ing a significant (p< 0.05 corrected) correlation with the seed in the corresponding group

Table 1. Random effects group analysis: Talairach coordinates (peak voxel) of the areas significantly connected to the seed for GE and SE.

GE SE Mean coordinates

Node Network X Y Z X Y Z X Y Z

L_M1 Motor −33 −28 51

SMA Motor −3 −25 50 −1 −23 51 −2 −24 50.5

R_M1 Motor 32 −27 48 28 −31 49 30 −29 48.5

L_IPL ECN −41 −59 37

R_IPL ECN 41 −64 39 39 -62 40 40 −63 39.5

R_MidFG ECN 46 14 38 47 16 38 46.5 15 38

L_MidFG ECN −44 13 38 −44 10 37 −44 11.5 37.5

L_MedFG ECN −3 25 47 −2 24 45 −2.5 24.5 46

L_ACC Salience −3 32 24

R_aI Salience −32 16 −4 −32 12 −3 −32 14 −3.5

L_aI Salience 32 16 −4 34 12 −2 33 14 −3

R_SupFG Salience 24 36 35 23 39 34 23.5 37.5 34.5

L_SupFG Salience −28 39 31 −24 43 23 −26 41 27

L_IPS DAN −32 −47 45

R_IPS DAN 37 −46 48 35 -46 48 36 −46 48

R_Fef DAN 26 −7 48 25 −7 48 25.5 −7 48

L_Fef DAN −21 −9 51 −20 −5 48 −20.5 −7 49.5

dACC DAN 5 3 46 5 3 46 5 3 46

PCC DMN −3.6 −58.1 27.5

R_AG DMN 50 −58 25 53 −54 23 51.5 −56 24

L_AG DMN −46 −62 26 −47 −64 25 −46.5 −63 25.5

MedFG DMN 7 41 22 7 45 28 7 43 25

MedFG DMN −2 54 3 5 55 2 1.5 54.5 2.5

MedFG_vent DMN −3 42 −8 -3 42 −8

L_Hippocampus DMN −23 −34 −9 −26 −34 −9 −24.5 −34 −9

R_Hippocampus DMN 24 −34 −9 25 −34 −9 24.5 −34 −9

L_MidTempG DMN −57 −10 −8 −60 −10 −9 −58.5 −10 −8.5

R_MidTempG DMN 60 −10 −10 60 −12 −10 60 −11 −10

The regions chosen as seeds for the investigated networks are represented in bold. The coordinates used to define the spherical nodes (mean

coordinates between GE and SE) for the comparison of functional connectivity strenght for the two sequences are also reported.

L_M1 = Left Primary Motor Area, SMA = Supplementary Motor Area, L_IPL = Left Inferior Parietal Lobule, R_IPL = Right Inferior Parietal Lobule,

R_MidFG = Right Middle Frontal Gyrus, L_MidFG = Left Middle Frontal Gyrus, L_ACC = Left Anterior Cingulate Cortex, R_aI = Right Anterior Insula,

L_aI = Left Anterior Insula, R_SupFG = Right Superior Frontal Gyrus, L_SupFG = Left Superior Frontal Gyrus, L_IPS = Left Intraparietal Sulcus, R_IPS =

Right Intraparietal Sulcus, L_Fef = Left Frontal eye field, R_Fef = Right Frontal eye field, dACC = dorsal Anterior Cingulate Cortex, PCC = Posterior

Cingulate Cortex, R_AG = Right Angular Gyrus, L_AG = Left Angular Gyrus, MedFG = Medial Frontal Gyrus, MedFG_vent = Medial Frontal Gyrus ventral,

R_Hyppocampus = Right Hyppocampus, L_Hyppocampus = Left Hyppocampus, L_MidTempG = Left Middle Temporal Gyrus, R_MidTempG = Right

Middle Temporal Gyrus.

doi:10.1371/journal.pone.0120398.t001
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connectivity map. The Talairach coordinates of the peak voxel of each cluster were obtained
separately for the GE and SE sequences and the corresponding anatomical structures were
identified using the AFNI atlas. Then, a common region of interest for GE and SE was defined
for each node in order to compare the BOLD timecourse for the two sequences in the same
group of voxels. These common nodes were obtained by drawing a sphere of 6 mm of radius
centered at a voxel with average coordinates between those of the previously determined GE
and SE peak voxels. This procedure for the nodes definition was followed to reduce a potential
bias toward one of the two sequences. For the same reason we did not use independent coordi-
nates from the literature, since all the existing resting state connectivity studies at 3T are per-
formed with the GE sequence. In order to compare the connectivity strenght as measured with
the two sequences, the mean correlation coefficient from voxels inside the spherical region as-
sociated to each node was calculated for the investigated seed-based correlation maps and aver-
aged across subjects. The mean t-values for each node was also extracted from group
connectivity maps to compare the sensitivity of the two sequences at the group level.

Finally, to inspect the temporal and frequency characteristics of GE and SE BOLD signal
fluctuations, the power spectrum density (PSD) of the EPI timeseries extracted from each seed
was estimated using the Welch method (window of 100 data points with an overlap of 50 data
points). Individual PSDs were normalized to 1 (integral normalization) and averaged
across subjects.

Results
The run averaged RMS, FD and DVARS quality measures yielded similar values for GE (RMS:
0.46 ± 0.39 mm; FD = 0.08 ± 0.03 mm; DVARS = 0.20 ± 0.04% ΔBOLD: mean values across
subjects ± s.d.) and SE (RMS: 0.41 ± 0.44 mm; FD = 0.08 ± 0.02 mm; DVARS = 0.21 ± 0.05%
ΔBOLD: mean values across subjects ± s.d.). The correlation between DVARS and FD time-
series was also comparable for GE and SE (0.09 ± 0.06 and 0.10 ± 0.07 respectively, mean values
across subjects ± s.d.). On average, 7.3 ± 11.4 volumes per run were censored for GE and 9.1 ±
11.7 volumes for SE.

The group analysis showed significant functional connectivity maps in both GE and SE data
(Fig. 1A).

The spatial patterns were largely overlapping for the two sequences (Fig. 1B), except for the
ventromedial prefrontal cortex of the DMN that did not show a significant connectivity with
the seed in the GE acquisition.

The nodes identified on the group connectivity maps are reported in Table 1, together with
the Talairach coordinates of the peak voxels.

The mean correlation values across subjects for the different node-seed connections are
shown in Fig. 2. As expected, the larger sensitivity of GE acquisition to the BOLD signal fluctu-
ations yielded larger correlation values with respect to SE acquisition (about a factor of 2.5 for
SMN, 1.9 for ECN, 1.9 for SN, 1.6 for DAN and 1.2 for DMN). However, SE correlation coeffi-
cients exhibited a lower intersubject variability as shown by the smaller standard errors. As a
consequence, the statistical significance in the group level connectivity maps was comparable
for the two sequences (the one sample t-test values are shown in Fig. 3).

A remarkable exception was the ventromedial prefrontal node of DMN, that showed larger
t-values and r-values for SE. In this region, the GE-EPI functional images showed the well
known signal voiding artifact, whereas no susceptibility-induced signal voiding was found in
the SE-EPI images (Fig. 4).

Resting State BOLD Connectivity: Spin Echo versus Gradient Echo EPI
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The power spectrum density of the seed time courses showed a different frequency distribu-
tion of the power of resting state oscillations, with the magnitude of GE BOLD spectrum decay-
ing faster than that of SE BOLD (Fig. 5).

Discussion
In this study we compared resting state BOLD connectivity using spin-echo and gradient-echo
EPI sequences at 3T. To our best knowledge, this is the first observation of resting state net-
works using spin-echo fMRI at low field. The seed based group functional connectivity maps
obtained with the two sequences were largely overlapping. However some differences in the
spatial pattern were observed for the default mode network, that showed a significant function-
al connectivity of the ventromedial frontal node for SE only.

Overall, the larger BOLD sensitivity of GE yielded expected larger correlation values than
SE. This difference in correlation values exhibited some variation across networks and was
larger for the somatomotor, salience and executive control networks (about a factor of 2.1)
than for the dorsal attention and default mode networks (about a factor of 1.4). Moreover, in
the random-effect group analysis the reduced sensitivity of SE was counterbalanced by a re-
duced intersubject variability, resulting in group level statistical significance comparable to GE.

The increased functional contrast of SE that we observed in the ventromedial prefrontal
node of DMN can be explained by the macroscopic magnetic field inhomogeneities affecting
this region that create signal loss in GE images. The signal void was restored in SE images, as
clearly shown by the comparison of the EPI image intensity for the two sequences. This finding
is in line with those of previous studies on task related activity, where the spin-echo method
performed better than gradient-echo in similar problematic regions affected by signal drop-out
[12,16,41]. Although other studies showed that optimized gradient-echo or dual gradient-echo
sequences [15,18] can restore the signal loss in critical regions yielding the same functional
contrast as SE fMRI, this was not tested for resting state connectivity.

The larger correlation values exhibited by GE in most cortical areas is to be expected due to
the contribution of static dephasing effects around large vessels to the GE BOLD signal fluctua-
tions. Previous studies on task related activity showed a three-fold or higher GE vs SE sensitivi-
ty at 3T [12,13]. Noteworthy, our data show that for resting state connectivity the difference in
sensitivity between the two sequences is less than what reported for activation studies, with
DMN showing GE correlation values only 1.2 larger than corresponding SE values.

A possible explanation of this behaviour can be related to the increased linearity and
promptness of the SE BOLD signal demonstrated in previous studies [22–24,26]. It can be ar-
gued that these features allow the SE fMRI signal to follow the intrinsic ongoing brain activity
more accurately than GE, partly compensating for the reduced amplitude of the T2 weighted
BOLD oscillations. In task related activation during block paradigms, as those used in most of
previous reports on SE, these temporal aspects and the sluggishness of the haemodynamic re-
sponse are likely to play a minor role and the increased GE vs SE sensitivity is mainly the result
of the larger T2� weighted BOLD signal change.

The differences we observed in the frequency characteristics of GE and SE BOLD signals
also point to a relatively increased high frequency oscillations in the latter, possibly resulting
from the reduced refractoriness of the microvascular compartment [26]. Interestingly, the

Fig 1. GE and SE functional connectivity maps. a) seed based connectivity maps for gradient-echo (GE) and spin-echo (SE) obtained from the random
effects group analysis showing the following resting state networks: default mode network (DMN), executive control network (ECN), salience network (SN),
dorsal attention network (DAN), sensorimotor network (SMN). The group statistical maps were thresholded at p< 0.05, corrected for multiple comparisons
using a cluster-size algorithm, and superimposed on the Talairach template; b) overlapping regions of GE and SE connectivity maps. Images are displayed
using the radiological convention., i.e., right is left, left is right.

doi:10.1371/journal.pone.0120398.g001

Resting State BOLD Connectivity: Spin Echo versus Gradient Echo EPI
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Fig 2. Correlation values for the different node-seed functional connections as measured with GE and SE. The r-values were first averaged across
voxels inside a node on individual correlation maps and then averaged across subjects. Error bars are standard errors.

doi:10.1371/journal.pone.0120398.g002
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power spectrum of resting state SE BOLD signal in our data resembles that of spontaneous
fluctuations of cerebral blood volume (CBV) weighted signal reported in a recent study using
the vascular space occupancy (VASO) technique [42]. Further investigation is needed to clarify
if this similarity also reflect a common physiological mechanism contributing to the oscilla-
tions of the two signals.

Another possible explanation for the present results is that the hemodynamic response can
vary among regions of the brain with respect to both linearity and shape [43–46]. Although
part of this variation can be neuronal in origin, it has also been shown that vascular contribu-
tions are important [46]. In particular, a different macrovascular architecture across brain re-
gions is expected to introduce spurious differences and delays among the associated GE BOLD
time courses (see [47] for a review), due to a different contribution of static dephasing effects
around large vessels. These vascular related differences in the hemodynamic responses can
lower the correlation between GE BOLD timecourses from two brain regions, despite the asso-
ciated intrinsic neuronal activities fluctuate coherently. In contrast, the microvascular architec-
ture is more uniform throughout the cortex, suggesting that SE BOLD timecourses should be
affected by this confound to a less extent.

The effect of the vasculature would also explain the lower intersubject variability of SE cor-
relation values. Indeed, while the random orientation of capillary and venules in tissue results
in a rather uniform microvascular architecture across individuals and brain regions, this is not
true for larger vessels. For example surface veins are oriented along one direction, according to
individual and local anatomy. It is well known from biophysical models of the BOLD signal
that the orientation of blood vessels relative to the main magnetic field directly influences the

Fig 3. Statistical significance of the group connectivity maps in the different nodes.One sample t-values were obtained averaging t-values across
voxels inside each node in the random effects group connectivity maps. Note the similar t-values for GE and SE despite the reduced sensitivity of the latter.

doi:10.1371/journal.pone.0120398.g003

Fig 4. GE and SE group connectivity maps for the default mode network in the inferior brain regions. The map is superimposed on the Talairach
transformed EPI images of one subject. The signal void is clearly visible in the GE images, with the corresponding loss of functional contrast in the
ventromedial prefrontal node. Both raw signal and functional contrast are instead recovered in SE images.

doi:10.1371/journal.pone.0120398.g004
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magnitude of the static dephasing effects, with the largest effect expected for 90° oriented ves-
sels [17,48–50].

In our results, the reduced inter subject variability of the SE response improves the random
effects analysis at the point that the SE and GE group connectivity maps show similar
statistical significance.

Interestingly, a similar effect has been observed in activation studies comparing GE BOLD
with functional perfusion based on arterial spin labelling (ASL) [51]. Aguirre et al. showed
that, despite GE BOLD benefits from a larger signal to noise within subjects, the perfusion
method provided a more robust result across subjects. This finding could be explained by the
authors considering that the evoked signal magnitude was more consistent across subjects for
perfusion compared to GE BOLD, compensating for the reduced signal to noise of arterial spin
labeling. This similarity between SE BOLD and arterial spin labeling is not surprising, given
that both techniques are less sensitive to large vessel confounds with respect to GE BOLD, add-
ing support to the hypothesis that macrovascular effects can increase intersubject variability in
functional measurements.

In a recent study combining simultaneous GE BOLD and ASL acquisition with magnetic
resonance angiography, it has also been shown that the coupling between resting-state GE
BOLD and ASL signal fluctuations is highly variable in the brain but is significantly larger in
voxels with a reduced macrovascular volume fraction [52]. The strongest GE BOLD-ASL cou-
pling was observed in regions corresponding to major nodes of the default mode and dorsal at-
tention networks, suggesting a reduced macrovascular contribution to the BOLD signal in

Fig 5. Power spectra of GE and SE EPI timeseries extracted from the considered seed regions. The individual power spectra were first normalized to 1
(integral normalization) and then averaged across subjects. Note the faster decay of the power of GE BOLD oscillations at increasing frequencies.

doi:10.1371/journal.pone.0120398.g005
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these areas [52]. Noteworthy, in agreement with these previous findings, the default mode and
dorsal attention networks are the two networks exhibiting the lowest GE/SE ratio in our data.
It can hence be speculated that the variable sensitivity difference between GE and SE sequences
that we observed across networks might reflect different macrovascular contributions to BOLD
signal fluctuations in these systems.

Regarding the functional connectivity analysis, a seed based approach was used in this study
rather than independent component analysis (ICA). ICA decomposes fMRI data into a set of
spatially independent maps and corresponding time courses and has the benefit of being a data
driven technique. However, although similar resting state networks are obtained with the two
analysis techniques [53], recent evidence suggested that the seed based approach offers a larger
reliability and reproducibility of connectivity measures at the individual subject level [54]. The
interpretation of seed based correlations values as functional connection strenght is also
straightforward and easy to relate to measures of e.g. white matter integrity or structural con-
nectivity [55,56]. Furthermore, correlation values between time courses can be used as input
for other metrics of functional networks, as those obtained with graph analysis [57].

From a methodological point of view, a potential improvement to be considered in future
studies is the use of a combined dual echo EPI sequence with simultaneous acquisition of GE
and SE images [16,58] that would allow a finer comparison of the two signals. However in rest-
ing state measurements, within subject inter-run variability is expected to be reasonably low
and is likely cancelled out at group level. Another possible source of criticism is that the long
readout in standard EPI acquisition actually introduces a certain T2� weighting also in SE EPI.
To limit this effect we used a large bandwidth and the SENSE parallel imaging technique [59]
which allows a faster encoding of the MRI image. Noteworthy, the partial T2� weighting of SE
EPI would render the corresponding fMRI signal more similar to the GE fMRI signal, rather
than artificially introducing differences that could enhance or bias the comparison between the
two sequences.

Another factor that could bias this comparison is a possible difference in sensitivity of the
two sequences with regard to movement, a feature that has been shown particularly relevant
for resting state functional connectivity [31,32]. Here, the motion-related quality control mea-
sures did not show significant differences between the two sequences, suggesting that this
should be a minor issue for the present comparison.

Furthermore, it cannot be excluded that the larger variability of GE correlation values could
reflect true population heterogeneity in functional connectivity that is not recognized by SE. In
this regard future studies with simultaneous EEG/fMRI measurements or combining structural
and functional connectivity DTI are needed to better clarify this aspect.

Finally, a further limitation of the study can be the small sample size. Future studies with
larger sample sizes should be performed to replicate and confirm the present results.

In conclusion, while previous studies at low field compared GE and SE for task-evoked
BOLD responses, this is the first study comparing functional connectivity measurements ob-
tained with the two sequences at 3T. Main results showed that, within subject, GE BOLD sensi-
tivity for resting state connectivity is larger with respect to SE BOLD, but to a less extent than
what reported for task related activation studies. In contrast, SE BOLD sensitivity was larger in
the ventral node of DMN, a region suffering from susceptibility signal voiding in GE acquisi-
tion. Moreover, SE BOLD data showed a reduced across-subject variability, resulting in similar
statistical connectivity maps at group level for the two sequences. These findings show that, de-
spite the lower within subject sensitivity, SE BOLD offers the same sensitivity of GE BOLD
when addressing hypotheses to the population level, with the added benefit of recovered func-
tional connectivity signal from regions affected by magnetic field inhomogeneity. Future stud-
ies should clarify if the reduced intersubject variability of SE data can help to distinguish subtle
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variations of functional connectivity across different populations and/or treatments when vas-
cular confounds can be a critical issue.
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