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Abstract

In humans, theta band (5-7 Hz) power typically increases when performing cognitively demanding working memory (WM)
tasks, and simultaneous EEG-fMRI recordings have revealed an inverse relationship between theta power and the BOLD
(blood oxygen level dependent) signal in the default mode network during WM. However, synchronization also plays a
fundamental role in cognitive processing, and the level of theta and higher frequency band synchronization is modulated
during WM. Yet, little is known about the link between BOLD, EEG power, and EEG synchronization during WM, and how
these measures develop with human brain maturation or relate to behavioral changes. We examined EEG-BOLD signal
correlations from 18 young adults and 15 school-aged children for age-dependent effects during a load-modulated
Sternberg WM task. Frontal load (in-)dependent EEG theta power was significantly enhanced in children compared to
adults, while adults showed stronger fMRI load effects. Children demonstrated a stronger negative correlation between
global theta power and the BOLD signal in the default mode network relative to adults. Therefore, we conclude that theta
power mediates the suppression of a task-irrelevant network. We further conclude that children suppress this network even
more than adults, probably from an increased level of task-preparedness to compensate for not fully mature cognitive
functions, reflected in lower response accuracy and increased reaction time. In contrast to power, correlations between
instantaneous theta global field synchronization and the BOLD signal were exclusively positive in both age groups but only
significant in adults in the frontal-parietal and posterior cingulate cortices. Furthermore, theta synchronization was weaker
in children and was —in contrast to EEG power- positively correlated with response accuracy in both age groups. In
summary we conclude that theta EEG-BOLD signal correlations differ between spectral power and synchronization and that
these opposite correlations with different distributions undergo similar and significant neuronal developments with brain

maturation.
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Introduction

Simultaneous resting-state functional magnetic resonance im-
aging (fMRI) and electroencephalography (EEG) studies in adults
have revealed that theta (4-7 Hz) and alpha (8-13 Hz) band
power are inversely related to the fMRI (i.e., blood oxygen level
dependent, BOLD) signal [1,2,3,4]. During short-term working
memory (WM), one of the best replicated findings is that theta
band power increases with load in frontal midline regions, seen as
FM-theta [5,6,7]. Simultaneous EEG-fMRI recordings have
revealed negative theta-BOLD signal correlations during mental
arithmetic [8,9] and during the maintenance interval of a short-
term WM task [10,11], which anatomically overlap with regions of
the default mode network (DMN). The DMN is believed to consist
of a set of brain regions, including cingulate, prefrontal and
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parietal regions, which consistently show decreased neuronal
activity during goal-oriented tasks [12,13]. Functional brain
changes related to maturation have been found within and outside
the DMN. For example, resting-state fMRI studies revealed that
long range connections of the DMN, especially along the anterior-
posterior axis, such as the connection from the anterior to the
posterior cingulate cortex, are not fully established in children
[14,15]. Further, neurodevelopmental fMRI investigations gener-
ally report greater recruitment of brain regions involved in WM in
adults than in children [16,17], especially within the posterior
parietal cortex (PPC), Broca’s area, dorsolateral lateral prefrontal
cortex (DLPFC), and medial prefrontal cortex (MPFC). In
addition to IMRI studies, neuroelectrical studies have identified
markers for brain immaturity. Specifically, it has been shown by
resting-state EEG studies that low frequency power, including
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theta, 1s elevated in children compared to adults [18,19,20].
However, direct comparisons between memory related theta
activity in children and adults are rare [21,22,23].

While EEG band power reflects an important physiological
correlate of information processing, it is insensitive to the degree of
neuronal synchronization among brain signals. One putative
mechanism for cortical differentiation and large scale integration
of widely distributed areas of the brain is the formation of dynamic
links mediated by neuronal synchrony [24,25,26,27,28]. Synchro-
nization across space (i.e., not across spectral frequencies) is a
complementary aspect of brain electrical activity and has been
suggested to represent a mechanism for organizing brain function
[27,29]. During rest, global field synchronization (GFS) is not
stable but fluctuates in frequency and appears as transient intervals
during which similar signals are observed simultaneously across all
electrodes [30]. Several studies have demonstrated that synchro-
nization is modulated during cognitive processing in theta and
other frequency bands [31,32,33,34,35], and additionally increases
during brain development [22,36]. It has also been demonstrated
that task-related (i.e., during auditory-oddball performance) theta
[22] and alpha [37,38,39] EEG phase synchronization increases
from childhood to adulthood, while EEG power decreases.
Although these studies suggest that those EEG metrics measured
during a task capture developmental effects, it is unclear whether
synchronicity patterns and power in adults and children are
coupled to the BOLD signal during cognitive processing. Thus, it
has not yet been investigated whether EEG-BOLD signal coupling
strength is affected by age-related task performance.

In this study, we focused on the maintenance interval of a load-
modulated Sternberg WM task [40]. This task has been used in
adults [41,42], but variants of the Sternberg task have also been
used in developmental fMRI studies [16,43] or other WM studies
[17,44,45,46,47,48,49]. We tested two hypotheses regarding
developmental changes of EEG-BOLD correlations: First, we
hypothesized that theta power- and theta synchronization-BOLD
signal correlations would reveal developmental effects. Children’s
theta-BOLD signal correlations were assumed to be partly
manifested in the same network of brain regions as in adults
(i.e.,, the DMN) but with a different strength, and to partly
correlate in a different network of brain regions. Additionally, we
hypothesized that children and adults might show statistically non-
differentiable theta-BOLD signal coupling patterns, if the physi-
ological coupling matures earlier and is insensitive to the
developmental cognitive effects which are seen with EEG and
fMRI alone. Apart from these hypotheses, in adults we expected to
replicate the negative correlation of theta power with the BOLD
signal [10,11].

Materials and Methods

Participants

18 adults (mean age 24.9%+3.8 years, 8 males) and 15 children
(mean age 10.2%1.3 years, 10 boys), all right-handed and normal
sighted, were included in this study. Resting-state data from a
nearly identical group of subjects have been already presented in
a previous EEG-fMRI paper from our group [50]. All
participants met the MRI safety standards, were healthy, i.e.
with no history of medical or psychiatric disease, and were not
currently taking drugs or medication. All participants as well as
the parents/caregivers of the children gave written informed
consent prior to participation. This study is approved by the
ethical committee (‘Kantonale Ethikkommission Zirich’, http://
www.kek.zh.ch, StV 08/08).
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Task and Procedure

Participants performed a workload-modulated Sternberg WM
task [40] that temporally separates encoding, maintenance, and
retrieval processes [10]. At the onset of each of the 64 trials, an
array of 15 items appeared in three rows (encoding interval). The
stimulus (2.5 s) consisted of sets of either 2 or 5 consonants (load 2
and load 5 conditions). The remaining items were plus signs (+).
The position of the consonants was counterbalanced across trials.
The stimulus array was followed by maintenance interval of 3.5 s,
during which a central fixation cross was presented. After the
maintenance interval, a probe letter was shown for 2 s (retrieval
interval). The inter-stimulus interval (ISI, jitter 1800-2500 ms)
consisted of a fixation cross. The baseline consisted of a centrally
presented fixation star and was presented in five blocks evenly
arranged across the task, each with a duration of 24.5 s. Subjects
were instructed to indicate by right-hand button press whether the
probe was part of the stimulus or not. Response button assignment
(‘right/left’) was counterbalanced across participants. Stimulus
delivery and response registration was controlled by Presentation
(Neurobehavioral Systems Inc., Albany, CA, USA).

Data Acquisition

EEG (impedance <20 kQ [51]) was recorded from 60 scalp
electrodes using MR-conditional caps (Easycap, Germany) simul-
taneously during fMRI scanning. EEG montage was based on a
selection of 10-20 system positions [52]. Two additional electrodes
were used to record eye movements (EOG) and 2 further
electrodes were used to obtain the electrocardiogram (ECG). F1
served as recording reference, and F2 was the ground electrode.
Data were sampled at 5 kHz (input range: 32 mV, bandpass filter:
0.1-250 Hz). FMRI data were acquired on a 3.0 T GE scanner
with a T2*-sensitive EPI sequence (TR =1.815s; TE =32 ms;
FOV=22 cm; image matrix=64x64; voxel  size
=3.44x3.44x3.8 mm”; flip angle = 75°, 33 axial slices).

Data Preprocessing

FMRI data were pre-processed and analyzed using SPM)5
(Wellcome Department of Cognitive Neurology, London, UK).
Images were realigned to those from the first volume to correct for
head motion (exclusion criterion: motion >2 mm and/or trans-
lation >2° rotation). Images were normalized to the MNI
standard brain template, resampled to 3 mm® voxels and spatially
smoothed (9 mm FWHM). For the EEG data, MR-gradient and
ECG artifacts were removed by the average artifact subtraction
method [53]. EEG data was digitally bandpass filtered (0.5-70 Hz,
24 dB/octave and 50 Hz Notch) and downsampled to 256 Hz. An
infomax independent component analysis [54] was calculated to
decompose the signal into EEG and artifact components. After
excluding artifact-related components from the back projection,
the EEG was transformed to the average reference [55].

EEG Analysis

The spectral analysis focused on the last 2.5s of the
maintenance interval [56]. For each of these segments a Fast
Fourier Transformation (FIF'T', Hanning window: 10%, frequency
resolution of 0.25 Hz) was computed electrode-wise and averaged
across segments separately for the two load conditions. The FF'T
was also calculated on baseline periods with the same segment
length. All theta frequency measures were calculated as the band
average between 5 and 7 Hz. Theta and alpha (8-13 Hz) power
during the maintenance interval (i.e., load independent effects)
were calculated relative to baseline power: (maintenance —
baseline)/baseline *100. Load-dependent effects were calculated
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by: (load 5-load 2)/load 2 *100. For inference on group mean and
group differences, t-statistics were calculated on the percentage
data. T-thresholds of statistical significance were calculated for
p<<0.05 (t=1.78) and p<<0.01 (t=2.56), uncorrected for multiple

comparisons.

GSP and GFS Regressor Construction

To estimate the total activity at a given frequency over the scalp,
global spectral power (GSP) was calculated as the spatial root
mean square across all FF'T transformed scalp channels [10,57].
Instead of averaging across trials, GSP estimates were extracted
from each trial to form a vector reflecting trial-to-trial GSP
variation.

Like GSP, GFS was calculated for each maintenance segment.
GFS reflects the global amount of phase-locked (zero-phase lag or
instantaneous synchronization) activity at a given frequency across the
scalp [58]. Specifically, the GFS reflects the overall proportion of
instantaneous synchronization of oscillations due to connectivity
from spatially distinct (extended or separated) sources, along with
contributions due to field spread of active sources. The GFS is
independent of the recording reference and of implicit source
models. This becomes apparent when looking at a sine-cosine
diagram of a multichannel EEG, where the origin of the diagram
corresponds to the recording reference. A change of the
recording reference thus translates to a change of origin of the
sine-cosine diagram, but the relative positions of the points
representing the different electrodes remain the same. The shape
of the cloud of these points thus does not change. Since GIS
measures how round or elongated this cloud is, the location of
the origin of the graph is not relevant, GFS is thus reference
independent (see figure S1).

Briefly, estimation of the GFS begins with the frequency
transformation of each epoch. For each frequency bin, the sine-
and cosine values of all EEG channels are plotted in a 2D
diagram, yielding one point per electrode. The shape of the
resulting cloud of points indicates the amount of zero-phase lag
synchronization across electrodes: If the cloud is elongated, the
EEG at the given frequency is dominated by a common phase
across all electrodes, whereas if the cloud is nearly round no such
predominant phase is present. This geometrical explanation also
clarifies that GIS is a pure measure of common phase
independent of amplitude. To quantify the shape of the sine—
cosine cloud, a 2D principal component analysis is computed. The
resulting two eigenvalues (el and e2) are used to compute GFS as
the ratio (abs(el —e2)/(el+€2)). GFS ranges from 0 (el =e2, no
predominant phase and minimal synchronization) to 1 (el or e2
equal to 0, all electrodes phase-locked, maximal synchronization).
Because GFS is a global index, no electrode-wise analysis can be
calculated.

Both GSP and GSF values were calculated on artifact-free
segments, linearly interpolated to preserve the total number of 64
trials, and averaged within the theta band. To explain covarying
BOLD signal in—/decrease, the vectors reflecting trial-to-trial
GSP and GFS variation were used for the parametric modulation
of the maintenance interval in the EEG informed fMRI analysis
(see below).

Conventional fMRI Analysis

FMRI analysis at the individual level was performed using the
general linear model. The design matrix included all 4 task
intervals, the first three (encoding, maintenance, and probe) with a
parametric modulation of the load condition. Only trials with a
correct response were included; incorrect trials were modeled in a
separate regressor. The standard hemodynamic response function
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was used as well as a standard high-pass filter (128 s cut-off) and an
autoregressive model accounting for serial correlations. A second-
level random effect analysis was performed to assess load-
dependent (load 5— load 2) within- and between-group effects.
Voxel-wise t-statistics were considered significant if p<<0.01 (t
>3.14), corrected for multiple comparisons using the false
discovery rate (FDR) method [59]. Load-dependent group
differences were reported at p<<0.001 (t >3.37, cluster corrected
at p<<0.05, k=31, http://afni.nimh.nih.gov/pub/dist/doc/
manual/AlphaSim.pdf) as is common for fMRI group compari-
sons, since the results were not significantly different using a FDR
corrected voxel threshold.

EEG Informed fMRI Analysis

The EEG-informed fMRI analysis was run on separate models
for GSP and GFS and included the theta (5-7 Hz) band regressor.
The design matrices were identical to those described for the
conventional fMRI analysis, but the parametric load-modulation
of the maintenance interval was replaced by either the theta GSP
or GFS regressors (model 1). To disentangle the effects of EEG
trial-to-trial fluctuations from the load effects, we also ran the
analysis with the load modulation as additional parametric
modulator of the maintenance interval (model 2). Hence, the
GLM consists of the following regressors: maintenance, mainte-
nance load, theta EEG regressor (maintenance only), encoding,
encoding load, probe, probe load, and ISI (model 2). The random
effects analysis was also identical to that for the conventional fMRI
analysis. Within- and between group-effects were considered
significant at p<0.001 corrected, using a cluster size threshold
(p<<0.05, k=31). Since we also wanted to study the interaction
between EEG-BOLD signal correlation strength and perfor-
mance, we additionally performed a GSP-BOLD and GFS-BOLD
signal correlation analysis with load 5 response accuracy (no
ceiling effect) as a covariate of no interest.

Demographic and Behavioral Data Analysis

Percent correct responses (accuracy) and RT were estimated for
all participants. Between-group differences were assessed by a
repeated-measures ANOVA with the factor group (adults and
children) and condition (load 2 and load 5). Individual mean GSP/
GFS values were correlated to individual accuracy and RT
(including both load conditions).

Results

Behavioral Effects

In general, adults performed better during the WM task than
children. Adults showed significantly higher response accuracy
during the task than children (adults: overall performance (%):
96.8, load 2:97.2, load 5:96.5; children: overall performance (%):
89.3, load 2:94.8, load 5:84.2). The group differences in response
accuracy reached significance both for the overall performance
and for the higher load condition (adults - children: overall
performance: F,3,=8.5, t=3.3, p=0.003; load 5: t=3.7,
p<0.0001). In addition, adults responded significantly faster
during the probe interval (adults: overall mean RT (ms): 1030,
load 2:954, load 5:1107; children: overall mean RT (ms): 1353,
load 2:1274, load 5:1440). The between-group differences in
response time reached significance for both load conditions as well
as for the mean RT over all conditions (adults - children: overall
mean RT: F 30=9.2, t=4.2, p<0.0001; load 2: t=3.8, p<0.001;
load 5: t=4.2, p<<0.0001).
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EEG Effects

For both groups, the topographic spectral analysis revealed
significant load independent and load dependent power effects at
frontal electrodes (Fig. 1A-B). Load independent and dependent
effects were significantly stronger for children than for adults,
particularly at frontal and right parietal electrodes (t >1.78 and t
>2.56, Fig. 1C). Alpha power was manifested predominantly at
parietal electrodes but load dependent and load independent
effects did not differ between age groups. Therefore, EEG results
for alpha are only shown in figure S2. A distributed source
localization analysis revealed load-dependent theta effects for both
groups at the anterior cingulate cortex (ACC) that were, however,
only significant in children (figure S3). Theta GSP was lower for
children than adults (0.45%0.18 vs. 0.68%0.17; p<<0.0009,
Fig. 2A, left panel) whereas theta GFS was higher for adults than
for children during the maintenance interval (0.62*0.12 versus
0.49*0.04; p<0.0007, Fig. 2B, right panel). For children, theta
GSP was significantly higher during the maintenance than during
baseline interval (adults showed a trend, p<<0.1). For both groups,
theta GFS was significantly higher during the maintenance than
during the baseline interval. A positive correlation was seen
between mean response accuracy and theta GFS for the
maintenance interval in both groups (Spearman’s rhogquies): 0.73,
p<0.01; Spearman’s rhogpjidreny: 0.65, p<<0.01), but not with
baseline theta GIS (Fig. 2B/C, right panels). No significant
correlation was observed between theta GSP/GFS and RT.

FMRI Effects

Load dependent fMRI activations were observed for both
groups in similar regions but these load effects were stronger for
adults (Table 1 and Fig. 3). Load-independent group results were
stronger in adults than in children (not shown) but were not
significant at p<<0.01 (FDR corrected).

EEG-BOLD Signal Correlations

Regardless of age, correlations with the BOLD signal were
exclusively negative for theta power (GSP) but exclusively positive
for theta synchronization (GF'S). Since we did not find significant
load-(in)dependent alpha power differences between both group of
subjects, results for alpha-BOLD signal correlations are not
presented in this manuscript.

GSP-BOLD Signal Correlations

For model 1 (without workload in the GLM), adults exhibited
negative theta GSP-BOLD signal correlations bilaterally in the
lateral PPC and middle frontal gyrus (MFG), as shown in Fig. 4A.
Children exhibited negative GSP-BOLD signal correlations in a
similar but more extended neuronal network than adults,
including the PPC, precuneus, SFG, PCC, MFG, and MPFC as
shown in Fig. 4B. The group comparison revealed significantly
stronger negative GSP-BOLD signal correlations for children than
adults (Fig. 4C) in the (right) PPC, PCC, MPFC, SFG, MFG, and
angular gyrus (AG). No significant between-group differences were
found in subcortical regions such as the thalamus. Model 2 (with
workload in the GLM) yields very similar results, for adults and
children, 1.e. within-group results were not different (paired t-tests,
all p>0.01, corrected for multiple comparisons) between both
models. These results are presented in figure S4.

GFS-BOLD Signal Correlations

For model 1, significant positive theta GFS-BOLD signal for
adults were seen at the border of the SFG and MPFC, right
precuneus, PCC, middle temporal gyrus (MTG), and cerebellum
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(Fig 4 D). At a lower statistical threshold (p<<0.01, k=133),
correlations were also observed bilaterally in the posterior
thalamus as well as in the nucleus caudatus. In children,
correlations were positive and present at posterior and midline
prefrontal structures but failed to reach significance (p>0.001,
uncorrected, Fig. 4E). The group comparison revealed significant
differences (adults > children) at the MPFC, SFG and MFG, AG,
MTG, and cerebellum (Fig. 4F) but not in subcortical regions. For
the GSP-BOLD signal correlation analysis, within-group results
were again highly similar between model 1 and model 2 (paired t-
tests, all p>0.01, corrected) as shown in figure S4.

Discussion

The major findings of this study are the developmental changes
observed for the separate EEG and fMRI measures as well as for
both global EEG-fMRI correlations. Adults showed stronger load-
dependent fMRI activity than children (Table 1), while children
showed stronger load-dependent (and load-independent) FM-theta
GSP than adults (Fig. 1). Both groups demonstrated exclusively
negative theta GSP-BOLD signal correlations within the DMN,
which were stronger in children (Fig. 4). In contrast to GSP, adults
demonstrated stronger theta GF'S and stronger positive theta GI'S-
BOLD signal correlations in fronto-parietal regions compared to
children. Further, theta GFS but not GSP was positively linked to
accuracy in both groups (Fig. 2).

GSP

In humans, there is long-standing evidence that theta oscilla-
tions play a crucial role in the recruitment of brain circuits for the
purpose of information processing [60,61,62]. Specifically, theta
but also gamma (30-100 Hz) have been hypothesized to present a
direct neural correlate of WM maintenance, possibly in cooper-
ation with medial temporal lobe brain regions [5,63,64,65,66].
However, the precise role of theta oscillations during the
development of cognitive functions is not yet fully understood.
Our observation of a phasic event-related increased FM-theta
power with load during the maintenance interval replicates
previously published EEG/MEG work on WM during a similar
task [5,6,7,67]. Since rest activity was subtracted for both load
conditions and age groups, task-related group differences (children
> adults) cannot simply reflect the well-known increase of low
frequency resting state power in children [18,19,68]. Although
FM-theta power has been observed even in young children
[69,70], our results demonstrating stronger FM-theta power in
school-aged children most likely reflect brain immaturity, as
children performed significantly worse than adults. Further, we did
not find any interaction between response accuracy and theta
GSP, either for adults or for children, even if we selected the
frontal electrode AFz, which shows a generally high WM
modulation [6,56]. This finding is consistent with the literature,
as significant interactions between EEG power and accuracy
during WM have been observed previously in alpha but not in the
theta band [71]. Further, it has been argued that spectral power
reflects local synchronization [22], as it measures synchronous cell
activity under a given electrode. In line with this notion, children
in our study demonstrate significantly higher local (GSP) but not
global theta synchronization relative to adults (see below).

For both theta-GIP and theta-GFS there is an assumption that
the same processes contribute to the variation in the signal in both
children and adults during the WM task. In principle, the sources
contributing to variation in the GFP and GFS could be markedly
different between the two age groups, for instance due to
incomplete maturation of frontal brain regions. However, this is
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Figure 1. Topographical distribution of EEG working memory effects. For adults and children, load dependent and load independent theta
EEG effects are shown in subfigures A and B, respectively. Group differences are shown in C and D. The short arrow indicates p<<0.05 (t >1.69) and
the long arrow indicates p<<0.01 (t >2.44).

doi:10.1371/journal.pone.0039447.g001

unlikely given the similar topographies for adults and children
(Fig. 1), because they point to a common task-related source in

some medial prefrontal regions, such as the ACC. This is plausible,

since our [10] and other groups [11] have shown in EEG-fMRI
studies that theta power load effects are visible at the ACC in
adults using a Sternberg WM task. Indeed, we could show through
a distributed EEG source analysis that children and adults showed
load effects in prefrontal locations, i.e. in the dorsal (children) and
ventral (adults) ACC (figure S3). Thus, we would argue that in

GFS

both groups the same underlying sources contribute to variation in
the EEG feature of interest.

The global synchronization measure GFS is defined as the
proportion of EEG activity oscillating with a common phase at a
given frequency across channels, irrespective of location. The
calculation of GFS is based on several assumptions, particularly
that the amplitude of phase-locked oscillations is mediated through

networks of cortico—cortical and thalamocortical connections.

ok

ns
A 1 ] o n
e - 1
0.9 1 ! 0.8 i
0.8 [ = 0.7 ] |
o 0.7 | I o 0.6
w r [TH
0.6
] O os ns
205 I
@ @
£ [ 2 o4 f |
= 04 ]
0.3 c 0.3 I .
o 2
0.2 & 5 0.2
=] =
0.1 k=] = 0.1
@ 3]
u . . . o
retention period baseline retention period baseline
B (adults)
0.9 0.9 = ¢retention period , .
; - . Spearman’s rho: 0.73, p < 0.01
mbaseline
0.3 * 08 *
'Y *
07 . 07 .
o 06 X
o ® 06 $ o
O o5 O o5
]
2 04 ¥ H t!l n.s E 0.4 * . u
L 4 ]
“ 03 . 4 n.s " o3 u 1
0.2 . - 02 - ™ " = n.s
n |
01 01
0 0
86 20 94 98 86 90 94 98
C (children)
1.2 0.9
08
1 * *
a o 0.7 Spearman’s rho: 0.65, p < 0.01
o 06
B o8 - . ot n.s. w .
% - o 5 05 - - TA.‘-'—O——'.
0.6 -~ " 1) hd
£ T & A= —gn.s 2 04  —
t
0.4 » 0.3
n B s a8 Fns
[ ] 0.2
0.2
0.1
0 0
66 70 74 78 82 8 90 94 98 66 70 74 78 82 86 90 94 98

mean response accuracy (load 2 + load5) in [%]

Figure 2. Mean theta EEG GSP and GFS along with GSP/GFS-response accuracy interactions. Results for GSP (maintenance and baseline
interval) are shown in the left panels of A, B, and C, whereas results for the GFS are shown in the right panels of A, B, and C. (** indicates p<<0.001,

* indicates p<<0.05. n.s.: non-significant.
doi:10.1371/journal.pone.0039447.g002
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Figure 3. Load-dependent BOLD signal changes. Results are shown for adults A, children B, and for the group contrast: adults - children C.
Within-group results are presented at p<<0.01 (FDR corrected). Between-group results are shown at p<<0.001 (uncorrected) with a cluster-correction

of p<<0.05. IPL: inferior parietal lobe; DLPFC: dorsolateral prefrontal cortex.

doi:10.1371/journal.pone.0039447.g003

There are several physiological studies in humans and animals as
well as modeling studies emphasizing the relevance of instanta-
neous, i.e. zero-phase lag synchrony [57,72,73,74,75,76]. High
GFS values indicate strong functional binding while low values
suggest a state of more or less permanent disconnection. As
multiple EEG sources are presumably active at the same time in
the brain, a high GFS value is further assumed to indicate that all
active generators are interacting as a single, spatially-distributed
global process. This property also distinguishes GIS from
coherence values, which are spatially but not time specific; both
measures can be further interpreted depending on the frequency
band considered. In a recent study it has been shown that resting
theta GFS differentiated Parkisonian patients from healthy
controls [77], demonstrating its sensitivity to detect subtle changes
in theta band activity. Further, it has been demonstrated that
resting GF'S increases during development for the alpha band [78].
It is known that theta (and alpha) scalp EEG coherence (non-phase
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locked synchronization) between medial frontal- and parietal pairs
increases during development [79,80,81] and is modulated during
WM in adults [35,82,83,84]. Our result of decreased theta GFS in
children relative to adults is in line with these developmental
findings regarding resting state coherence, and also with previous
studies reporting lower theta [22] and alpha [38,85] phase locking
in children compared to adults during an auditory oddball task.
We found that the strength of theta GFS (but not GSP) correlated
positively with response accuracy in adults and children. Thus, our
results partly extend previous findings that individuals with a good
memory performance show increased EEG theta (and alpha)
phase coupling during recognition [86]. In contrast, RT was not
correlated to theta GSP, in line with results from a recent EEG-
fMRI study investigating WM [11]. The observed link between
theta GFS and behavior suggests that theta GFS reflects an
increased whole brain network dynamic, especially in adults as we
found stronger theta GFS for adults compared to children. The
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Table 1. Load dependent fMRI activation differences
between adults and children.
adults > children

cluster  t-value MNI
region BA size (peak voxel) X,y,z {mm}
R IPL 39/40 174 4.6 45 —63 42
L STG 22 82 4 —63 —39 —6
R MFG 10 186 4 39420
L Precuneus 19 119 3.8 —36 —66 39
L Cingulate gyrus 31 46 37 —24 —42 30
R Insula 13 148 36 30 -9 15
R SFG 6 47 34 391254
L IPL 40 93 34 —57 —45 39
R Cingulate gyrus 46 33 18 —42 27
R FG 37 38 32 54 =57 —18
R MPFC 10 36 3.2 18542
children > adults
region BA cluster  t-value MNI

size (peak voxel) XY,z {mm}
L MPFC 6 127 6 -96 51
R SFG 6 106 3.8 12954
Results are reported at a voxel threshold of p<<0.001 (uncorrected) with a
cluster-correction of p<<0.05. R, right; L, left; IPL, inferior parietal lobe; STG,
superior temporal gyrus; MFG, middle frontal gyrus; SFG, superior frontal gyrus;
FG, fusiform gyrus; MPFC, medial prefrontal cortex.
doi:10.1371/journal.pone.0039447.t001

lower theta GFS in children might indicate reduced (global) phase
locked activity, and thus point to a different mechanism of neural
coding in maintaining items during WM performance. Specifical-
ly, temporal coding or synaptic plasticity, i.e. a precise timing of
neural spikes, is relevant for the coding of sensory stimulation [87].
At the macroscopic level, oscillatory brain activity such as
hippocampal theta bursts can facilitate temporal coding [88].
Interpreting such task-related GFS development in terms of
increased temporal coding is also consistent with the suggestion
that adults but not children may predominantly use temporal
coding during auditory tasks, based on developmental increases of
different EEG synchronization measures [22]. More generally,
these results are in agreement with the notion that temporal
coding emerges at lager stages of development and learning [89].
Therefore, our finding of increased GFS in adults most probably
reflects neural maturation, since non-neural maturation due to
lower skull conductivity (i.e., reduced scalp amplitudes and
increased field spread) in adults would lead to increased coherence
and synchronization regardless of the condition [90].

FMRI Effects

Load dependent activity was stronger in adults than children in
regions that have been related to verbal WM tasks
[16,41,42,91,92]. Thus, we could replicate multiple developmental
fMRI or optical topography studies investigating spatial [47,48] or
verbal WM [16,17,43,44,45,46,49]. For example, two of these
studies used variants of the Sternberg task and found weaker
prefrontal and parietal activation in children [16] or adolescents
[43] compared to adults, similar to our results. Those studies found
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also stronger load-dependent cerebellar activations in adults,
which are consistent with the results from the present study, since
we also observe stronger load-dependent cerebellar BOLD signal
changes in adults relative to children at a lower statistical
threshold.

GSP-BOLD Signal Correlations

The normal cellular mechanism underlying EEG (MEG) signal
requires the metabolism of glucose and an abundant supply of
oxygen, Thus, the measured EEG signal 1s assumed to be closely
related to the underlying spatio-temporal pattern of metabolism in
the normal human brain [93,94,95]. Recently we showed in a nearly
identical group of subjects that GSP-BOLD signal correlations are
not significantly different between children and adults for eyes open
and eyes closed resting conditions [50], irrespective of the examined
frequency band. The only coupling differences (i.e., stronger for
adults) were seen in the thalamus, indicating that resting EEG-
BOLD signal correlations can identify weak developmental effects.
In this study, we found predominantly negative theta GSP-BOLD
signal correlations in a set of regions that together form the DMN
[96]. Negative theta-BOLD signal correlations have previously been
observed during resting states [3] and during simultaneous [10,11]
and serial [97] EEG-fMRI studies of WM 1in adults. Our results
extend these studies as we found a correlation pattern within the
DMN not only in adults but even stronger in children. Thus, in
contrast to resting EEG-fMRI studies, we suggest that significant
developmental effects during cognition can be assessed not only by
EEG and fMRI alone but also by simultaneous EEG-fMRI
measurements. However, one difference relative to our previously
published results was that we could not detect correlations with the
MPFC or the PCC in the group of adults at the pre-selected
statistical threshold [10]. Even if the EEG-BOLD signal analysis was
performed with FM-theta power (i.e., absolute EEG power was
derived from electrode AFz), which usually shows strong load effects
[6,7,56], theta-BOLD signal correlations remained weak at these
locations (figure S5). This additional analysis therefore demonstrates
that the choice of the GSP for the fMRI correlation analysis provides
comparable results to those using selected electrodes or components
in this instance [11].

GFS-BOLD Signal Correlations

A recent study in adults reported bidirectional resting alpha
GFS-BOLD signal correlations in regions of the DMN, suggesting
that in addition to the spectral dynamics of the EEG also the
spatial-temporal organization is an important aspect to consider in
the characterization and understanding of brain processes [57].
From previous EEG studies it is known that prefrontal and
temporo-parietal regions show a strong coherence in the theta
frequency range during WM retrieval or maintenance [82,98].
Although several EEG/MEG studies observed (phase-lagged)
synchronized long range oscillations during cognitive processing
in adults [82,99,100,101], which are weaker in children than in
adults [22], it was still unknown whether synchronization is linked
to the BOLD signal during cognitive operations in children and
adults. Our study reveals, that the group comparisons of theta
GIS-BOLD signal correlations encompass a few brain regions of
the DMN, namely the MPFC and PPC, which demonstrate
stronger GFS-BOLD signal correlations in adults than in children.
These results show that theta GFS can capture not only
developmental effects but also requires, in contrast to the GSP,
an elevated level of oxygen (see subsequent paragraph). Since GFS
captures zero-phase lag coherence, GIS could in principle not
only reflect neural synchronization due to functional long range
connectivity, but also apparent synchronization due to field
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Figure 4. Theta GSP-BOLD and GFS-BOLD signal correlations. Within-group results for theta GSP-BOLD signal correlations are shown in A-C,
while GFS-BOLD signal correlations are shown in D-F. Between-group comparisons are presented in € and F. For all subfigures, results are shown at
p<0.001 (uncorrected), except for subfigure E (p<<0.01, uncorrected). Abbreviations: PPC, posterior parietal lobe; MFG, middle frontal gyrus; MPFC,
medial prefrontal cortex; PCC, posterior cingulate cortex, R, right hemisphere; L, left hemisphere.

doi:10.1371/journal.pone.0039447.9g004

spread/volume conduction [102]. However, empirically, the
neuronal activity measured by EEG appears to be closely reflected
in fMRI signal changes [103]. Our findings are in line with this
notion and inconsistent with pure volume conduction effects which
could not influence the BOLD signal, since we found that higher
theta GFS was paralleled by higher BOLD activity in adults and
that lower theta GIS was paralleled by lower BOLD activity in
children (see Limitations section below). Further, we would argue
that behavioral parameters cannot explain the differences between
age-related theta GFS-BOLD and GSP-BOLD signal correlations,
as most of the correlations were preserved even after correction for
response accuracy under high workload (figure S6).

Possible Physiological Mechanisms Underlying Task-
related EEG-BOLD Signal Correlations During Cognitive
Development

Several MRI-, task- and resting state functional connectivity
fMRI studies have revealed that the DMN (especially fronto-
parietal long-range connections) is not fully developed in children
and that white matter maturation is positively correlated with the
degree of cortical activation in the frontal and parietal DMN
regions [14,15,92,104,105]. Although the observed link between
maturation and cortical activation is in agreement with our
findings -i.e. adults showed stronger load-dependent fMRI
activations than children- the notion that the DMN is not fully
developed in children is not. Specifically, the stronger EEG-BOLD
signal correlations seen in the DMN in children relative to adults
do not appear consistent with the assumption that this network is
not fully developed (assuming that EEG-BOLD signal correlations
capture functional connectivity to a certain degree). Recently, it
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has been shown in epileptic children that a markedly abnormal
EEG with high signal amplitude and disorganized delta/theta
activity is related to reduced resting-state functional connectivity
(i.e. abnormally low phase-locked slow spontaneous fluctuations of
the BOLD signal), which was restored after successful corpus
callosum surgery [106]. This result clearly demonstrates the
interplay between low frequency activity and functional and
anatomical connectivity. Since the children examined in the
present study are healthy, the stronger theta and theta-BOLD
signal correlations do not reveal anything about the integrity of
anatomical or functional connectivity but rather indicate that
frontal theta EEG scalp power is accompanied by decreased
oxygen consumption during cognitive processing. It has been
theorized that the inverse relation between theta and the DMN
activity in adults indicates that theta power is a marker for task
preparedness, as the DMN becomes less active during a task [3].
As children show even stronger theta-BOLD correlations than
adults, we would suggest that children might require a higher level
of task-preparedness to adequately perform on the WM task,
which can be achieved by a stronger suppression of a task-
irrelevant network, namely the DMN. On the other hand, it is
known that structural brain development and particularly synaptic
pruning is heavily associated with gray matter reduction and
myelination. Further, the grey matter reduction is often assumed
to underlie functional development, such as decreasing low
frequency resting EEG power and increasing functional connec-
tivity with increasing age. A basic question is whether this
physiological mechanism also contributes to the development of
EEG-BOLD coupling during cognitive brain functions such as
WM. It has recently been hypothesized that the adolescent decline
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in EEG power reflects a widespread brain reorganization which is
driven by pruning [107,108]. The significantly stronger theta
BOLD signal correlation observed in children might therefore not
only be related to an increased level of task-preparedness but may
also result from an oversupply of non-functional neurons which
are eliminated or “pruned” during brain development. Hence,
stronger task-related EEG power and theta BOLD signal
correlations might be explained by the observation that neural
activity 1s more competitive during development, stabilizing
coincident and weakening non-coincident inputs [109,110,111].
This might also explain why theta GFS-BOLD signal correlations
are weaker in children than in adults, as the overshoot of synapses
could cause diminished neuronal synchronization, which could be
manifested in this study as lower GFS values in children compared
to adults. As mentioned above, theta-BOLD signal correlations
appear to be not only a marker for rest [3,112] and cognition
[8,9,10,11,97] in adults but also a marker for cognitive develop-
ment. However, developmental changes in theta-BOLD correla-
tions during cognition might not necessarily be expected across the
full time period of brain development (see hypothesis 2), as we
recently observed that broad-band (including theta) resting-state
EEG-BOLD signal correlations are indistinguishable between
adolescents and adults [112]. Taken with our previous results this
finding indicates that the physiological coupling matures earlier
and is therefore insensitive to developmental effects in adolescence
which can be observed for the EEG and the fMRI alone.
Nevertheless, future studies could examine the question of whether
or not EEG-BOLD signal correlations differ between adolescents
and adults during cognitive task operations.

Limitations

GFS indexes the proportion of the (in this case theta band) EEG
signal that can be explained by a single phase (i.e., instantaneous
synchronization) over all electrodes. Instantaneous synchronization
captures some specific and important, but certainly not all
physiological aspects of synchronization due to functional connectiv-
ity. In addition, volume conduction may represent a confounding
factor when interpreting zero-phase lag synchronization between
electrodes, since the measure of GFS is not capable of un-mixing
signals from different sources. Thus, for example the method does not
distinguish between the activity of a single source, and the activity of
several sources oscillating at the same phase, as both cases always lead
to a GFS value of 1. However, it is important to note that volume
conduction is immediate and therefore cannot itself produce any
phase differences at the sensor level (except of course the 180 degree
phase reversal for the opposite poles of a source). So if there such
phase differences are present, there must have been more than one
source active and these sources cannot have oscillated at the same
phase. In general, given that we have an extended sensor array with
the capability to detect the potential of relevant sources, we maintain
that GI'S measures the relative predominance of oscillations of a
certain phase at the level of sources, while no information about the
location of these sources is necessary. Volume conduction would
present a major problem in the assessment of localization, and a
reasonable separation of the effects of volume conduction and
physiological zero-lag synchronization is only possible if the scalp
fields produced by the potentially interacting sources are sufficiently
uncorrelated. However, no pure non-invasive measure of instanta-
neous synchronization between distinct sources exists because all
potential, current source density and MEG measures are character-
ized by volume conduction or field spread [113], and all source
estimates require a-priori assumptions about source distributions or
spread (smoothness, extent etc). Most importantly, we maintain that
the instantaneous synchronization measured by GFS is useful and
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mmportant because it is sensitive to physiologically meaningful zero-
lag synchronized oscillations between separated sources. The
problem of volume conduction can be avoided by considering only
the imaginary part of the phase relations [102]. This is conceptually
very different from mstantaneous synchronization, and has other
implications on the interpretation of the data. For example,
synchronization measures based only on lagged correlations are
completely unaffected by field spread, yet those measures do by
definition also exclude instantaneous, physiologically meaningful
synchronization between distinct sources on which we focus here.
Further, synchronization computed from source estimates would
remove some confounds due to field spread but requires (often
implicit) assumptions about source spread.

Conclusion

In summary, we demonstrate that WM related EEG-BOLD
recordings detect specific developmental effects in the EEG-fMRI
coupling strength in some regions of the DMN. Second, theta
power and global field synchronization show an opposite coupling
with the BOLD signal in both adults and children. From the
power-BOLD signal correlation analysis we conclude that a task-
irrelevant (i.e., DMN) network has to be suppressed during
cognitive processing, especially in children, as evidenced by the
negative correlation between theta power and the BOLD signal
within the DMN. From the synchronization-BOLD signal
correlation analysis we conclude that theta whole-scalp synchro-
nization is positively coupled to the BOLD signal. As the coupling
is stronger in adults than in children, we further conclude that that
this coupling reflects a marker for cognitive development.

Supporting Information

Figure S1 Reference independence of the GFS measure.
A 19 channel EEG was recomputed to three different references;
average reference, Fpl and O1. All channels were then frequency
transformed using the FFT, retaining the cosine (real) and sine
(imaginary) parts. These values were plotted as black diamonds in
the three graphs; the reference electrode (where available) is shown
as red diamond and by definition at the origin of the graph. It
becomes apparent that the change of the reference implies a mere
shift of the data in reference to the origin of the coordinate system,
while the relative positions among the points representing the
electrodes remain unchanged. GFS is computed as the ratio of the
norms of the first and the second principal components. These
principal component vectors are displayed in magenta. The
change of reference changes their position in the coordinate
system in the same way as for the electrodes, but the length of the
principal component vectors remains unchanged. Since only the
length of these vectors enters the computation of the GIS value, it
is not affected by any change of the reference electrode.

(TIF)

Figure S2 Topographical distribution of theta and
alpha EEG effects.
(TTF)

Figure S3 Distributed EEG source localization results
for load-dependent effects (load 5— load 2) in the theta
band (5-7 Hz). Standardized low resolution brain electromag-
netic tomography (SLORETA [114]) was used to localize the
generators of the scalp EEG power spectra for the load-dependent
contrast for adults (left panel) and children (right panel). The
sLORETA solution space is restricted to the cortical grey matter in
the digitized MNI atlas with a total of 6239 voxels at 5 mm spatial
resolution [114]. A spatial over-smoothing of 10~ * was chosen for

July 2012 | Volume 7 | Issue 7 | e39447



the LORETA transformation matrix. Since sSLORETA explicitly
takes into account that scalp electric potentials are determined up
to an arbitrary additive constant, the final SLORETA solution is
independent of the electrical reference used. Tomographic
sLORETA images were calculated corresponding to the estimated
neuronal generators of brain activity [115] for the theta band,
using the same frequency band width as those for the spectral
analysis. SLORETA images were statistically compared through
multiple voxel-by-voxel comparisons (i.e., corrected p-value) using
a common non-parametric test for functional brain imaging [116]
and were plotted onto a standard MRI template, as described in
detail elsewhere [114]. The significance threshold was based on a
permutation test with 5000 permutations. Results reached only
significance for children (p<<0.05, t=4.6).

(TTF)

Figure S4 GSP-BOLD and GFS-BOLD signal correla-
tions results with maintenance workload included as a
regressor in the GLM (model 2). Note that there were no
significant within-group differences for both types of correlation
analyses if model 2 was compared to model 1 (i.e., the workload

was not modeled as a regressor in the GLM, Fig. 4).
(TIF)

References

1. Goldman RI, Stern JM, Engel J Jr, Cohen MS (2002) Simultancous EEG and
fMRI of the alpha rhythm. Neuroreport 13: 2487-2492.

2. Laufs H, Kleinschmidt A, Beyerle A, Eger E, Salek-Haddadi A, et al. (2003)
EEG-correlated fMRI of human alpha activity. Neuroimage 19: 1463-1476.

3. Scheeringa R, Bastiaansen MC, Petersson KM, Oostenveld R, Norris DG, et
al. (2008) Frontal theta EEG activity correlates negatively with the default
mode network in resting state. Int J Psychophysiol 67: 242-251.

4. Moosmann M, Ritter P, Krastel I, Brink A, Thees S, et al. (2003) Correlates of
alpha rhythm in functional magnetic resonance imaging and near infrared
spectroscopy. Neuroimage 20: 145-158.

5. Gevins A, Smith ME, McEvoy L, Yu D (1997) High-resolution EEG mapping
of cortical activation related to working memory: effects of task difficulty, type
of processing, and practice. Cereb Cortex 7: 374-385.

6. Jensen O, Tesche CD (2002) Frontal theta activity in humans increases with
memory load in a working memory task. Eur J Neurosci 15: 1395-1399.

7. Onton J, Delorme A, Makeig S (2005) Frontal midline EEG dynamics during
working memory. Neuroimage 27: 341-356.

8. Mizuhara H, Wang LQ, Kobayashi K, Yamaguchi Y (2004) A long-range
cortical network emerging with theta oscillation in a mental task. Neuroreport
15: 1233-1238.

. Sammer G, Blecker C, Gebhardt H, Bischoff M, Stark R, et al. (2007)
Relationship between regional hemodynamic activity and simultaneously
recorded EEG-theta associated with mental arithmetic-induced workload.
Hum Brain Mapp 28: 793-803.

10. Michels L, Bucher K, Luchinger R, Klaver P, Martin E, et al. (2010)
Simultancous EEG-fMRI during a working memory task: modulations in low
and high frequency bands. PLoS One 5: ¢10298.

11. Scheeringa R, Petersson KM, Oostenveld R, Norris DG, Hagoort P, et al.
(2009) Trial-by-trial coupling between EEG and BOLD identifies networks
related to alpha and theta EEG power increases during working memory
maintenance. Neuroimage 44: 1224-1238.

12. Shulman GL, Fiez JA, Corbetta M, Buckner RL, Miezin FM, et al. (1997)
Common blood flow changes across visual tasks. 2. Decreases in cerebral
cortex. Journal of Cognitive Neuroscience 9: 648-663.

13. Raichle ME, MacLeod AM, Snyder AZ, Powers W], Gusnard DA, et al. (2001)
A default mode of brain function. Proceedings of the National Academy of
Sciences of the United States of America 98: 676-682.

. Fair DA, Cohen AL, Dosenbach NU, Church JA, Miezin FM, et al. (2008) The
maturing architecture of the brain’s default network. Proc Natl Acad Sci U S A
105: 4028-4032.

15. Supekar K, Uddin LQ, Prater K, Amin H, Greicius MD, et al. (2010)
Development of functional and structural connectivity within the default mode
network in young children. Neuroimage.

16. O’Hare ED, Lu LH, Houston SM, Bookheimer SY, Sowell ER (2008)
Neurodevelopmental changes in verbal working memory load-dependency: an
fMRI investigation. Neuroimage 42: 1678-1685.

17. Scherf KS, Sweeney JA, Luna B (2006) Brain basis of developmental change in
visuospatial working memory. J Cogn Neurosci 18: 1045-1058.

18. Gasser T, Verleger R, Bacher P, Sroka L (1988) Development of the EEG of
school-age children and adolescents. 1. Analysis of band power. Electro-
encephalogr Clin Neurophysiol 69: 91-99.

©

@ PLoS ONE | www.plosone.org

1

Developmental Changes of EEG-fMRI during Cognition

Figure S5 Comparison between theta EEG AFz-BOLD-
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shown in A and C, and for children in B and D. Significant
differences between AFz-BOLD signal and GSP-BOLD signal
correlations were only visible at an unconventional statistical
threshold of p<<0.005 (uncorrected, E-F). Red colors denote AFz-
BOLD signal correlations > GSP-BOLD signal correlations,
green colors denote GSP-BOLD signal correlations > AFz-BOLD
signal correlations.

(TIF)

Figure S6 Theta EEG GSP/GFS-BOLD signal coupling
results with and without response accuracy as covariate
of no interest. A and C: without load 5 accuracy included, B
and D: with load 5 accuracy as a covariate of no interest.
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