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Imagination is a key function for many human activities, such as reminiscing, learning, or planning. Unravel-
ling its neuro-biological basis is paramount to grasp the essence of our thoughts. Previous neuroimaging
studies have identified brain regions subserving the visualisation of “what?” (e.g. faces or objects) and
“where?” (e.g. spatial layout) content of mental images. However, the functional role of a common set of in-
volved regions – the frontal regions – and their interplay with the “what” and “where” regions, has remained
largely unspecified. This study combines functional MRI and electroencephalography to examine the full-
brain network that underlies the visual imagery of complex scenes and to investigate the spectro-temporal
properties of its nodes, especially of the frontal cortex.
Our results indicate that frontal regions integrate the “what” and “where” content of our thoughts into one
visually imagined scene. We link early synchronisation of anterior theta and beta oscillations to regional ac-
tivation of right and central frontal cortices, reflecting retrieval and integration of information. These frontal
regions orchestrate remote occipital–temporal regions (including calcarine sulcus and parahippocampal
gyrus) that encode the detailed representations of the objects, and parietal “where” regions that encode
the spatial layout into forming one coherent mental picture. Specifically the mesial superior frontal gyrus ap-
pears to have a principal integrative role, as its activity during the visualisation of the scene predicts subse-
quent performance on the imagery task.

© 2011 Elsevier Inc. All rights reserved.
Introduction

Though often unconsciously, we commonly use mental represen-
tations of objects, events and even complex scenes that are not phys-
ically present in many of our everyday-life activities. This
phenomenon of mental imagination refers to the set of cognitive pro-
cesses that allows the generation, inspection, and manipulation of
such mental representations, and it is likely the cognitive ability at
the heart of several core cognitive functions such as object recogni-
tion (Riesenhuber and Poggio, 2000), spatial orientation (Goldstein,
2002), learning (Kosslyn et al., 1995), and memory (Cohen et al.,
1996).

The neuro-biological mechanism underlying mental imagery is a
complex system with a multitude of nodes and interaction-patterns
in the brain. Numerous neuropsychological (Farah et al., 1988;
Levine et al., 1985) and, more recently, neuroimaging studies
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(Cohen et al., 1996; D'Esposito et al., 1997; Knauff et al., 2000;
Mellet et al., 1998; Mellet et al., 1996; Richter et al., 1997; Trojano
et al., 2000) have aimed at unravelling the neural foundations of men-
tal imagery using a wide variety of tasks (for a review, see Kosslyn
et al., 2001). However, all of these previous imaging studies focused
on only a certain subset of these imagery-related brain regions,
using tasks that explored a particular aspect of mental imagery.
These studies have shown that analogous to the distinction between
the ventral “what” and the dorsal “where” cortical processing streams
in visual perception (Ungerleider and Haxby, 1994), a dichotomy ex-
ists between the imagination of objects or scenes versus the imagina-
tion of spatial features and relationships. In line with this distinction,
some studies focussed on examining the visual imagery of objects and
subsequently reported imagery-related activity in category-specific
occipital–temporal regions as a main finding (Ishai et al., 2002; Ishai
et al., 2000; O'Craven and Kanwisher, 2000). In a separate research
line, other brain imaging studies revealed the involvement of brain
regions within the dorsal pathway during imagery tasks that included
a spatial processing component, suggesting that the fronto-parietal
networks activated during perceptual visuospatial tasks also underlie
the spatial analysis of mentally imagined representations (Cohen

http://dx.doi.org/10.1016/j.neuroimage.2011.12.005
mailto:aline.deborst@maastrichtuniversity.nl
http://dx.doi.org/10.1016/j.neuroimage.2011.12.005
http://www.sciencedirect.com/science/journal/10538119


48 A.W. de Borst et al. / NeuroImage 60 (2012) 47–58
et al., 1996; Lamm et al., 2001; Mellet et al., 1996; Tagaris et al., 1996;
Trojano et al., 2000). In addition to these task-specific imagery re-
gions within temporal and parietal cortex, both research lines also de-
scriptively reported activation of a set of frontal regions common to
all mental imagery tasks. However, while the ventral stream regions
were suggested to contribute to the retrieval of content-specific ob-
ject representations from memory (Ishai et al., 2000), and a function-
al segregation for spatial image construction and inspection was
proposed between left and right posterior parietal cortex
(Formisano et al., 2002; Sack et al., 2005; Sack et al., 2002), a system-
atic investigation of the precise functional role of these frontal regions
and their relationship to the task-specific network nodes during men-
tal imagery has been neglected. All previous neuroimaging mental
imagery studies, including our own work, have restricted their ana-
lyses to the functional localization of a small number of regions, lead-
ing to a simplification of the intricate network dynamics during
mental imagery.

In this study, we examine the spatio-temporal dynamics of activi-
ty in frontal regions and their relation to parietal, occipital–temporal,
and primary sensory brain regions, during a behaviourally-controlled
task that captures both object and spatial mental imagery. Partici-
pants were asked to imagine a previously learned complex visual
scene from an auditory cue and, after a certain delay, had to judge
whether a visually presented fragment of the scene was mirrored or
not. We used event-related functional MRI (fMRI) and latency analy-
sis techniques on the imagery period to capture all imagery-relevant
network nodes and their relative temporal onset of activation. In ad-
dition, we performed the same scene imagery task during electroen-
cephalography (EEG) measurements to validate our fMRI latency
results and to derive more information on the specific functional
role of the brain regions from the involved frequency bands. For ex-
ample, the involvement of the alpha rhythm is often associated with
global cognitive engagement (Barrett and Ehrlichman, 1982;
Bhattacharya and Petsche, 2005; Gill et al., 1998; Marks and Isaac,
1995; Nikolaev and Anokhin, 1998; Petsche et al., 1997; Petsche
et al., 1992), whereas the involvement of the theta or beta rhythm
could point to a more specific function such as, respectively, working
memory (Bhattacharya and Petsche, 2005; Petsche et al., 1997; Rugg
and Venables, 1980) or the integration of information into a rehearsal
set (Onton et al., 2005). Our experimental design and methodological
approach enabled us to link the spatially-resolved information on the
distributed brain network underlying the mental imagery of complex
scenes as revealed by fMRI, with the spectral–temporal electrophysi-
ological dynamics within this same network using EEG. We aimed at
deriving an exhaustive functional neuro-anatomical model of mental
imagery, in which the specific integrative role of the frontal regions
and their interplay with the parietal, temporal, and sensory brain re-
gions during complex visual scene imagery is clarified.

Material and methods

Participants

Ten healthy right-handed volunteers (8 females, 2 males, mean
age 22.2 years; range 18–26) participated in the fMRI study. Seven
healthy right-handed volunteers (3 females, 4 males, mean age
24.3 years; range 21–29), which did not take part in the fMRI exper-
iment, participated in the EEG study. All participants had normal or
corrected-to-normal vision and gave their informed consent. The
studies were approved by the local ethical committee.

Stimuli and task

Twenty-seven digital colour photographs were used as stimuli
(1024 by 768 pixels). Three photographs (see example in Fig. 1)
depicted the interior of a room and comprised several pieces of
furniture. These photographs defined the visual imagery content
and were solely used during a training phase. Twelve photographs
(targets) were fragments of the three original scenes (four per
scene), containing a minimum of two partly visible objects. The
other twelve photographs (targets) were these same images mir-
rored across the horizontal axis (see Fig. 1). The default image was
a grey background (50% black, 50% white). All photographs contained
a central white fixation cross and were presented at a 24° by 30° visu-
al angle (fMRI) or at 5° by 7° visual angle (EEG).

The experiment consisted of 54 (3 associations×18 repetitions)
trials (two runs of 27 trials each) in fMRI and 216 (3×72) trials in
EEG (3 runs of 72 trials each). As depicted in Fig. 1, each trial of the
fMRI and EEG experiments started with an auditory cue. In the fMRI
study, three auditory stimuli were 1 second (s) sound clips of a fe-
male speaker uttering “photo one”, “photo two” or “photo three”. In
the EEG study, the three auditory stimuli were 400 ms tones at 800,
1000 and 1200 Hz (due to similarity in EEG patterns). During the sub-
sequent interval participants imagined the scene that they previously
had learned to associate with the cue. After a variable delay (fMRI: 5,
6, or 7 s, average=6 s, EEG: 5, 5.5, or 6 s, average=5.5 s) a mirrored
or non-mirrored fragment of the scene (50–50% distribution) was vi-
sually presented as a target. After each target participants pressed a
button with their right middle or index finger to indicate whether
the fragment matched the imagined scene, or was mirrored (reversed
in half of the participants). All trials ended with a fixation period
(fMRI: 8–12 s, EEG: 4–5 s) during which the participants performed
no task. The interval lengths were pseudo-randomised over trials
and the occurrence of each period length was equally distributed
over the three types of trials (scene one, two and three) and type of
target picture (mirrored or non-mirrored). The trials were pseudo-
randomised with respect to the order of the tones and target pictures.

Prior to fMRI measurements and the EEG main experiment, partic-
ipants were trained on imagining three scenes, associated with three
auditory cues. The training session consisted of 24 randomised trials
of simultaneous presentation of the auditory stimulus and the corre-
sponding visual scene (5 s), followed by a fixation period (6 s). After
each stimulus pair was repeated eight times, subjects were asked
whether they correctly remembered which tone belonged to which
scene and were able to recall all scenes vividly. All participants indi-
cated that they were able to do so. After training, participants re-
ceived task instructions and were asked to vividly visualise the
correct scene after each cue in the main experiment, while fixating
at the fixation cross. The EEG measurements during training were
omitted from further analyses.

The EEG training session and the EEG main experiment were pre-
ceded by an auditory control task. During this task participants were
presented with a total of 216 randomised trials of three auditory
stimuli, to which they listened passively. Each trial consisted of a
400 ms tone and a fixation period (random interval between 6 and
7 s). These same tones were used as cues in the training session and
the main experiment.

Data acquisition

Functional imaging data acquisition
A 3T Siemens MR (head) scanner (MAGNETOM Allegra, Siemens

Medical Systems, Erlangen, Germany) was used for imaging. Func-
tional scans were acquired with a Gradient Echo Echo-Planar Imaging
sequence with a Repetition Time (TR) of 1500 ms and an Echo
Time (TE) of 30 ms. For each functional run 370 volumes were ac-
quired comprising 23 slices (matrix=64×64, voxel dimensions=
3×3×4.5 mm³, interslice time=65 ms, flip angle=90°). Between
the two functional runs high resolution T1-weighted structural
images of the whole brain were acquired (3 subjects: MPRAGE
192 slices, matrix=256×256, voxel dimensions=1×1×1 mm³,
TR=2300 ms, TE=3.93 ms, flip angle=12°; 7 subjects: MDEFT



Fig. 1. Schematic overview of the temporal course of one exemplary trial in the fMRI and EEG experiment. The duration of each segment is indicated in milliseconds.
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176 slices, matrix=256×256, voxel dimensions=1×1×1 mm³,
TR=7.92 ms, TE=2.40 ms, flip angle=15°).

Electroencephalography data acquisition
The EEG data were recorded in a sound-attenuating and electrically

shielded room from 64 electrode sites (EasyCap system, Equidistant 61-
Channel Arrangement cap). One electrodewas placed under the left eye
to measure eye movements. The reference was placed at the left mas-
toid. The ground electrode was fixated at the right cheek. Impedance
was kept below 5 kΩ. A chin rest was used to minimise head motion
and to keep the head at a constant distance from the PC screen in
order to maintain the correct visual angle. The data were sampled at
500 Hz, with a band-pass filter of 0.01–100 Hz.

Data analyses

Functional MRI pre-processing and data analyses
All functional MRI data were analysed using fMRI analysis and vi-

sualisation software BrainVoyager QX (Brain Innovation B.V., Maas-
tricht, The Netherlands). Functional data were 3D motion corrected
(trilinear interpolation), corrected for slice scan time differences
and temporally filtered (high pass: 5 cycles/run cut-off). No spatial
filtering was applied in order not to contaminate localization of e.g.
sub-cortical structures. The anatomical data were corrected for inten-
sity inhomogeneity (Goebel et al., 2006) and transformed into Talair-
ach space (Talairach and Tournoux, 1988). The functional data were
then aligned with the anatomical data and transformed into the
same space, to create 4D volume time-courses (VTCs). The anatomical
data were used for surface reconstruction of both hemispheres in all
subjects (description of cortex segmentation in Goebel et al., 2006).
Statistical modelling of the time-courses was based on a deconvolu-
tion analysis (Dale and Buckner, 1997; Lu et al., 2006; Lu et al.,
2007; Ward, 1998). As described in Serences (2004), we created –

for each subject – a design matrix X with separate columns for each
time point along the expected event-related BOLD response to each
mental imagery trial. A ‘1’ (‘stick predictor’) was placed in each row
of the design matrix in the column corresponding to the point along
the BOLD response to be estimated. To cover the typical temporal ex-
tend of the hemodynamic response, we used 13 separate stick predic-
tors during a 19.5 s window (TR=1.5 s) after trial onset. The beta
weights corresponding to these predictors are thus estimates of the
hemodynamic response amplitude at each TR and therefore their
plot is a representation of the estimated BOLD response (Fig. 3A). A
group design matrix was created based on the concatenation of
single-subject deconvolution matrices (fixed effect GLM). After GLM
fitting (which estimates a beta for each stick predictor), the group
map depicting the spatio-temporal pattern of Blood-Oxygen-Level
Dependent (BOLD) activation of the ‘imagery’ period (Fig. 2) was cal-
culated by contrasting the first five predictors versus baseline. This
map was thresholded at a Bonferroni corrected pb0.05. To visualise
information about BOLD latency, we colour coded significantly active
voxels according to the earliest stick predictor for which the beta
weight was significantly greater than baseline (i.e. a dark green col-
our indicates a significant beta weight for the stick predictor corre-
sponding to the first TR after sound onset, a lighter green to second
TR, etc.).

In order to quantify the BOLD latency with sub-TR resolution, a
non-linear analytical procedure (Richter et al., 2000) was applied to
BOLD response data in the selected regions of interest (ROIs). For
each ROI, a time-course was obtained by spatially averaging the
voxel time-courses and was then temporally interpolated by a factor
of 3. Then, a piece-wise linear (PWL) fitting (pseudo-trapezoid) pro-
cedure with four break-points was applied to the resulting time-
courses. The non-linear model, consisting of a series of lines, is fitted
to the response in such a way that the same shape is parsimoniously
described in terms of a few aspects: onset, plateau and offset — inde-
pendent of response amplitude. We used this non-linear fit to identify
the first break point, i.e. the point at which the BOLD response starts,
for each ROI (see Fig. 3B) (Formisano and Goebel, 2003; Formisano
et al., 2002; Linden et al., 2011). In the PWL fitting procedure the ini-
tial and final baseline levels were not constrained to be identical since
the epochs were cut off before target onset (i.e. no return to initial
baseline was forced in the PWL fit before the end of the time window
of interest).

Reaction time based fMRI analyses
For each participant, reaction times (onset time button-press

minus onset time target) of the correct trials were calculated. Trials
were ordered according to response latencies and a median split
was applied, resulting in a group of “fast” and “slow” trials per partic-
ipant. Functional MRI trials were labelled based on these two catego-
ries and compared. An estimate of the hemodynamic response at each
imagery and target picture interval for the fast and slow conditions
was obtained using a boxcar predictor convolved with a hemodynam-
ic response function. A fixed effect GLM was performed with a con-
trast testing for a difference in BOLD signal during the imagery



Fig. 2.Multisubject (deconvolution)map during themental imagery of scenes superimposed on a flattened representation of the cortical sheet. The voxels are colour coded according
to their first significant beta value, representing the latency of BOLD activation during the auditory cue andmental imagery part of the trial. Top: Th= thalamus, Pu= putamen. Left
to right: INS = insula, SFG =mesial superior frontal gyrus, PreM = premotor cortex, AC = auditory cortex, STG = superior temporal gyrus, PHG = parahippocampal gyrus, SPL =
superior parietal lobule, CalS = calcarine sulcus, MFG = middle frontal gyrus.
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periods followed by fast or slow responses, thresholded using a False
Discovery Rate (FDR) of 0.05 (Genovese et al., 2002).

Electroencephalography pre-processing and data analyses
EEGLAB, an open source Matlab toolbox (Delorme and Makeig,

2004), was used for EEG data processing. The data were down-
sampled to 250 Hz for processing purposes and band-pass filtered be-
tween 0.5 and 100 Hz. Three separate datasets were created for the
auditory control task, the practise session and the main experiment.
The data of the practise session were not used for the subsequent an-
alyses. Ground and reference electrodes were removed from the data-
sets and the datasets were re-referenced to an average reference. All
data were epoched from−2000 to 4000 ms relative to auditory stim-
ulus onset, including a 2000 ms baseline, the auditory stimulus
Fig. 3. Functional MRI latency information. A) Event-related time-courses of nine regions of
latency in seconds of nine regions of interest. * indicates significant difference with pb0.05
presentation and, during the main experiment, the mental imagery
part of the task (excluding target picture and response). Channels
with a high noise level were removed (five channels on average).
Eye movement artefacts were removed using an amplitude cut-off
of 90 μV. Trials with residual eye movements and muscular artefacts
were manually removed. In participants with a high number of eye
movements artefact rejection was accomplished by performing an
additional independent component analysis (ICA) and removing the
eye movement related components (Jung et al., 2000).

After removal of artefacts either by manual trial rejection or ICA,
the pre-processed epochs of all participants were subjected to a (sec-
ond) ICA analysis (extended infomax, Makeig et al., 2004). An ap-
proximately equal number of components (depending on the final
number of accepted channels) were extracted for each participant,
interest averaged over all mental imagery trials (10 subjects) in volumes. B) Estimated
, ** indicates significant difference with pb0.01. Abbreviations as in Fig. 1.

image of Fig.�2
image of Fig.�3
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on average 58 for the auditory control task and 57 for the main experi-
ment. The activity time courses of these components were further pro-
cessed using time–frequency decompositions.

Electroencephalography time–frequency analyses
Time–frequency decompositions were performed on the trials of

the selected components. Event related spectral perturbation (ERSP)
and inter-trial coherence (ITC) plots were calculated for the compo-
nents of each condition and participant separately. ERSP plots repre-
sent the changes in spectral power over a time window, compared
to a baseline time window, averaged over trials. Here, −2000 ms
till 0 ms before auditory cue onset were used as baseline and the
first 4000 ms of the imagery period were targeted for analyses
(0–4000 ms after cue onset). Morlet wavelets (window of 209 sam-
ples (836 ms) per time bin) were used to extract spectral power
changes in the frequency range [1–40 Hz]. A total of 4000 points
(40 frequency bins and 100 temporal bins) were estimated in the se-
lected time–frequency window. Five relevant ICs were selected based
on across-subject consistency of topographic maps, spectral power
plots, inter-trial coherence and time–frequency content (frequency
bands and synchronisation/de-synchronisation patterns). In six out
of seven subjects all ICs were present, while in one subject three ICs
were present. Based on their topography, these components were la-
belled: “Central”, “Left Posterior”, “Right Posterior”, “Right Anterior”,
and “Central Anterior” (see Fig. 4). Averaged event related spectral
power for each subject and component (linear scale, baseline normal-
ised) within three time–frequency bands (frequencies: theta
[4–7 Hz], alpha [8–12 Hz], beta [12–30 Hz], 100 temporal bins) was
used to perform statistical analysis between the auditory control
task and the imagery task (paired t-test, N=7).

Reaction time based electroencephalography time–frequency analyses
For each participant, reaction times (onset time button-press

minus onset time target) of the correct trials were calculated. Trials
were ordered and a median split was applied, resulting in a group of
“fast” and “slow” trials per participant. EEG trials were labelled based
on these two categories and corresponding epochs were selected and
grouped. Averaged event related spectral power for each subject
and component (linear scale, baseline normalised) within three
time–frequency bands (frequencies: theta [4–7 Hz], alpha [8–12 Hz]
and beta [12–30 Hz], 100 temporal bins) was used to perform statistical
analysis between the imagery epochs thatwere either followed by fast or
slow reaction times (paired t-test, N=7).

Source analyses of anterior components
Source analysis of the anterior EEG components was performed

using a four-shell spherical head model in the DIPFIT toolbox
(Kavanagh et al., 1978), a dipole fitting procedure implemented in
EEGlab. In each subject dipoles are fitted for the individual right ante-
rior and central anterior components. After an automatic fitting pro-
cedure the resulting Talairach coordinates corresponding to the
dipoles and the explained variance of the fitting were averaged across
subjects (N=7).

Results

Behavioural results

The participants in the fMRI study (N=10) responded correctly
on 92% (SD=10.2) of the non-mirrored trials and 88% (SD=11.3)
of the mirrored trials with an average reaction time of 1823 ms
(SD=642.3) for non-mirrored and 2008 ms (SD=808.6) for mir-
rored trials. A paired sampled t-test showed that responses were sig-
nificantly faster (t(9)=−2.32, pb0.046) and more accurate (t(9)=
2.34, pb0.044) during the non-mirrored trials. During the EEG study
participants (N=7) responded correctly on 91.1% (SD=4.65) of the
non-mirrored trials and 90.6% (SD=4.06) of the mirrored trials
with an average reaction time of 1366 ms (SD=588.2) for non-
mirrored and 1483 ms (SD=512.9) for mirrored trials. A paired sam-
pled t-test showed that responses were significantly faster (t(6)=
−3.349, pb0.015) during the non-mirrored trials.

Spatio-temporal pattern of the imagery network

Latency mapping of fMRI data (Figs. 2 and 3B) was performed dur-
ing the imagery of scenes (excluding target picture) to reveal the im-
agery network nodes and their relative onset latency. The results
showed that auditory cortex (AC) and superior temporal gyrus
(STG) were activated earliest at the onset of the trial, together with
parts of sub-cortical structures – thalamus (Th) and putamen (Pu) –
and frontal regions – mesial superior frontal gyrus (SFG) (extending
from the supplementary motor area to the anterior cingulate cortex)
and pre-motor (PreM) cortex (indicated in dark green). Then, more
extensive clusters in the mesial SFG, pre-motor cortex, thalamus
and putamen became active as well as the right middle frontal
gyrus (MFG), insula (INS), the calcarine sulcus (CalS) and several pa-
rietal regions, including the (left) superior parietal lobe (SPL), precu-
neus, intraparietal sulcus and parieto-occipital sulcus (light green to
yellow). Subsequently, large parts of the (right) SPL, precuneus, me-
dial and inferior occipital cortex and the parahippocampal gyrus
(PHG) became active (orange). Last, parts of the right SPL, including
intraparietal sulcus, and part of the right PHG were activated (dark
orange to red). For an overview of all significantly activated regions
see Table 1.

Further latency information on the fMRI data was gathered by
event-related averages and a non-linear analytical procedure to esti-
mate BOLD onsets of the activated regions. The ROI time-courses
(Fig. 3A) visualise the different shapes and onsets of the hemodynam-
ic responses in the active regions. The BOLD signal from the AC
showed a steep increase with the onset of the auditory cue at the
first TR. After an early peak around the third TR it showed a sharp de-
crease. The BOLD signal of the STG followed quickly after the auditory
cortex response, displaying a similar shape. After the auditory stimu-
lus (at the onset of the mental imagery), various regions showed an
increase in BOLD signal around the second TR. The mesial SFG and
the right MFG showed the steepest increase, closely followed by the
PreM. Last, the PHG, the CalS and the left and right SPL showed an in-
crease in BOLD signal. Due to similar BOLD shape, a distinguishable la-
tency difference between left and right SPL could be observed.

The onset estimates provided by the additional BOLD Latency
Mapping (BLM) analysis of the BOLD responses confirmed the de-
scribed latency pattern of activation (Fig. 3B). Onset latency differ-
ences were compared between the earliest auditory and earliest
frontal region (AC and mSFG) (t(8)=−3.806, pb0.015), between
the earliest frontal region and the earliest parietal region (mSFG and
LHSPL) (t(8)=−6.656, pb0.001) and between parietal cortices
(LHSPL and RHSPL) (t(8)=−3.819, pb0.021).

The EEG results during scene imagery were compared to an audi-
tory control condition. Both datasets (imagery and control) were sub-
jected to an ICA. Time–frequency content was derived to reveal
functional relevance from the involved frequency bands and extract
timing information. Fig. 4 shows the average ERSP plots of the five
corresponding Independent Components (ICs) in the control and im-
agery condition at the following locations: central, central anterior,
right anterior, left posterior, right posterior. The results from the
paired t-tests revealed no significant difference at any time-point
within the [1–15 Hz] frequency range for the central IC
(t(6)≤2.2921, p>0.05). This component most likely reflects auditory
processing of the cue (see average, top right Fig. 4), which is identical
for the control and mental imagery task. The anterior and posterior
ICs all showed an extensive change in spectral power during the im-
agery condition compared to the control condition. The right anterior



Fig. 4.Multi-subject averaged event related spectral perturbation (ERSP) plots of five independent components (ICs) Left: Multisubject averaged ERSP plots and topographical scalp
maps in the control and imagery condition. The continuous white boxes indicate the significant time frequency windows, of which the average is displayed on the right. The dashed
white boxes show the significant time frequency windows that are not displayed in more detail. Right: Multi-subject averaged event related spectral power over frequency bands
for the control (black) and imagery (purple) conditions. The time points (1 time point≈50 ms) are the temporal bins used for the TF analysis (−2000 till 4000 ms). Significant time
points (pb0.05) are indicated by green lines.
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Table 1
Significantly activated regions during scene imagery. L/R/m indicates whether the region
was in the left or right hemisphere or located medially.

Region L/
R/m

Nr.
voxels

Talairach coordinates

x y z

Frontal
Middle frontal gyrus L 141 −34 46 26
Middle frontal gyrus L 212 −42 24 30
Middle frontal gyrus R 1011 32 39 30
Frontal eye fields L 577 −41 −2 32
Frontal eye fields R 2744 44 1 34
Premotor cortex L 4294 −32 −14 52
Premotor cortex R 3076 32 −9 51
Superior frontal gyrus m 10,020 1 4 46
Insula L 1588 −31 16 9
Insula R 2523 34 18 8

Subcortical
Thalamus L 1338 −10 −17 8
Thalamus R 1306 9 −14 9
Putamen L 592 −16 10 3
Putamen R 1252 16 9 6
Red nucleus L 222 −5 −23 −3
Red nucleus R 369 6 −22 −2
Pulvinar L 274 −19 −25 1
Pulvinar R 639 18 −25 1

Temporal
Superior temporal gyrus L 13,773 −52 −21 7
Superior temporal gyrus R 11,863 54 −19 3
Parahippocampal gyrus L 1937 −28 −35 −14
Parahippocampal gyrus R 659 27 −31 −13
Inferior temporal gyrus L 553 −46 −52 −11

Parietal
Superior parietal lobe L 11,037 −18 −70 39
Superior parietal lobe R 9708 18 −67 40
Intraparietal sulcus L 5237 −35 −47 38
Intraparietal sulcus R 9708 18 −67 40
Precuneus L 1507 −4 −76 34
Precuneus R 1523 4 −75 37
Parieto-occipital sulcus L 2017 −17 −65 17
Parieto-occipital sulcus R 3918 16 −63 19

Occipital
Cuneus L 5557 −6 −77 8
Cuneus R 3283 4 −78 13
Lingual gyrus L 8678 −9 −77 −11
Lingual gyrus R 8435 10 −78 −9
Inferior occipital gyrus L 1356 −24 −85 −2
Middle occipital gyrus L 3821 −29 −78 15
Calcarine sulcus m 14,980 0 −74 3

53A.W. de Borst et al. / NeuroImage 60 (2012) 47–58
IC and the central anterior IC showed extensive spectral power in-
creases (synchronisation) in the theta, alpha and beta bands during
imagery. The right anterior IC showed significant differences
(t(5)≤−2.5750, pb0.05) between conditions in the theta [4–7 Hz]
frequency band at several time-points (see Fig. 4, Box Average,
green lines). The central anterior IC showed significant differences
between conditions in the theta [4–7 Hz] (t(6)≤−2.7099, pb0.05;
displayed) and beta [12–30 Hz] (t(6)≤−2.5483, pb0.05; not dis-
played as average) frequency bands at several time-points (see
Fig. 4, Box Average, green lines). Left and right posterior ICs showed
a larger decrease in spectral power (de-synchronisation) in the
alpha and beta band during the imagery condition. There were signif-
icant differences between conditions in the alpha [8–12 Hz] (Left:
t(6)≥2.4671, pb0.05; Right: t(5)≥2.6295, pb0.05) (displayed) and
beta [12–30 Hz] (Left: t(6)≥2.4549, pb0.05; Right: t(5)≥2.7391,
pb0.05, not displayed as average) frequency bands in large time win-
dows for both ICs (see Fig. 4, Box Average, green lines). Similar to the
fMRI results, the spectral power during mental imagery showed an
earlier significant divergence from the control condition in the left
posterior IC compared to the right posterior IC.

Calcarine sulcus involvement

In 8 out of 10 subjects activity along the calcarine sulcus was ob-
served during the mental imagery of scenes. In Fig. 5 the calcarine sul-
cus activity of a single participant is presented. The brain activity
during imagery (target-related activity is excluded) is overlaid in pur-
ple on a retinotopic map of the participant (acquired in an earlier ses-
sion), showing V1 involvement. Time courses corresponding to
patches in left and right V1 are shown on the left and right side of
Fig. 5, reflecting the BOLD signal change during imagery and after
the visual target (target onset indicated by red line). The time courses
show a clear increase in BOLD signal during the imagery period, with
a small decrease at the end of the period, followed by a strong in-
crease with the onset of the target. The lowermaps in Fig. 5 showan ex-
tensive imagery-related activation of V1 and higher visual areas. During
EEG measurements no consistent EEG component related to visual pro-
cessing could be established.

Predicting performance from frontal activation during imagery

In order to determine which of the regions activated during men-
tal imagery predict later performance on the scene imagery task, both
fMRI and EEG trials were split according to reaction times. The fMRI
data median split in fast versus slow reaction time trials revealed a re-
gion in the mesial SFG that showed a significant difference (higher
BOLD signal for slow reaction time trials) for the tested contrast
(Fig. 6A, 341 voxels, q (FDR)b0.05).

The same procedure was performed on the EEG data. When split-
ting the trials according to behavioural performance, only one of five
components, the central anterior IC, showed a difference between the
“fast” and the “slow” condition (Fig. 6B). Paired t-tests revealed sig-
nificant differences (pb0.05) in the theta [4–7 Hz], alpha [8–12 Hz]
and beta [12–30 Hz] bands at time-points indicated in green, showing
that higher spectral power during mental imagery is linked to faster
response times on the subsequent behavioural task with target pic-
tures. The other four components showed no significant difference
between “fast” or “slow” reaction time trials.

Source analysis anterior components

The frontal ICs with right anterior and central anterior distribution
were subjected to an automated dipole fitting procedure. The source
of the right anterior component was localised to the right middle
frontal gyrus with average Talairach coordinates (27±5.38, 25±
18.65, 25±12.13) explaining on average 89% (SE=5.19) of the vari-
ance. Fig. 7 shows the right anterior source to overlap with the right
frontal fMRI cluster. The central anterior source was localised to the
mesial superior frontal gyrus with average Talairach coordinates
(2±7.28, 22±11.67, 23±15.54), explaining on average 95%
(SE=7.20) of variance, slightly anterior to the mesial superior frontal
fMRI cluster (see Fig. 7). These results confirm the initial observation
based on IC topographies, suggesting a link between mesial superior
frontal gyrus and the central anterior component and right middle
frontal gyrus and the right anterior component.

Discussion

In this study we investigated the spatio-temporal pattern of acti-
vation within the distributed scene imagery brain network. Our re-
sults showed an early activation of mesial SFG, right MFG and
premotor cortex in both fMRI and EEG data. The activation of frontal
regions could be linked to increased synchronisation in theta and
beta bands. Especially the activation of mesial SFG during imagery



Fig. 5. Single subject GLM data (purple) overlaid on this subjects' retinotopic map on a flattened representation of the cortical sheet. Event related average time courses in volumes
of two regions of interest in primary visual cortex are presented on the left and right side of the figure.
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seemed to be of crucial importance in subsequent task performance.
Later on during imagery, remote regions in visual cortex, ventro-
temporal cortex and parietal cortex were activated, of which the lat-
ter were linked to de-synchronisation in alpha and beta bands. We
summarise these results in a neuro-anatomical model of scene imagery
(Fig. 8), and discuss the details below.

The frontal relay station

During the fMRI session, several frontal regions were found to be
active: mesial SFG, right MFG and premotor cortex. The mesial SFG
seemed to be most crucial during our mental imagery task, as it was
activated earliest and predicted later task performance. The EEG
data revealed a component with remarkable correspondence in loca-
tion and behavioural relevance; the central anterior component. In
fact, in agreement with our source analysis results, several studies
support the localization of the midline frontal theta rhythm to anteri-
or cingulate and medial prefrontal cortex (Asada et al., 1999; Gevins
et al., 1997; Jensen and Tesche, 2002). We propose that beta synchro-
nisation in mesial SFG reflects integration of information into a re-
hearsal set as was shown by Onton et al. (2005). Moreover, theta
synchronisation in mesial SFG is related to mental effort, attention
and working memory maintenance and recall (Gevins et al., 1997;
Jensen and Tesche, 2002; Rugg and Venables, 1980). This is plausible
in the context of working memory studies that suggested the mesial
SFG to perform integration of visual and spatial features (Mitchell
et al., 2000; Munk et al., 2002; Prabhakaran et al., 2000) and execu-
tive function (D'Esposito et al., 1995; Talati and Hirsch, 2005). This in-
tegrative and essential role of the mesial SFG is further supported by
the results of the prediction of reaction times in both the fMRI and
EEG data. Both datasets revealed the activity in this central anterior
region to be predictive of imagery performance (see Fig. 6), while
other regions were not. Interestingly, mesial SFG in the fMRI data
and the midline anterior IC in the EEG data showed opposite patterns
in relation to task performance (see Fig. 6). A higher BOLD signal dur-
ing mental imagery predicted slower reaction times, while stronger
synchronisation in the theta, alpha and beta bands during mental im-
agery predicted faster reaction times. One could theorise that during
trials in which the participant found it difficult to imagine the scene,
more interneurons were addressed to inhibit irrelevant input
(Swadlow, 2003), leading to more oxygen consumption and higher
BOLD signal, but less neuronal activity as measured by EEG (Buzsaki
et al., 2007; Ekstrom, 2010). Alternatively, SFG activity could be relat-
ed to response preparation. However, such an explanation is highly
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Fig. 6. Functional MRI and EEG results for the comparison of brain responses associated with slow behavioural responses compared to brain responses associated with fast behavioural
responses. A) Left: Results of multi-subject general linearmodel with a contrast of slow reaction time trials>fast reaction time trials superimposed on T1-weighted data of single subject,
showing a region in the mesial superior frontal gyrus with enhanced response during slow reaction time trials (q (FDR)b0.05, 341 voxels). Right: Event-related average time courses of
this region in slow (red) and fast (blue) trials during imagery (before red line). B) Left: Topographical map of the central anterior IC. Right: Multi-subject averaged event related spectral
power plots of the central anterior IC (1 time point≈50 ms) with significant differences (green) in the theta (4–7 Hz), alpha (8–12 Hz) and beta range (12–30 Hz).

Fig. 7. Source analysis results for the right anterior (left side) and central anterior (right side) ICs are overlaid on a multisubject deconvolution map of scene imagery superimposed
on a cortex-based aligned (10 subjects) representation of the right hemisphere. Average Talairach coordinates of dipole locations are displayed.
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Fig. 8. Neuro-anatomical model of scene imagery. Colours indicate timing during the task. Continuous line=confirmed by latency analysis, dotted line=estimated connection.
Alpha and beta de-synchronisation is indicated in red circles, while theta and beta synchronisation is indicated in green circles. The node “auditory cortex” includes – for
simplicity – Heschl's gyrus and STG and indicates processing of the modality dependent instruction, i.e. if the cue is presented visually the model will originate from the visual
cortex. While feedback connections are indicated in red (last) it is assumed that feedback takes place continuously.
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unlikely as the “imagery” period was extensive and the visual targets
had a variable onset. The role of general mental effort in mesial SFG
activation is harder to disentangle, but – if present – is more likely
to modulate the functional role of the region (i.e. more effort into
the integration of information), rather than reflect its functionality.
Similarly, we cannot exclude the possibility that the differences be-
tween slow and fast reaction times (and related fMRI/EEG effects)
may partly originate from an overall improvement of subjects' perfor-
mance (learning effect). However, we did not observe systematic
learning during the measurement sessions and thus the contribution
of such a component seems rather limited.

Another correspondence in the fMRI and EEG results (confirmed
by the dipole fitting results) is the right lateralization of a frontal re-
gion, the right MFG. Again, the theta synchronisation in the right an-
terior component that is suggested to reflect memory retrieval and
attention (dark blue arrows Fig. 8) (Bastiaansen et al., 2005; Deiber
et al., 2007; Petsche et al., 1992), seems to match the function attrib-
uted by neuroimaging studies of working memory (Buckner et al.,
1996; Tulving et al., 1996).

We thus propose that right and midline frontal theta and beta os-
cillations contribute to the retrieval and integration of visuo-spatial
information, possibly by streamlining neuronal activity with help of
interneurons, as reflected in right MFG and mesial SFG BOLD activity.
Whereas in mental imagery research so far the focus laid on activity
in ventral and dorsal stream regions, the mesial SFG in fact seems to
be the conductor within this orchestra of brain regions (see light
blue and red arrows in Fig. 8). It may establish an integrated scene
representation by working closely together with remote parietal re-
gions to encode the spatial sketch of the scene and with occipital–
temporal regions to encode the detailed visual representations of
the objects. Further investigations that combine fMRI and EEG/MEG
with effective connectivity methods (e.g. Friston et al., 2003;
Roebroeck et al., 2005; Valdes-Sosa et al., 2011) are needed to test
this hypothesis. However, methodological advances in effective con-
nectivity need to be made in order to deal satisfactorily with the com-
plexity that a data set such as the one presented here poses to this
type of modelling (e.g. high number of nodes, interdependency of fre-
quency bands).
Remote regions: parietal activity

While the parietal regions are often regarded as a starting point
for (spatial) mental imagery processing, our studies showed a late in-
volvement of bilateral SPL, precuneus and intraparietal sulcus (IPS).
They seem to be drawn on by the frontal regions during the later
stages of image construction. Likewise, ICA during EEGmeasurements
revealed two components (bilateral) at parietal electrode sites, which
showed a later extensive de-synchronisation in the alpha and beta
band. Consistently with previous studies, the parietal cortex also dur-
ing our task is likely to be involved in the retrieval and construction of
spatial representations. While in fMRI the extensive parietal cluster
could be subdivided based on anatomical landmarks, the EEG compo-
nents could not be separated into different clusters. However, the EEG
data did also show a latency difference (Fig. 4) between left and right
parietal clusters, confirming the fMRI results (Spatio-temporal
pattern of the imagery network section). Previous studies suggested
that this latency difference indicated a functional segregation within
a spatial imagery context, where the left parietal cortex is involved
in the generation of spatial representations and the right parietal cor-
tex in spatial comparison (Formisano et al., 2002; Sack et al., 2005;
Sack et al., 2002). Since no spatial comparison is made during the im-
agery period in our study, we propose to extent this view to a more
general hemispheric specialisation where the left SPL could be more
involved in early image construction and right SPL in later image in-
tegration (and subsequent inspection) (orange arrow Fig. 8).

When looking into more spatial detail, the separate parietal re-
gions seem to have their own specific functions. While the precuneus,
which is highly connected with the mesial SFG, thalamus and other
parietal regions (Cavanna and Trimble, 2006), might be involved in
retrieval of spatial memory content (Daselaar et al., 2009), the SPL
and IPS have been shown to reflect processing of these spatial proper-
ties by constructing and integrating the mental image (Alivisatos and
Petrides, 1997; Formisano et al., 2002; Goebel et al., 1998; Mellet
et al., 2000; Podzebenko et al., 2002; Trojano et al., 2000). The precu-
neus may then facilitate information exchange for integration of spa-
tial features of the scene to mesial SFG. The functions of memory
retrieval and maintenance are further supported by the presence of
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alpha and beta synchronisation in parietal cortex, which are respec-
tively suggested to reflect memory retrieval and task complexity
(Klimesch, 1997; Klimesch et al., 2000; Neuper and Pfurtscheller,
2001) and working memory retrieval and maintenance (Babiloni
et al., 2004; Deiber et al., 2007; Onton et al., 2005; Tallon-Baudry
et al., 2001; Tallon-Baudry et al., 1998).

Overall our results in parietal cortex suggest that these regional
fMRI activations are linked to the induced alpha and beta de-
synchronisation with posterior topography observed during EEG,
retrieving and processing the spatial properties of the mental image.
This observation is consistent with recent studies employing
simultaneous EEG-fMRI measurements during resting state, in
which a negative correlation is reported between power of neuronal
oscillations in the alpha and beta frequency range and BOLD activa-
tion in the dorsal attentional network (Mantini et al., 2007).

Remote regions: occipital–temporal activity

While the parietal regions seem to contribute to the construction
of spatial relations, two other sets of remote regions are drawn on
by frontal regions during scene imagery: the (early) visual cortex
and the parahippocampal cortex (PHG). Although we found no corre-
sponding components in the EEG experiment, these activation sites
nevertheless seem to be relevant for scene imagery, as suggested by
previous research. The PHG is here most likely involved in memory
retrieval of objects (Hayes et al., 2007; Prince et al., 2009). Like the
SPL and precuneus, the PHG conveys information to the frontal cor-
tex, where information is integrated. This idea is supported by the
finding of projections from the PHG to the medial prefrontal cortex
in rhesus monkeys (Bachevalier et al., 1997).

We also clearly revealed an early activation of primary visual cor-
tex during our scene imagery task. Although the involvement of pri-
mary visual cortex during mental imagery is still debated as some
studies report activation (Klein et al., 2004; Kosslyn et al., 1999; Le
Bihan et al., 1993), while others do not (D'Esposito et al., 1997;
Knauff et al., 2000), our findings provide strong evidence for the in-
volvement of primary visual cortex in visual imagery. This early visual
cortex (EVC) activation as revealed with the current paradigm is in
disagreement with our previous imagery studies where we could
not find early visual cortex involvement during spatial imagery
(Formisano et al., 2002; Trojano et al., 2002; Trojano et al., 2000). Un-
like our previous studies, the current imagery paradigm required a
detailed inspection of the realistic mental image, including objects,
which apparently was decisive for the EVC activity reported here
(Kosslyn and Thompson, 2003). Altogether, the occipital–temporal
cortex encodes the visually detailed objects and may continuously
convey this information (red arrow Fig. 8) to mesial SFG for integrat-
ing and maintaining a scene representation.

In EEG, we did not find an IC that could be associated with the in-
volvement of the occipital–temporal visual regions duringmental imag-
ery. This discrepancy between EEG and fMRI findings may result from a
lower sensitivity of EEG for these neuronal sources. This is further sup-
ported by the fact that ICs reflecting visual processing were found in the
analysis of the EEG responses to the target presentation (data not
shown), which evoked in fMRI – in the same visual regions –much larger
BOLD responses than those observedduring imagery (Fig. 3A). Finally, the
medial–ventral position of the parahippocampal gyrus makes it highly
difficult to measure electrical signals from this region.

Conclusions

The results of our study suggest that the frontal regions, especially
the mesial SFG, are orchestrating the visual scene imagery network.
By combining the spectro-temporal information from the EEG data
with the spatio-temporal information from the fMRI we propose a
neuro-anatomical model that links an early synchronisation in theta
and beta oscillations with anterior distribution to the fMRI activation
of right and central frontal regions, reflecting retrieval and integration
of information. These frontal regions are suggested to drawn on re-
mote parietal regions for retrieval and representation of the spatial
content of the scene and occipital–temporal regions for detailed visu-
al representation of the objects.
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