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Abstract: Although the occurrence of concomitant positive BOLD responses (PBRs) and negative BOLD
responses (NBRs) to visual stimuli is increasingly investigated in neuroscience, it still lacks a definite expla-
nation. Multimodal imaging represents a powerful tool to study the determinants of negative BOLD
responses: the integration of functional Magnetic Resonance Imaging (fMRI) and electroencephalographic
(EEG) recordings is especially useful, since it can give information on the neurovascular coupling underly-
ing this complex phenomenon. In the present study, the brain response to intermittent photic stimulation
(IPS) was investigated in a group of healthy subjects using simultaneous EEG-fMRI, with the main objective
to study the electrophysiological mechanisms associated with the intense NBRs elicited by IPS in extra-
striate visual cortex. The EEG analysis showed that IPS induced a desynchronization of the basal rhythm,
followed by the instauration of a novel rhythm driven by the visual stimulation. The most interesting
results emerged from the EEG-informed fMRI analysis, which suggested a relationship between the neuro-
nal rhythms at 10 and 12 Hz and the BOLD dynamics in extra-striate visual cortex. These findings support
the hypothesis that NBRs to visual stimuli may be neuronal in origin rather than reflecting pure vascular
phenomena. Hum Brain Mapp 37:2247-2262, 2016. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Functional Magnetic Resonance Imaging (fMRI) based
on blood oxygenation level dependent (BOLD) contrast is
a powerful technique providing a measure of cortical and
subcortical brain function with high spatial resolution.
Despite its high sensitivity and specificity, fMRI has the
drawback to be sensitive to the hemodynamic/metabolic
processes in the brain, which are only indirectly related to
neuronal activity [Logothetis and Wandell, 2004; Logothe-
tis et al., 2001].

As a consequence, the interpretation of fMRI findings in
terms of the underlying neuronal processes is not always
straightforward. The majority of fMRI studies focuses on
brain regions with positive BOLD responses, which are
thought to reflect evoked neuronal activity [e.g., Boorman
et al., 2010; Logothetis et al., 2001]. Nonetheless, increasing
interest is being received by regions with a negative BOLD
response, whose underlying mechanisms are still largely
unknown.

In recent years, different multimodal approaches have
been adopted to obtain a more complete view of the phe-
nomenon of negative BOLD, but its origin and properties are
still debated [Bressler et al., 2007; Huber et al., 2014; Miiller
and Kleinschmidt, 2004; Mullinger et al., 2014; Shmuel et al.,
2002; Smith et al., 2004; Wade, 2002]. Two main competitive
theories explain the negative BOLD in terms of either
“vascular stealing” or “neuronal suppression,” but the most
recent evidences support the neuronal hypothesis over the
vascular one [Bressler et al., 2007, Mullinger et al., 2014;
Smith et al., 2004; Wade, 2002]. In support of the theory of
neuronal inhibition is a recent multimodal study, which
found that NBRs in sensorimotor cortex corresponded to
reduction in (1) cerebral blood flow (CBF), (2) mu power and
(3) somatosensory evoked potentials [Mullinger et al., 2014].

Recently, Near Infrared Spectroscopy (NIRS) has been
used with fMRI to investigate the intense negative BOLD
responses elicited by intermittent photic stimulation in
healthy subjects [Maggioni et al., 2013, 2015]. The fMRI
study revealed a complex pattern of response during IPS,
in which the expected positive BOLD response (PBR) in
primary visual cortex was accompanied by a negative
BOLD response (NBR) in two symmetric regions in Lateral
Occipital Cortex (LOC). In turn, the NIRS study allowed
to investigate the vascular aspects of NBRs: it confirmed
the presence of a negative hemodynamic response (i.e.,
inverted compared to the canonical one) to IPS in LOC
and showed that NBRs corresponded to an increase of
deoxy-hemoglobin (HHb) concentration accompanied by a
higher decrease of oxy-hemoglobin (HbO) concentration.
The combination of NIRS and fMRI contributed to increase
the knowledge of negative BOLD, but left open questions
on the origin of the oxygenation changes highlighted by
the two techniques. The neuronal activity associated with
negative BOLD in visual cortex can be investigated
through electroencephalography (EEG), which measures

the synchronized electrical activity of large populations of
neurons with high temporal resolution.

In the present study, simultaneous EEG-fMRI data were
acquired from a group of 21 healthy volunteers during an
IPS protocol, with the primary objective to study the neu-
rovascular coupling underlying the NBRs to IPS. To
extract extensive information on the effects of IPS in visual
cortex, we performed both unimodal and multimodal anal-
ysis of EEG-fMRI data. The fMRI response to IPS was first
investigated with a General Linear Model (GLM) activa-
tion analysis, followed by spatial and temporal analysis of
the regions significantly involved. Then, the EEG informa-
tion was used to study the time-varying frequency content
in the occipital channels. The complementary information
were finally integrated in an EEG-informed fMRI analysis,
with the objective to investigate the hemodynamic corre-
lates of the EEG power changes in the IPS frequencies.

MATERIALS AND METHODS
Subjects

A group formed by 21 healthy volunteers (9 males,
mean age 27.6 *2.15 years) took part to the study. All of
them had normal vision and negative history for epileptic
seizures or any other neurological or vascular disease.

The experimental procedure was approved by the Insti-
tutional Ethic Committee and was carried out in accord-
ance with the Declaration of Helsinki. Each volunteer
signed a written consent after adequate information about
the scope and methodology of the study.

Experimental Protocol

The visual stimulation protocol was developed using the
Presentation® software (Neurobehavioral Systems). The
protocol, already described in [Maggioni et al., 2013, 2015]
proved to be effective in evoking both PBR and NBR in
visual cortex. It consisted of blocks of IPS alternated with
blocks of resting state, each lasting seven fMRI scans (cor-
responding to 14 s). The IPS was created by reversing
black and white screens at four frequencies, 6, 8, 10 and 12
Hz, which were presented in progressive order. Each fre-
quency block was repeated five times, resulting in twenty
IPS blocks. The subjects kept their eyes open during the
entire experiment, while during resting phases they gazed
upon a yellow cross in the center of the black screen. The
total duration of the fMRI exam was 594 s, including 7 ini-
tial and 10 final dummy scans.

MRI Data Acquisition

The MRI acquisition was performed on a 3T scanner
(Philips Achieva, Best, The Netherlands), equipped with a
32-channels head coil. The fMRI data were acquired with
a T2*-weighted Gradient-Echo planar sequence (repetition
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time (TR) =2 s, echo time (TE) =35 ms, flip angle = 85°, 30
axial slices without gap, field of view (FOV) =240 X 240
X 105 mm?, voxel size = 1.875 X 1.875 X 3.5 mms) cover-
ing cerebral hemispheres, excluding cerebellum and brain-
stem. A structural MR image was acquired with a T1-
weighted 3D Turbo Field Echo sequence (1 mm isotropic
resolution, FOV =240 X 240 X 175 mm?®, TR =8.19 ms,
TE =3.74 ms, flip angle =8°) to provide a morphological
reference for fMRI data. Visual stimuli were delivered in
the MR scanner through MR-compatible goggles (Reso-
nance Technology Inc.).

EEG Data Acquisition

EEG data were recorded simultaneously with fMRI
recordings using an MR-compatible EEG system (Brai-
nAmp MR plus from Brain Products, Gilching, Germany).
The EEG cap (BrainCap MR, EasyCap GmbH, Breitbrunn,
Germany) included 63 scalp electrodes distributed accord-
ing to the 10-20 system and one additional electrocardio-
graphic (ECG) electrode placed on the participants” chest.
All EEG signals were relative to a reference located in
FCz, with the ground in correspondence of AFz. The EEG
data were sampled at 5,000 Hz by applying a band-pass
filtering of 0.016-250 Hz. The impedance at each electrode
was kept lower than 20 kQ.

fMRI Data Processing

The processing of fMRI data was performed in Matlab
8.3.0.532 (R2014a) using toolboxes and in-house scripts.

Preprocessing

The fMRI data of each subject were processed with the
Statistical Parametric Mapping (SPM) software (http://
www.filion.ucl.ac.uk/spm/, version 8) [Penny et al,
2011]. The preprocessing included spatial realignment for
reducing head motion artifacts, coregistration of the struc-
tural image to the mean functional image, normalization
to the MNI template and spatial smoothing with a 3D
Gaussian kernel filter with Full Half Width Maximum
(FHWM) of 6 mm. The spatial normalization parameters
were estimated from the structural image and applied to
all functional images.

Activation analysis with GLM and ROI analysis

The IPS blocks were convolved with the canonical
Hemodynamic Response Function (HRF) [Penny et al.,
2011] and used as regressor of interest in a GLM. The six
movement parameters were added as confounding regres-
sors. The effects of IPS compared to rest condition were
first assessed at the single-subject level by making infer-
ence with a two sided t-test. The contrast images (IPS>
rest) resulting from the first level analysis of the subjects
were used in a second level random-effects analysis, which

allowed to account for the intersubject variability and make
inference at the population level [Beckmann et al., 2003].
The information about the significant regions resulting from
the group analysis (f-contrast: IPS > rest and IPS < rest, sig-
nificance: P <0.05, peak-Family Wise Error (pFWE) and
cluster-False Discovery Rate (cFDR) corrected) were saved
with the SPM Marsbar toolbox (http://marsbar.source-
forge.net/) [Brett et al., 2002], which is a tool that provides
features for ROI analysis. The anatomical position of the
ROIs was determined by coregistration with the subcortical
and cortical Harvard-Oxford atlas (http://www.cma.mgh.
harvard.edu) [Desikan et al., 2006]. The GMAC toolbox
(http:/ /selene.bioing.polimi.it/BBBlab/ GMAC) [Tana
et al., 2012] was used to extract from all subjects the BOLD
time series (already subjected to the above preprocessing)
corresponding the each significant ROI (contrast: IPS > rest,
IPS < rest, P <0.05, pFWE corrected and cFDR corrected).
The BOLD signals were extracted after removal of the nui-
sance variables, that is, the remaining sources of spurious
variance [Tana et al., 2012]. The representative BOLD signal
of each ROI was calculated by averaging the BOLD time
series of the voxels within the ROI. The BOLD responses to
IPS in these ROIs were inspected from frequency to fre-
quency and their temporal and amplitude parameters were
calculated. A Kruskal Wallis (KW) analysis was performed
considering each parameter in the ROIs and across subjects
to reveal possible significant differences. When significant
differences were detected among all the ROIs, post-hoc pair-
wise comparisons were performed; P-values lower than 0.01
were considered as significant.

A further GLM activation analysis was performed to
study the response to the single IPS frequencies (contrasts:
6 Hz/8 Hz/10 Hz/12 Hz >/< rest). The regions activated
by IPS at the single IPS frequencies were highly over-
lapped, indicating a uniform effect of IPS from 6 to 12 Hz,
therefore the results will not be shown.

EEG Data Processing

The EEG data preprocessing was performed with Brain-
Vision Analyzer 2.0 software (BrainProducts, Gilching,
Germany). First, the gradient artifact (GA) was removed
from the data by subtracting from each channel a template
created using a sliding average of 21 blocks of the artifact.
The cleaned EEG and ECG signals were downsampled to
250 Hz and subjected to a low pass filter with cut-off fre-
quency of 70 Hz. A semi-automatic procedure allowed to
mark the R peaks on the ECG signal, which were used to
correct the pulse artifact (PA). For this purpose, the Aver-
age Artifact Subtraction method (AAS) [Allen et al., 2000]
was applied: the intervals of occurrence of the artifact
were used to construct a PA template for each channel,
which was then removed from each artifact. To correct the
residual cardiac related artifact, together with other noise
related to ocular and generic movements, we applied an
extended Infomax ICA [Lee et al., 1999]. The ICA mixing
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matrix was computed from the whole data by discarding
the bad intervals, that is, those affected by substantial arti-
facts, which were manually marked by the user. The inde-
pendent components (ICs) were segmented into PA
intervals (from 0 to 700 ms with respect to the R peaks)
and those related to the PA were identified using the
selection method based on their continuous wavelets
transform (CWT) presented in [Maggioni et al., 2014]. The
selection of the artifactual ICs was also based on a careful
visual inspection of the IC time series. This combined
approach allowed to mark the ICs with even a small PA
contribution, while preserving the ones that exhibited IPS-
related changes. The EEG signal reconstructed from the
nonartifactual ICs was checked for the presence of residual
bad intervals. The corrected EEG data were exported to
Matlab and used for the following analyses, based on in-
house scripts.

To check for the possibility to recover the physiological
EEG response to IPS from EEG-fMRI data, we compared
the results obtained from EEG data recorded during IPS
(1) at 0T and (2) at 3T in one exemplar subject. The results
(not shown in the manuscript) show that the main effects
of IPS can be satisfactorily recovered also from EEG data
recorded simultaneously to fMRI data, after correction of
the EEG artifacts with proper algorithms.

The EEG analysis was conducted as follows. We investi-
gated the time-frequency content of the EEG responses to
IPS by computing the CWT in epochs going from 6 s
before to 6 s after the onset of each IPS block. The CWT
was calculated using the Morlet wavelet family (central
frequency = 0.813 Hz) defined in the frequency range 1-20
Hz with 0.2 Hz steps. In this analysis, we focused on the
occipital channels, O1, O2 and Oz, corresponding to the
recipient zone of the photic stimulation; the three channels
were considered separately.

The results were first evaluated through visual inspec-
tion of (1) the 2D CWT and (2) the 1D plot of the CWT
time course in the IPS frequencies. Specifically, for each
IPS frequency, the CWTs of O1, O2 and Oz were averaged
over IPS epochs (excluding the ones with bad intervals)
and subjects.

We then performed quantitative analyses on the effects
induced by IPS, considering each subject and occipital
channel separately. To study the frequency shifts induced
by IPS, we extracted from the CWT the main EEG fre-
quency in each time sample: the EEG frequency was then
averaged during rest, using from 2 to 6 s before IPS onset
and during IPS at each frequency, using from 2 to 6 s after
the IPS onset. A paired t-test was then used to compare
the EEG frequency from rest to IPS across the 21 subjects.

To provide a quantitative measure of the change of
power from rest to IPS, we extracted the EEG power at 6,
8, 10 and 12 Hz during (1) rest, (2) IPS at the same fre-
quency and (3) IPS in general. For each occipital channel,
the former was compared with the others: specifically, a
paired t-test was performed to extract any significant EEG

power changes elicited by IPS at the group level. The ratio
between the mean power during IPS (in the first 6 s) and
rest (in the last 6 s) was used as index for IPS-induced
changes. In the above comparisons, a multiple comparison
correction was applied using the Bonferroni criterion: spe-
cifically, the threshold P-value was divided for the number
of tests, 12, equal to the number of occipital channels (3)
multiplied by the number of frequencies (4). For the sake
of completeness, both uncorrected and corrected results
will be shown; the reported P-values are uncorrected,
unless otherwise specified.

To investigate the effects of IPS offsets, the same CWT
analysis was performed on epochs going from 6 s before
to 6 s after the offset of each IPS block. In this case, the
results were just qualitatively evaluated through visual
inspection of the 2D CWT.

EEG-fMRI Integration: BOLD Correlates to EEG
Rhythms at the IPS Frequencies

The information about the time varying frequency com-
ponents of the EEG signal was used to investigate the
BOLD response to changes in the neuro-electrical oscilla-
tory activity during IPS. For each subject of the group, the
CWT was computed on the entire EEG signal using the
above parameters. Following the approach of [Laufs et al.,
2003; Sclocco et al., 2014], we considered only the channels
that were most involved in the neuronal response to IPS,
in our study the occipital channels. In particular, we aver-
aged the CWTs of O1, O2 and Oz. The time varying power
of the EEG signal at each IPS frequency was estimated as
the squared module of the CWT in the frequency of inter-
est. To avoid possible artifactual contributions, the bad
EEG intervals were replaced with the mean EEG value
across the first 20 s of acquisition, provided that no arti-
facts occurred in that timespan.

In preparation for the EEG-informed fMRI analysis, the
four signals representing the time varying power at 6, 8,
10 and 12 Hz IPS were convolved with the canonical HRF
[Penny et al., 2011] and downsampled to match the fre-
quency sampling of the fMRI scans (fs= 0.50 Hz). For each
subject, the resulting time series were used as regressors
of interest in a first level GLM analysis, where they were
fitted to the subject’s fMRI data. A fixed-effects GLM anal-
ysis was performed, in which the design matrix included
the regressors of all subjects. In both the analyses, infer-
ence was based on positive and negative f-tests that
inspected the effects of the time varying EEG power at
each IPS frequency.

Since the choice of the GLM parameters can significantly
influence the results, we checked whether the assumption
of canonical HRF was reliable by conducting a further
GLM analysis using as basis set the canonical HRF and its
derivatives. The group results of the two analyses were
comparable, which let us assume that the form of the
hemodynamic response in our subjects generally
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Figure I.
Results of fMRI GLM group analysis on IPS effects. The significant regions of positive (red) and
negative (blue) BOLD response to IPS are overlaid on a normalized canonical image (ch2better
template) using the MRlcron software (http://www.mccauslandcenter.sc.edu/mricro/mricron/).
(P<0.05, pFWE corrected and cFDR corrected). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

resembled the canonical HRF. Therefore, we will show the
results relative to the GLM based on the canonical HRF.

The regions showing a significant response to the four
EEG regressors in the fixed-effects group analysis
(P<0.05, cluster-FWE (cFWE) corrected), either negative
or positive, were saved and the relative time series were
extracted in all subjects, following the procedure described
in paragraph “Activation analysis with GLM and ROI ana-
lysis.” In each subject, we quantitatively compared the
temporal trend of each EEG regressor with the average
signal of each ROI through a correlation analysis. For each
ROI, the significance of the correlation coefficient across
subjects was evaluated using a one-sample t-test. The
results will be briefly reported.

RESULTS
GLM fMRI Analysis

The results of the second level fMRI GLM analysis are
displayed in Figure 1, where the regions with significant
response to IPS that emerged from the double-sided t-test
(P <0.05, pFWE corrected and cFDR corrected) are over-
laid on a normalized canonical image. The red and blue
colors indicate regions with positive and negative response
to IPS, respectively.

These results confirm and add statistical significance to
the fMRI findings of [Maggioni et al., 2013, 2015], which
were based on a smaller group. A large region of PBR to
IPS was identified in primary visual cortex, on the mesial
surface of the occipital lobes. Two symmetric regions char-
acterized by NBR to IPS were detected in extra-striate vis-
ual cortex of both hemispheres. Since these regions resulted
from a random effects analysis, both PBR and NBRs were
highly reproducible across subjects and significant.

The position and extension of the significant ROIs
(P <0.05, pFWE corrected and cFDR corrected) are listed
in Table I. The PBR area included lingual gyrus, intracal-
carine cortex, supracalcarine cortex, cuneal cortex and
occipital pole of both hemispheres, while the NBR areas
were located in the inferior division of lateral occipital cor-
tex, occipital fusiform gyrus and occipital pole.

The temporal trends of the PBR and NBR to IPS at the
group level (relative to the ROIs of Table I) are displayed
in Figure 2 and their quantitative parameters are listed in
Table II. The two negative responses closely resemble each
other, as confirmed by the absence of significant differen-
ces in the time and amplitude parameters revealed by the
pairwise comparisons, but exhibited some differences with
respect to PBR. Despite the PBR and NBR times of peak
were similar, the ascent of the NBRs was delayed with
respect to the PBR. Major differences were found in the
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TABLE I. Coordinates of centre of mass (in MNI space), volume and anatomical position (Harvard-Oxford atlas) of the sig-
nificant ROIs of the fMRI analysis (P < 0.05, pFWE corrected and cFDR corrected) L: left hemisphere. R: right hemisphere

Contrast Centre of mass (mm) Volume (mm?) HO regions

IPS PBR 4.68 —74.511.3 10,416 calcarine cortex, cuneus and lingual gyrus, L, R
IPS NBR1 31.3 -89 —4 1,582 lateral inferior occipital cortex and occipital pole, R
IPS NBR2 —27.1 —91.1 —4.79 1,176 lateral inferior occipital cortex and occipital pole, L

L: left hemisphere. R: right hemisphere.

onset times (i.e., when the signal goes beyond the 5% of the
maximum amplitude) and falling edges (i.e., when the sig-
nal drops down the 50% of the maximum after the end of
the IPS blocks), as the KW statistics revealed significant dif-
ferences in both of them (P <0.01). Indeed, the NBR onset
was significantly delayed compared to PBR, while the NBR
falling edge occurred significantly earlier than the PBR one
(P<0.01), due to the higher slope of the descent.

Considering the BOLD responses to the single IPS fre-
quencies in the ROIs of Table I, no significant differences
emerged from one frequency to another in any of the
parameters (peak amplitude and time, onset time and fall-
ing edge). The parameters are not reported in the
manuscript.

EEG Wavelets Analysis

The group CWT of the EEG responses to IPS in the three
occipital channels are displayed in Figure 3, for each IPS
frequency separately. The most evident effect of IPS was
the immediate desynchronization of the basal alpha
rhythm, replaced after around 1 s by a novel EEG rhythm
with higher power and with a main frequency that was
still in the alpha band but appeared lightly shifted com-
pared to the basal one. This behavior, common to all the
three occipital channels, was more noticeable in the lateral
ones, which exhibited a higher EEG power increase com-
pared to Oz, and in response to IPS at 8, 10 and 12 Hz.
With the exception of IPS at 10 Hz, which centered the
basal alpha rhythm to the stimulation frequency, no appa-
rent photic driving was induced by IPS at 6, 8 and 12 Hz.

The results of the quantitative analysis on the main EEG
frequency are in agreement with the above observations.
During resting state, on average across the occipital chan-
nels, the main EEG rhythm was centered at 9.78 Hz (*
0.44 Hz). IPS at 6 Hz brought the alpha peak to a mean
value of 10.06 Hz (% 0.55 Hz). Such a frequency increase
resulted significant from the paired t-test in O1 (P <0.05,
Bonferroni corrected) and O2 (P <0.01, Bonferroni cor-
rected). The effects of 8 Hz stimulation were nonsignificant
and more heterogeneous in the group: on average, the
main EEG frequency during IPS at 8 Hz was 9.9 Hz (*
0.75 Hz). As expected, the 10 Hz IPS did not change sig-
nificantly the main EEG frequency, bringing it to a mean
value of 9.92 Hz (*+ 0.53 Hz). On the contrary, we found
that IPS at 12 Hz induced a significant increase of the

main EEG frequency in all the occipital channels (P <10%,
Bonferroni corrected), bringing it to 10.24 Hz (£ 0.49 Hz).
Still, the EEG rhythm was not moved to the stimulation
frequency, thus confirming the findings emerged from vis-
ual inspection of the CWT.

The power changes in the four IPS frequencies from
resting state to IPS at the same frequency are plotted in
Figure 4. Whichever was the IPS frequency, the IPS caused
an initial desynchronization of the basal rhythm that lasted
up to 2 s. The left and right dynamics were generally
synchronized and symmetric. The level of synchronization
of the rhythm to the IPS frequency varied from frequency
to frequency. By observing the plots, it emerges that IPS at
6 and 8 Hz did not elicit a clear increase in EEG power at
the frequency of stimulation, whereas IPS at 10 and 12 Hz
provoked a gain of power in the EEG rhythm at the IPS
frequency. The biggest increase of power from rest to IPS
in the stimulation frequency was caused by IPS at 12 Hz.
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Figure 2.

BOLD response to IPS in the significant ROls at the group level
(P<0.05, pFWE corrected and cFDR corrected, Table ). The
main curve is the median, whereas the error bars indicate the
25 and 75 percentiles of the subjects’ mean responses. The
BOLD responses are in normalized units: they were extracted
with SPM8 after “Global normalization” with the default option
“session-specific grand mean scaling.” The grey background rep-
resents the stimulation period. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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TABLE Il. Quantitative parameters of the ROls with PBR and NBR to IPS (Table I; 25, 50 and 75 percentiles from
subject to subject, where the mean response of each subject is considered)

Peak time (s) Peak amplitude (n.u.)

Onset time (s) Falling edge (s)

25% 50% 75% 25% 50% 75% 25% 50% 75% 25% 50% 75%
PBR 6 8 10 1.47 1.94 241 0.25 0.33 0.55 18.15 18.95 20.15
NBR L 6 8 10 1.62 2.13 2.64 0.62 0.92 1.45 16.38 17.01 17.47
NBR R 6 8 10 1.56 1.71 217 0.59 0.9 1.28 16.45 16.72 17.72

L: left hemisphere. R: right hemisphere.

These qualitative findings were confirmed by the results
of the quantitative analyses: the ratios of EEG power at 6,
8, 10 and 12 Hz from rest to IPS at the corresponding fre-
quency (mean and standard deviation across subjects) are
listed in Table III, upper part. The significant power
changes are marked with * (P <0.05), ** (P <0.01) and ***
(P <0.05, Bonferroni corrected). IPS at 6 Hz was found to
induce a significant increase of 6 Hz power in the Oz

channel (P <0.05), but not in O1 and O2. This finding can
be confirmed by looking at the 2D CWT of Figure 3, show-
ing the instauration of the 6 Hz rhythm in the mesial occi-
pital area. The EEG power at 8 and 10 Hz did not change
significantly after IPS at the corresponding frequencies,
whereas IPS at 12 Hz elicited a significant power increase
at 12 Hz in all occipital channels (P < 0.01), overcoming the
multiple comparison correction in O1 (P < 0.05, Bonferroni
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Figure 3.

CWT of the EEG signal averaged over subjects,

in the IPS intervals going from —6 s to +6 s

with respect to IPS onset, at 6, 8, 10 and 12 Hz, in Oz, Ol and O2 channels (from first to third
row of each panel). The red lines indicate the IPS frequency and its harmonics. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.

Plot of the CWT in the first IPS harmonic averaged over subjects, in the IPS intervals going from —6 s
to +6 s with respect to IPS onset, relative to IPS at 6, 8, 10 and 12 Hz, in Oz, Ol and O2 channels.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

corrected). This power increase was more enhanced in the lar findings emerged (Table III, lower part). A significant
lateral occipital channels compared to the central ones. increase of 8 Hz power was induced by IPS in the left occi-

Looking at the power changes at 6, 8, 10 and 12 Hz pital channel, Ol (P < 0.05). The 10 Hz EEG power significantly
from rest to IPS in general, that is, at all frequencies, simi- increased from resting state to IPS in both O1 (P < 0.01) and O2

TABLE Ill. Ratios between EEG power at 6, 8, 10 and 12 Hz during IPS and during rest, for IPS in the same
frequency (upper rows) and IPS at all frequencies (lower rows)

EEG Power ratio (IPS/rest)

Oz o1 02

IPS in the same frequency 6 Hz 1,16 £0,27* 1,08 £0,39 1,01 £0,26
8 Hz 1,36 0,84 1,17 =044 1,17+ 0,40
10 Hz 1,90 +1,28 1,69 0,83 1,67+0,83
12 Hz 1,79 =0,73** 1,92 =0,81*** 1,97 +0,85**

IPS at all frequencies 6 Hz 1,06 = 0,21 0,99 0,16 1,00 0,15
8 Hz 1,20 = 0,45 1,14 = 0,22* 1,11 +0,23
10 Hz 1,52+0,75 1,55 = 0,66** 1,55+0,71*
12 Hz 1,55 +0,69* 1,63 =0,69*** 1,71 +0,87*

The significant power changes are marked with * (P <0.05), ** (P <0.01) and *** (P < 0.05, Bonferroni corr).
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Figure 5.
Regions with significant BOLD response (P < 0.05, cFWE corrected) to EEG power changes at 8, 10
and 12 Hz and at all IPS frequencies. Blue regions are relative to negative BOLD responses, red
regions to positive BOLD responses. The ROls are overlaid on a normalized canonical image (ch2bet-
ter template) using the MRlcron software (http://www.mccauslandcenter.sc.edu/mricro/mricron/).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

(P < 0.05). A significant increase of 12 Hz EEG power from rest
to IPS was detected in all occipital channels, Oz (P < 0.05), O1
(P < 0.05, Bonferroni corrected) and O2 (P < 0.05).

The effects of the IPS offset on the brain electrical activity
are displayed in the Supporting Information Figure 1. As
expected, the cessation of the photic stimulation provoked an
abrupt desynchronization of the neuronal activity in all the
occipital channels. The EEG rhythm that was driven by the
photic stimulation was again replaced after 1-2 s by the rest-
ing state EEG activity, which showed a main frequency peak
in the alpha band and was characterized by an overall lower
EEG power compared to IPS EEG activity. The results demon-
strate that the EEG response to IPS was sustained across the
entire block of stimulation, being continuously characterized
by increased EEG power compared to the baseline condition.

The patterns of light-on and light-off EEG power decrease
were similar, except from the fact that, while the decrease in
alpha power due to IPS onset occurred within the first 200
ms of IPS, the end of the IPS-induced synchronization was
delayed of 250-500 ms with respect to IPS offset.

EEG-fMRI Integration

The regions with significant response to the EEG power
changes at 6, 8, 10 and 12 Hz, considered both separately
and in conjunction, (P <0.05, cFWE corrected) are shown

in Figure 5, whereas their position and extension are listed
in Table IV.

No significant ROIs from the 6 Hz contrasts survived
the multiple comparison correction, whereas a region in
primary visual cortex spanning the two hemispheres,
located in calcarine cortex and cuneus, responded posi-
tively to the 8 Hz EEG power changes.

A portion of the bilateral calcarine cortex showed BOLD
dynamics that were in counterphase with respect to the 10
Hz EEG changes, whereas two regions in left inferior occi-
pital cortex and in right angular gyrus showed a positive
BOLD response to the 10 Hz EEG dynamics. Similar posi-
tive BOLD responses emerged also in the corresponding
portions of the opposite hemispheres, but these regions
did not survive to the FWE correction.

Regarding the 12 Hz contrast, a big region in primary
visual cortex responded positively to the rise of 12 Hz
EEG power, which was clearly associated with the IPS
onset. Instead, two symmetric regions in lateral occipital
cortex were negatively correlated with the 12 Hz EEG
rhythm. The portions of inferior occipital cortex with PBR
to EEG dynamics at 10 Hz and NBR to EEG dynamics at
12 Hz already emerged in the fMRI analysis for having a
NBR to IPS.

The regions with significant BOLD response to all the
EEG regressors are visible in the lower panel of Figure 5.
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TABLE IV. Coordinates of centre of mass (in MNI space), volume and anatomical position (Harvard-Oxford atlas) of the
significant ROIs of the EEG-informed fMRI analysis (P < 0.05, cFWE corrected) L: left hemisphere. R: right hemisphere

Contrast Centre of mass (mm) volume (mm?) HO regions

8 Hz PBR —0.35 —80.2 17.2 4,004 cuneus and calcarine cortex, L, R

10 Hz PBR1 —249 —90.5 —4.48 3,262 inferior occipital cortex and occipital pole, L

10 Hz PBR2 44.8 —57.6 29.3 3,262 angular gyrus and superior lateral occipital cortex R
10 Hz NBR 2.06 —76.3 9.45 910 calcarine cortex, L, R

12 Hz PBR 1.37 —76.5 10.6 9,212 calcarine cortex, cuneus and lingual gyrus, L, R

12 Hz NBR1 —27.6 —88.5 —3.8 4,998 Lateral inferior occipital cortex and occipital pole, L
12 Hz NBR2 29.2 —88.6 —1.51 3,780 Lateral inferior occipital cortex and occipital pole, R
All frequencies PBR 0.67 =74 9.1 42,112 calcarine cortex, cuneus and lingual gyrus, L, R

All frequencies NBR1 —26.6 —91.4 —5.01 1,638 Lateral inferior occipital cortex and occipital pole, L
All frequencies NBR2 29.4 —89.4 —1.69 1,638 Lateral inferior occipital cortex and occipital pole, R

On average, we found a PBR in the primary visual cortex,
specifically in bilateral calcarine cortex, cuneus and lingual
gyrus and a NBR in the bilateral inferior occipital cortex.

To help understand the link between the results of the
fMRI and EEG-informed fMRI analyses, we have extracted
the mean BOLD response to IPS from the ROIs with signif-
icant BOLD response to the EEG regressors (Table IV). Fig-
ure 6 shows the group BOLD responses to IPS blocks at 8,
10, 12 Hz and all frequencies in the significant ROIs
responding to the EEG power changes at the considered
frequency/frequencies. The results show that almost all
these regions responded to IPS. The bilateral inferior occi-
pital regions with significant NBR to the 12 Hz EEG power
changes also exhibited a negative response to IPS blocks at
12 Hz. Similarly, a negative BOLD response to IPS at 10
Hz was detected in the portion of left inferior occipital cor-
tex with significant PBR to the 10 Hz EEG regressor,
which was included in the 12 Hz ROIL Conversely, the
regions in primary visual cortex with positive response to
the EEG power changes at 8 and 12 Hz, as well as the
ones with negative response at 10 Hz, responded posi-
tively to IPS at the corresponding frequency. The ROI in
right angular gyrus was an exception, as it responded pos-
itively to the 10 Hz EEG rhythm but did not show any sig-
nificant response to IPS.

Figure 7 shows, for one exemplar subject, the BOLD
fluctuations in the significant ROIs of the 8, 10 and 12 Hz
EEG contrasts together with the corresponding EEG
regressors. In each subplot, relative to one EEG contrast,
the intervals corresponding to IPS blocks at the frequency
of interest are colored in grey. In this subject, the EEG
regressors, especially the 8 and 12 Hz ones, provided a
good fit of the BOLD responses in the significant ROIs.
The reverse temporal trend of the inferior occipital ROIs
with respect to the 12 Hz regressor is particularly evident,
as well as the positive correlation between the 8 and 12
Hz EEG dynamics and the BOLD ones in primary visual
cortex.

From the correlation analysis between EEG regressors
and BOLD time series in the significant ROIs (Table IV),
performed from subject to subject, we found the presence

at the group level of (1) a significant positive correlation
(P <0.01) between the ROI in left lateral inferior occipital
cortex with the corresponding 10 Hz regressor, (2) a signif-
icant negative correlation between the symmetric ROIs in
lateral occipital cortex and the 12 Hz regressor.

These results suggest that the NBRs to IPS may be posi-
tively and negatively associated with the variations of
EEG power at 10 and 12 Hz respectively, possibly reflect-
ing the changes from the basal rhythm to a novel “driven”
rhythm during IPS. These hypotheses are discussed in
detail in the next paragraph.

DISCUSSION

In the present work, the physiological response to IPS
was investigated from multiple perspectives, looking at
neuronal and hemodynamic mechanisms and at their
interaction. Simultaneous EEG-fMRI data were recorded
from a group of 21 healthy volunteers during IPS at four
frequencies, from 6 to 12 Hz. The analysis of data from
each modality was followed by an integrated analysis,
which investigated the BOLD correlates to variations of
EEG power in the four IPS frequencies.

Our main objective was the investigation of the electro-
physiological phenomena underlying the complex fMRI
activation pattern induced by IPS, characterized by both
positive and negative BOLD responses in striate and extra-
striate portions of visual cortex.

While PBRs are commonly interpreted as activations,
the origin of NBRs represents a matter of discussion in the
literature [e.g., Goense et al., 2012; Huber et al., 2014; Mul-
linger et al., 2014; Shmuel et al., 2006]. There are a number
of previous studies that reported concomitant PBR and
NBR to different visual stimuli [Bressler et al.,, 2007;
Goense et al., 2012; Huber et al., 2014; Shmuel et al., 2002;
Smith et al.,, 2000; Tootell et al., 1998]; however, in our
study the NBRs to IPS were found to be more intense,
with a peak amplitude comparable to the PBR one and
occupied a bigger area compared to previously emerged
NBRs.
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Figure 6.

Group BOLD response to IPS blocks at 8, 10, 12 Hz and at all
frequencies in the ROlIs with significant BOLD response to the
EEG power changes at the corresponding frequency/frequencies
(Table IV). The grey background represents the stimulation
period. The main curve is the median, whereas the error bars
indicate the 25 and 75 percentiles of the subjects’ mean

In [Maggioni et al., 2015], the vascular properties of NBRs
to IPS were investigated through an optical technique, NIRS,
able to differentiate between HbO and HHb contributions. In
the lateral portion of occipital cortex, where the NBRs were
located, the two hemoglobin species had an inverted
response to IPS with respect to the canonical one. The esti-
mated total hemoglobin (THb) changes suggested that NBRs
may correspond to a decrease in cerebral blood volume
(CBV), that is, a vasoconstriction. The findings of this previ-
ous study were consistent with the hypothesis that NBRs cor-
respond to decreases of both CBF and CMRO, and are
neuronal in origin [e.g., Mullinger et al., 2014]. Nonetheless,
the neuronal hypothesis was not supported by direct knowl-
edge of neuronal activity during IPS.

With the present EEG-fMRI study, we have provided
information on the neuronal response to IPS and shed
light onto the coupling between neuronal and hemody-

responses. The BOLD responses are in normalized units: they
were extracted with SPM8 after “Global normalization” with the
default option “session-specific grand mean scaling.” [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

namic activities. Furthermore, we have added statistical
evidence to the previous fMRI findings, which were based
on a smaller sample. To our knowledge, the present work
is the first to explore (1) the neuronal response to IPS in
subjects keeping eyes open, (2) the BOLD responses to
EEG power changes induced by photic stimulation in
healthy subjects and (3) the electrophysiological mecha-
nisms underlying negative BOLD in visual cortex.
Furthermore, the findings of the present study can be
used as reference for future studies on photosensitivity.
Indeed, a full comprehension of the physiological mecha-
nisms associated to IPS is an essential preliminary step
towards the in-depth analysis of pathological modifica-
tions underlying photoparoxysmal responses (PPR). In the
literature, there are a number of IPS studies conducted on
patients keeping their eyes closed [Bjork et al., 2011; Laz-
arev et al.,, 2015; Visani et al., 2010]; the effects of IPS on
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Figure 7.

BOLD dynamics in the significant ROIs of the 8, 10 and 12 Hz
EEG contrasts (Table 1V) together with the corresponding EEG
regressors. The dynamics are plotted during the first 200 s of
IPS protocol. The grey bars indicate IPS blocks at the corre-
sponding frequency. The BOLD responses are in normalized

subjects with eyes open that are described here can be
used as normative to understand photosensitive phenom-
ena elicited by stimuli in the daily environment, which
occur when the subjects are awake.

Neuronal Response to IPS

The time-frequency analysis of EEG data revealed that
IPS caused, in the occipital channels, a desynchronization
of the basal EEG rhythm, lasting 1-2 s, followed by a
novel thythm driven by the visual stimulation.

Normal subjects may exhibit a physiological “photic
driving” response to IPS, which is characterized by a
rhythmic EEG activity at the frequency of stimulation or
one of its harmonics and is visible mainly in the occipital
region [Visani et al.,, 2010]. The results of our study sug-
gest that, in subjects keeping their eyes open, the photic
stimulation is usually unable to move the basal EEG
rhythm to the stimulation frequency, unless the latter is
near the resting state frequency. On average, we found
that the EEG rhythm induced by IPS was still in the alpha
band and was characterized by higher EEG power. Only
the stimulation at 12 Hz elicited a significant frequency
shift towards the IPS frequency.

The alpha power decrease that occurred immediately
after the IPS onset is a consistent and reproducible phe-

units: they were extracted with SPM8 after “Global normal-
ization” with the default option “session-specific grand mean
scaling.” [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

nomenon that was already observed in a previous study
conducted on subjects with eyes closed [Kawabata, 1972],
which has been defined as “photic alpha blocking.” After
the blocking, the instauration of a new EEG rhythm char-
acterized by higher EEG power suggests that the photic
stimulation enhances the neuronal oscillatory synchroniza-
tion. The IPS offset induced a desynchronization of the
stimulation rhythm and an EEG power decrease, followed
by the restauration of the resting state EEG activity.

The absence of a clear harmonic synchronization to the
IPS frequency may be due to the fact that the subjects kept
their eyes open during all the experiment.

However, at the group level, IPS induced an increase of
EEG spectral power at the frequency of stimulation. The
most interesting evidence concerns the 12 Hz EEG rhythm,
which exhibited a power increase in all occipital channels
during IPS at 12 Hz but also, on average, during IPS at all
frequencies, thus suggesting a key role of this rhythm dur-
ing our IPS experiment. In the left occipital area, such an
increase was significant even after Bonferroni correction.
The enhanced power differences at 12 Hz may be related
to the fact that the 12 Hz rhythm was not present at base-
line but fully elicited by the photic stimulation.

IPS in general was found to induce an EEG power
increase at 8 and 10 Hz, result that is in agreement with
the observation of increased alpha power during IPS.
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Similarly to IPS at 12 Hz, we found that this increase was
enhanced in the left occipital area than in the right one,
supporting the physiological photic driving laterality that
was reported in previous studies [Hirota et al., 2001; Lans-
ing and Thomas, 1964].

Although the interpretation of these EEG findings is not
straightforward, they represent relevant pieces of informa-
tion that can help the interpretation of the complex fMRI
activation pattern during IPS.

EEG-fMRI Integration During Photic Stimulation

The EEG-informed fMRI analysis provided additional
information on the physiological processes underlying IPS:
not surprisingly, we found a relationship between the EEG
power changes at the IPS frequencies and the fMRI activa-
tions in visual cortex.

In response to the four EEG regressors, we found a large
PBR in primary visual cortex and two symmetric NBRs in lat-
eral occipital cortex. The fact that these anatomical regions
correspond to the ROIs with significant response to IPS in the
fMRI analysis supports the reliability of our results.

For what concerns the single EEG regressors, it emerged
that no regions at the group level responded significantly
to the EEG power changes at 6 Hz. On the light of the
modest 6 Hz power fluctuations detected in the EEG anal-
ysis, this results was somehow expected. Accordingly, the
activation in primary visual cortex related to the 8 and 12
Hz power changes may be linked to the photic stimula-
tion. However, the biggest PBR in primary visual cortex
was found in response to EEG rhythm at 12 Hz, which
was the frequency exhibiting the most significant increase
of EEG power from rest to IPS.

On the contrary, the inverse relationship that emerged
between the 10 Hz EEG dynamics and the BOLD signal in
primary visual cortex may be due to the fact that the base-
line rhythm was centered approximately at 10 Hz. There-
fore, although IPS induced an increase of the 10 Hz
power, the 10 Hz EEG power changes were also represen-
tative of the resting state dynamics. The activation of lat-
eral occipital cortex and angular gyrus in response to the
10 Hz EEG rhythm may be interpreted accordingly:
indeed, (1) the former region showed a negative BOLD
response to IPS, (2) the angular gyrus has been shown to
be a key node of the Default Mode Network (DMN) [Grei-
cius et al., 2003] thus supporting the hypothesis of the 10
Hz rhythm as resting state rhythm.

Very informative results emerged also from the 12 Hz
negative contrast: indeed, a negative correlation was
detected between the 12 Hz EEG power changes and the
BOLD response in bilateral occipital cortex. This region
exhibited a negative response to IPS and included the area
with positive response to the 10 Hz EEG rhythm. It is
worth remarking that the BOLD dynamics in the lateral
occipital regions were found to be significantly correlated
with the 10 and 12 Hz regressors across subjects, thus

demonstrating a high interindividual reproducibility of
these results.

These findings suggest a link between the NBRs to IPS
and the EEG dynamics at 10 and 12 Hz and support the
hypothesis that NBRs to IPS are neuronal in origin. On the
one hand, the positive correlation between the 10 Hz EEG
rhythm and the BOLD fluctuations in inferior occipital
regions may indicate an involvement of these regions in the
resting state condition. Such hypothesis is borne out by liter-
ature evidence, which shows the presence of an extra-striate
visual network among the resting state networks [Beckmann
et al., 2005; van den Heuvel and Pol, 2010].

Alternatively, NBRs to IPS may be related to the signifi-
cant increase of 12 Hz EEG power elicited by IPS, which
occurred on average across all IPS frequencies, as revealed
by the EEG time-frequency analysis. The coupling between
NBRs to IPS and 12 Hz rhythm may also explain the time
differences between positive and negative BOLD responses
to IPS. Indeed, the delayed onset of the NBRs may be
related to the delayed increase in 12 Hz power, which fol-
lowed the initial desynchronization of the baseline rhythm
and therefore was shifted in time of 1-2 s with respect to
the IPS onset.

Although their interpretation is extremely delicate, these
important evidences confirm the added value of the inte-
gration of EEG and fMRI information, which facilitates the
difficult interpretation of the results coming from the sin-
gle modalities. This analysis has allowed to confirm the
relationship between neuronal activity and negative
BOLD, which was only hypothesized in several studies on
negative BOLD [e.g., Bressler et al.,, 2007; Wade, 2002].
However, future investigations are needed to determine
the mechanisms underlying the possible coupling between
the 10 and 12 Hz rhythms and NBRs to IPS.

It is worth mentioning that Moosman et al. [2003]
reported an inverse relation between spontaneous alpha
EEG oscillations and BOLD signal in occipital cortex.
However, the occipital region that emerged from their
study included both striate and extra-striate visual cortex.
Moreover, in our study the EEG power changes reflected
the alternation of resting state and stimulation instead of
spontaneous variations during resting state, which makes
the comparison of the results more difficult. When discus-
sing their results, Moosman et al. suggested that neuronal
synchronization might either require less energy or be
associated with reduced input from other neuronal sour-
ces. In our study, IPS increased the neuronal synchroniza-
tion in the alpha band but induced both “activations” and
“deactivations” in visual cortex, thus complicating the
interpretation of our findings.

Neurovascular Coupling Underlying Positive and
Negative BOLD Responses

The fMRI information depends on a series of vascular
parameters that represent only surrogates for the
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underlying neuronal activity. In this respect, there are still
unanswered questions concerning the relationship of
BOLD variations with actual neural activation.

Logothetis and colleagues demonstrated that a spatially
localized BOLD increase directly and monotonically
reflects an increase in neuronal activity. They also sug-
gested the BOLD signal to be more related to local field
potentials (LFPs), reflecting the incoming input and local
processing of one brain region, rather than to spiking
activity itself [Logothetis et al., 2001]. Since the BOLD
effect is a composite function of CBF, CBV and CMRO,,
important efforts have been done to understand the
mutual relation among these three mechanisms and in
turn their link with neuronal activity. Recent evidence
explains BOLD in terms of two independent and parallel
responses, the hemodynamic and metabolic ones, which
are possibly driven by different aspects of neuronal activ-
ity [Buxton, 2012]. While CMRO;, is thought to reflect the
energy expenses of neuronal activity, CBF seems to be
related to neuronal signaling processes through the gluta-
matergic and cholinergic systems [Murta et al., 2015].
Although the neurophysiology, hemodynamic and metab-
olism underlying positive BOLD response have been
largely unveiled, less is known on the mechanisms respon-
sible for negative BOLD responses.

In the last decades, the origin of NBRs has been
explained either in terms of “vascular stealing,” that is,
that NBRs result from pressure-related blood flow changes
during a certain task, or in terms of neuronal inhibition.
The most recent studies on negative BOLD have come to
the conclusion that NBRs should reflect a reduction in
neuronal activity rather than pure vascular mechanisms
[Bressler et al., 2007; Mullinger et al., 2014; Smith et al.,
2004; Wade, 2002]. This theory is also in line with the
hypotheses of decreased CBF and CMRO, and vasocon-
striction, which were put forward in [Maggioni et al.,
2015; Mullinger et al., 2014; Shmuel et al., 2002].

Nonetheless, the theory of neuronal inhibition has been
originally formed on the basis of CBF, CBV and CMRO,
measurements or estimations [Bressler et al., 2007; Smith
et al., 2004; Wade, 2002]. Using concurrent 2D optical
imaging spectroscopy and electrophysiology, Boorman
et al. [2010] hypothesized that NBRs to whisker stimula-
tion originate from reduced multi-unit activity in deep
cortical layers, but without directly measuring the BOLD
response. Only recently, Mullinger and colleagues pro-
vided direct evidence that NBRs in sensorimotor cortex
are neuronal in origin, at least in part [Mullinger et al.,
2014].

In our study, for the first time, we investigated the
NBRs to visual stimuli by means of the EEG technique,
providing a further proof of an actual relationship
between neuronal activity and negative BOLD responses.
It is worth noticing that no evidence of neuronal inhibition
comes from our findings, as we just detected a linear cou-
pling between 10 and 12 Hz rhythms in the occipital chan-

nels and BOLD fluctuations in the two NBR regions of the
fMRI study. Since the EEG power changes in the three
occipital channels were similar, we considered a global
measure of neuronal activity in the occipital cortex. Such a
similarity was certainly influenced by the volume conduc-
tion effects affecting the EEG recordings [van den Broek
et al., 1998], which prevented from measuring local neuro-
nal activity in the NBR areas.

Despite the above limitation, our results suggest that
negative BOLD may not reflect an actual neuronal inhibi-
tion. This hypothesis is in line with findings of [Devor
et al, 2005], which showed an antagonistic center-
sorround spatial pattern of fMRI response in rodent soma-
tosensory cortex, where the negative response did not cor-
respond to local neuronal inhibition. According to this and
our study, the neurovascular transfer function may be
nonlocal.

Methodological Limitations

Simultaneous EEG-fMRI recordings represent the most
promising noninvasive technique for the study of neuro-
vascular coupling. Nevertheless, there are a number of
limitations of both the single modalities and their integra-
tion that have to be considered.

As just mentioned, the fMRI acquisitions based on the
BOLD contrast provide a complex information of brain
metabolism and hemodynamics, which can make the inter-
pretation of fMRI activation patterns challenging. More-
over, despite the good spatial resolution of the fMRI
technique, the slow dynamics characterizing BOLD
changes and the low fMRI sampling rate cause the ill-
posed temporal problem, as it is hard to extract the tim-
ings of events that caused the measured hemodynamic
modifications [Logothetis, 2008].

Conversely, the EEG technique provides a direct mea-
sure of electric potentials with an excellent temporal reso-
lution, but at larger scale compared to other (invasive)
electrophysiological techniques. The electrophysiological
signals recorded on the scalp can be explained by infinite
configurations of neuronal sources. Consequently, the
reconstruction of EEG current sources from the scalp
recordings represent an ill-posed problem with no unique
solution [Grech et al., 2008; Murta et al., 2015; Pascual-
Marqui et al., 2002]. More local measures of electrophysio-
logical activity are provided by invasive modalities like
intracranial EEG (icEEG), which however cannot be recom-
mended if it is not necessary.

The simultaneity of EEG and fMRI recordings is known
to provide important advantages compared to separate
acquisitions, but also implies a suboptimal data quality,
which in turn may affect the reliability of the EEG-
informed fMRI analyses. Indeed, instrumental interactions
lead to data contamination and sophisticated correction
methods have to be applied in order to recover the under-
lying physiological information; the mechanisms of EEG
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data degradation are largely discussed in [Maggioni et al.,
2014], where a set of methods for cleaning the cardiac-
related artifact is presented. It has to be specified that in
the present work we have used the method for PA
removal that resulted most effective in [Maggioni et al.,
2014], and the good quality of EEG signals after prepro-
cessing was verified by visual inspection. Moreover, by
comparing the EEG responses to IPS at 0T and at 3T we
proved that the main effects of IPS can be satisfactorily
recovered also from EEG data recorded in the MR envi-
ronment. Although the limitations of the EEG and fMRI
techniques add uncertainty to the interpretation of EEG-
fMRI results, the integration of these techniques still repre-
sents the best approach to investigate, in a noninvasive
way, the neurovascular coupling. The results of our study
show the importance of combining EEG and fMRI infor-
mation in the investigation of the determinants of negative
BOLD. A better knowledge of neurovascular coupling can
be obtained using MR scanners with higher field strength
and EEG caps with high-density electrodes. At ultra-high
field, the enhanced spatial resolution of fMRI combined
with the excellent temporal resolution of EEG open up the
horizon for a detailed assessment of neurovascular cou-
pling at the columnar and laminar level [Neuner et al,
2013]. Moreover, a robust neuronal source reconstruction
using a high-density EEG cap may allow to estimate the
neuronal activity at a spatial resolution comparable to
fMRI one.

In the near future, we are also interested in integrating
the EEG and fMRI information wusing alternative
approaches. For instance, the use of fMRI activation pat-
terns as priors in the EEG source reconstruction (fMRI-
informed EEG analysis) may help localize the regions of
neuronal activation and inhibition. A symmetric EEG-fMRI
fusion may be performed by applying a joint Independent
Component Analysis (joint-ICA) [Moosman et al., 2008],
which offers the possibility to assess the neuronal and
hemodynamic information in a common data space.

CONCLUSION

In the present article, a set of methods for the unimodal
and multimodal analysis of EEG and fMRI data was used
to give insight into the brain response to photic stimula-
tion in a group of healthy subjects. Our primary aim was
to study the neuronal underpinnings of NBRs to IPS,
which occurred in extra-striate visual cortex in concomi-
tance to the expected PBR in primary visual cortex. The
EEG-informed fMRI analysis unveiled a relationship
between NBRs to IPS and the 10 and 12 Hz EEG rhythms,
thus suggesting a neuronal origin of the negative BOLD
phenomenon. Although this hypothesis is in agreement
with the most recent literature on negative BOLD, our
findings leave many questions on the ratio behind this
relationship, which have to be addressed in the next
future.
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