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There is growing evidence that several components of the mass neural activity contributing to the local field potential (LFP) can be partly
separated by decomposing the LFP into nonoverlapping frequency bands. Although the blood oxygen level-dependent (BOLD) signal has
been found to correlate preferentially with specific frequency bands of the LFP, it is still unclear whether the BOLD signal relates to the
activity expressed by each LFP band independently of the others or if, instead, it also reflects specific relationships among different bands.
We investigated these issues by recording, simultaneously and with high spatiotemporal resolution, BOLD signal and LFP during
spontaneous activity in early visual cortices of anesthetized monkeys (Macaca mulatta). We used information theory to characterize the
statistical dependency between BOLD and LFP. We found that the alpha (8 -12 Hz), beta (18 -30 Hz), and gamma (40 -100 Hz) LFP bands
were informative about the BOLD signal. In agreement with previous studies, gamma was the most informative band. Both increases and
decreases in BOLD signal reliably followed increases and decreases in gamma power. However, both alpha and beta power signals carried
information about BOLD that was largely complementary to that carried by gamma power. In particular, the relationship between alpha
and gamma power was reflected in the amplitude of the BOLD signal, while the relationship between beta and gamma bands was
reflected in the latency of BOLD with respect to significant changes in gamma power. These results lay the basis for identifying

contributions of different neural pathways to cortical processing using fMRI.

Introduction

In recent years, blood oxygen level-dependent (BOLD) func-
tional magnetic resonance imaging (fMRI) (Ogawa et al., 1992)
has rapidly become the leading research tool in cognitive neuro-
science. BOLD fMRI has been used extensively to investigate
functional localization of neural activity associated with cognitive
tasks or sensory processing. The BOLD signal, however, is only
indirectly related to neural activity via a complex interplay of
several factors including cerebral blood flow, cerebral blood vol-
ume, and cerebral metabolic rate of oxygen (D’Esposito et al.,
2003; Brown et al., 2007; Logothetis, 2008). Thus, great caution is
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needed when inferring changes in neural activity from the tem-
poral dynamics of the BOLD signal (Logothetis, 2008).

There is growing evidence, however, that the BOLD signal
strongly correlates with the local field potential (LFP) (Logothetis
et al., 2001; Thomsen et al., 2004; Viswanathan and Freeman,
2007; Rauch et al., 2008). The LFP is a mass neural signal that
captures a multitude of neural processes, such as synaptic poten-
tials, afterpotentials of somatodendritic spikes, and voltage-gated
membrane oscillations, and that reflects the input of a given cor-
tical area as well as its local intracortical processing, including the
activity of excitatory and inhibitory interneurons and the effect of
neuromodulatory pathways (Logothetis, 2003, 2008).

Previous studies showed that the BOLD signal correlates pref-
erentially with specific frequency bands of the LFP (Logothetis et
al., 2001; Kayser et al., 2004; Niessing et al., 2005; Goense and
Logothetis, 2008; Murayama et al., 2010; Scholvinck et al., 2010).
Substantial evidence suggests that different frequency bands of
the LFP correlate with distinct behavioral states (Lindsley and
Wicke, 1974; Steriade and Hobson, 1976; Basar, 1980) and reflect
to a large extent the activity of different neural processing path-
ways (Belitski et al., 2008). Characterizing the relationship be-
tween the activity expressed by each LFP band and the BOLD
contrast may thus allow the identification of contributions of
different neural pathways to cortical processing using fMRI. To
achieve this aim, it is necessary to understand whether the BOLD
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signal relates to each LFP band independently of the others or if,
instead, the BOLD signal also reflects specific relationships
among different LFP bands (Kilner et al., 2005; Rosa et al., 2010;
Scheeringa et al., 2011).

To answer these questions, we recorded simultaneous and
colocalized LFP and BOLD signals with high spatial and temporal
resolution in the visual cortex of anesthetized macaques in the
absence of visual stimulation. Considering spontaneous activity
allows investigating the relationship between BOLD signal and
neural activity without the strong biases and confounds which
might be induced by stimuli. We computed mutual information,
a principled measure of all possible statistical dependencies be-
tween any two signals, to determine which LFP bands are infor-
mative about the BOLD signal. We then demonstrated that the
relationship between alpha and gamma power is reflected in the
amplitude of the BOLD signal, while the relationship between
the power of the beta and gamma bands is reflected by the delay
with which changes in BOLD signal occur following changes in
gamma power.

Materials and Methods

We performed seven combined electrophysiological fMRI recording ses-
sions in four male adult anesthetized monkeys (Macaca mulatta, 4.6—
10.4 kg). All procedures were performed with great care to ensure the
well-being of the animals, were approved by the local authorities (Regier-
ungsprasidium), and were in full compliance with the guidelines of the
European Community (EUVD 86/609/EEC) for the care and use of lab-
oratory animals. A detailed description of the surgical procedures and
preparation of the monkeys before the recordings can be found previ-
ously (Logothetis et al., 1999; Murayama et al., 2010).

Anesthesia for combined physiological and fMRI experiments. All exper-
iments were conducted under general anesthesia. Animals were artifi-
cially ventilated ~1.4 L/min, 24 strokes/min (Servo Ventilator 900C;
Siemens), anesthesia was maintained with remifentanil (3 ug/kg/h, i.v.,
GSK), and mivacurium chloride (3—6 mg/kg/h, i.v., GSK) was applied as
muscle relaxant. Animals were continuously infused with lactated Ring-
er’s solution (2.5% glucose, 10 ml/kg/h, i.v.). If needed, intravascular
volume was maintained by administering colloids (hydroxyethyl starch,
10-20 ml/kg/h, i.v.). Throughout an experiment, the physiological state
of the monkey was monitored and body temperature (38-39.5°C), end-
tidal CO, (~33 mmHg), and oxygen saturation (>95%) were kept
tightly within normal limits. Two drops of 1% cyclopentolate hydrochlo-
ride (Alcon Pharma) were administered to each eye to achieve mydriasis,
and hard contact lenses (Wohlk) with the appropriate dioptric power
were used to bring the eyes to focus on the stimulus plane.

The main reason for collecting neural responses during anesthesia is
that anesthetized preparations allow longer data acquisition times and to
study neurovascular coupling without the strong effects of animal state,
including effects of attention and arousal that introduce additional com-
plication in the interpretation of signals. Additionally, it has been shown
that using remifentanil (an ultra-fast-acting w-opioid receptor agonist)
has no significant effect on the neurovascular and neural activity of brain
areas that do not belong to the pain matrix (Lund et al., 1994; Logothetis
et al., 1999, 2009; Sereno et al., 2002; Goense and Logothetis, 2008;
Goense et al., 2008; Zappe et al., 2008a,b). In particular, visual cortex
does not bind remifentanil (Jones et al., 1991).

Combined functional magnetic resonance imaging and electrophysiological
recordings. All experiments were conducted in a vertical 4.7 T Bruker
BioSpec 47/40v scanner with a 40 cm diameter bore (Bruker), running
the Bruker ParaVision software. The scanner was equipped with an ac-
tively shielded 26-cm-diameter gradient coil, which could attain gradient
strengths up to 50 mT/m in rise times as short as 180 us. The monkey was
sitting in an upright position in a custom-made primate chair. Signals
were acquired using either a 30-mm- (two experiments) or an 85-mm-
diameter transmit/receive radiofrequency surface coil, placed around the
recording chamber over the occipital cortex to increase MR signal
around the electrodes.
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To guide electrode insertion sagittal and/or axial fast low-angle shot
(FLASH) sequences were acquired (Haase et al., 1986). Slices were
aligned with the recording chamber (repetition time (TR) = 2000 ms,
echo time (TE) = 10 ms, bandwidth = 50 kHz, flip angle = 50-70°, field
of view (FOV) = 96 X 96 mm, matrix size = 256 X 256, slice thickness =
1 mm).

To ensure a constant quality of both electrophysiological and fMRI
signals, monkeys were intermittently presented with visual stimulation
in between periods of spontaneous activity recording. Stimuli were pre-
sented binocularly, initially with a super video graphics array fiber-optic
system (Silent Vision, SV-7021, AVOTEC), and later using an in-house
custom-made magnetic resonance-compatible visual stimulator. In both
cases, fiber scopes were aligned to the fovea for each of the subject’s eyes
by a fundus camera (RC250, Zeiss). The visual field of the scopes was
30 X 23° with a spatial resolution of 800 X 600 pixels and a frame rate of
60 Hz. The stimulus consisted of a high-contrast (100%) full-field rotat-
ing (180°/s) polar checkerboard, with the direction of the rotation being
reversed every second to minimize adaptation. Stimulus-on periods of
48 s were interleaved with stimulus-off periods (blank black screen) of
the same length. This sequence was repeated four times.

Spontaneous activity was recorded in runs of 4 min, with the monkey
sitting in complete darkness with its eyes open and no direct visual stim-
ulation (Logothetis et al., 2009). High-spatiotemporal resolution, multi-
shot (two segments) gradient echo-echoplanar imaging scans were run
for the acquisition of spontaneous activity [TR = 250 or 125 ms (two
experiments), TE = 20 ms, bandwidth = 100 kHz, flip angle = 20-25°],
yielding an intervolume time of 500 or 250 ms, respectively. The FOV was
96 X 96 mm or 96 X 48 mm (two experiments) with a matrix size of
128 X 128 or 128 X 64 (two experiments) and a slice thickness of 2 mm,
resulting in a voxel resolution of 750 X 750 X 2000 wm. Dummy scans
were run before all functional image acquisitions to ensure full saturation
of the signal. After functional recordings, a FLASH sequence was run for
anatomical reference (TR/TE = 2000/10 ms, bandwidth = 50 kHz, flip
angle = 70°, FOV = 96 X 96 mm, matrix size = 256 X 256, slice thick-
ness = 2 mm). In two experiments, anatomical scans were acquired using
GEFI sequences (TR/TE = 2000/10 ms, bandwidth = 80 kHz, flip an-
gle = 30°, FOV = 96 X 48 mm, matrix size = 512 X 256, slice thick-
ness = 0.5 mm).

For electrophysiological recordings, a small skull trepanation was per-
formed, the dura was left intact, and electrodes were slowly advanced into
visual areas under visual and auditory guidance using custom-built mi-
crodrives. In two experiments, electrodes consisted of single glass-coated
platinum-iridium wires (Ptyylr;,; diameter 18 wm) (Logothetis et al.,
2001). In all other experiments, multichannel electrodes were used (Mu-
rayama et al., 2010). These electrodes contained 10 single electrode leads
of 18 wm Pty lr,, wire spaced by either 400 or 800 wm. The angle of the
multichannel electrode penetration was such that electrode leads were
located both in V1 and V2 (Fig. 1A). Due to the fact that four amplifiers
were available in our combined electrophysiology-fMRI setup, we se-
lected 4 of the 10 available electrode leads in the initial phase of the
experiment. The selection was based on the following criteria. First, we
assessed the anatomical location of the leads. This was done based solely
on the magnetic resonance scans and by referring to a monkey brain atlas
(Saleem and Logothetis, 2007). Subsequently, we tested in succession
each one of the leads whose anatomical location was determined to be in
V1 or in V2, and we selected the four leads that exhibited the strongest
spiking/multiunit activity (MUA) response (defined as the power of the
extracellular signal in the range 900—-3000 Hz). It is important to note
that this selection was based only on the strength of the recorded re-
sponse and not on any specific response pattern. Due to the angle of the
electrode penetration and the chosen slice orientation and slice thickness
of the magnetic resonance images, we could not unambiguously deter-
mine the laminar distribution of the recording contacts in our experi-
ments. For the single glass-coated platinum-iridium electrodes,
recording leads were referenced to the electrode holder, which consisted
of a concentric metallic cylinder (either copper beryllium or a bronze
alloy) (Logothetis et al., 2001; Oeltermann et al., 2007). In case of the
multichannel electrodes, a flattened Ag wire, which was glued to the
carbon shaft, served as reference (Murayama et al., 2010). In both cases,
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Example of combined electrophysiological and BOLD fMRI recording and illustration of the spectral properties of the LFP. 4, Functional BOLD activation maps, superimposed on the

anatomical scans, in response to a high-contrast (100%), full-field, rotating polar checkerboard presented to both eyes. The activation maps are shown as the correlation coefficients (p << 0.0001,
ttest, uncorrected for multiple comparisons) between the BOLD signal and a boxcar model of the stimulus sequence convolved with a canonical hemodynamic response function. The green circles
indicate a schematic ROI located in V/1. The blue arrow indicates, for each slice, the approximate position of the multichannel electrode. B, Example BOLD signal time course, averaged over an ROI
located in V1, during spontaneous activity. Only 100 s are shown. C, Spectrogram of the LFPs recorded in V1 simultaneously with the BOLD signal shown in B. The average spectrum over the plotted
period is shown on the right as a solid black line. The dashed line illustrates the average spectrum computed using data from all sessions. D, Time course of the spontaneous LFP power in the alpha,

beta, and gamma bands (green, red, and blue lines, respectively) and total LFP power (gray line).

reference contacts rested in the recording chamber, which was filled with
a mixture of 0.9% NaCl dissolved in deuterium water and 0.6% agar-
agar, pH 7.4, solution, which guaranteed good electrical connections
between the ground contacts and the animal (Oeltermann et al., 2007).
The electrodes had impedances between 327 and 600 k(). Signals were
recorded broadband, amplified, and digitized at 20.83 kHz using a 16 bit
analog-to-digital converter (PCI-6052E; National Instruments). All pro-
cedures used for recordings and on-line hardware-driven cleaning of the
electrophysiological signals as well as the specifications of the recording
hardware and electrodes have been described in detail previously (Logo-
thetis et al., 2001; Oeltermann et al., 2007; Murayama et al., 2010).
Interpretation of LFP measures rests on well established biophysical
findings and models and depends upon the size, geometry, and laminar
structure of the neuronal generators (Nicholson, 1973; Mitzdorf, 1985;
Schroeder et al., 1995, 1998; Logothetis, 2003; Pettersen et al., 2006).
Considering our recording configurations and the well established direc-
tional specificity of the LFP in laminated cortical structures, we assume
that a prominent contribution to the recorded LFPs comes from excit-
atory and inhibitory synaptic potentials, mostly from pyramidal neurons
(Klee et al., 1965; Creutzfeldt et al., 1966a,b), but perhaps also from
stellate cells (Murakami and Okada, 2006) and from afterdischarges not

directly related to cellular activity (Granit et al., 1963; Mitzdorf, 1987;
Kamondi et al., 1998; Juergens et al., 1999).

Data processing. All data were analyzed off-line, using custom-written
software developed in Matlab (MathWorks). fMRI data were detrended
and spatially filtered (Gaussian kernel, 3 X 3 pixels with 1.5 ), and the
signal in each voxel was converted into SD units. The BOLD signal was
then averaged over regions of interest (ROIs) centered around the elec-
trode that were defined in V1 and in V2 using the anatomical scans as
reference and referring to a monkey brain atlas (Saleem and Logothetis,
2007). The number of voxels in each ROI ranged from 90 to 130 for V1
and from 70 to 100 for V2. Because respiration was kept constant in all
experiments to 24 strokes per min (corresponding to 0.417 Hz), the
BOLD signal was low-pass filtered with a cutoff of 0.3 Hz to remove
respiratory artifacts.

The electrophysiological recordings were decimated to 7 KHz. A de-
noising procedure was applied to remove artifacts caused by the changes
in the gradient changes of the electromagnetic fields (Logothetis et al.,
2001; Murayama et al., 2010), and the 50 Hz line interference was
removed.

Spectral estimation and band-limited power. LFP spectra were com-
puted using 0.5-s-long nonoverlapping windows. The window length



1398 - J. Neurosci., January 25,2012 - 32(4):1395-1407

was chosen to be 0.5 s to match the intervolume time of the fMRI acqui-
sitions and corresponded to 3500 points of the electrophysiology time
series sampled at 7 KHz. For each time window, the spectrum was ob-
tained using the multitaper technique (Thomson, 1982; Percival and
Walden, 1993), which provides an efficient way to simultaneously con-
trol the bias and variance of spectral estimates by using multiple Slepian
data tapers. We used three data tapers (corresponding to a bandwidth
parameter NW = 2), which provide a good tradeoff between the variance
in the spectral estimates and the frequency resolution of the spectra. The
LFP spectrogram in Figure 1C was generated using this procedure. The
population average spectrum of Figure 1C was obtained by taking
the mean of the spectra over all time windows and by averaging over
all recordings. We also quantified the total power within specific
frequency ranges (e.g., the alpha band 8-12 Hz). This band-limited
power was computed by integrating the power in the spectra within
the selected frequency band.

Mutual information. The aim of our information-theoretic analysis
was to quantify the relationships between a neurophysiological signal
(either the power of the LFP spectra at a single frequency value or the
power of LFPs in a given frequency band, or MUA, defined as the power
of the extracellular signal in the band between 900 and 3000 Hz) and the
BOLD signal. Mutual information [introduced by Shannon (1948) and
abbreviated to “information” in the following] is the most general mea-
sure of the statistical dependency between any two signals because it
depends on the full probabilities of observing the two considered signals
jointly and thus takes into account all possible ways in which the two
signals carry information about each other. As a result, information can
capture the contributions of correlations at all orders. Moreover, and
unlike for example the general linear model (Friston et al., 1994; Worsley
and Friston, 1995), it can also properly capture the effect of any nonlin-
earity between the two signals (Fuhrmann Alpert et al., 2007). Having
said this, it is trivial to model nonlinear dependencies within the general
linear model by including nonlinear terms (e.g., polynomial expansions
or classical interactions). It is important to note, however, that informa-
tion is a symmetric measure that does not quantify causal dependencies
between variables. Information values should thus only be interpreted as
measures of statistical dependency.

A caveat of the present information analysis is that, although it can
capture all types of nonlinear interactions between BOLD and LFP
power, it does not investigate the phase relationship between BOLD and
LFP. Therefore, the present study cannot rule out the presence of depen-
dencies of BOLD upon LFP phase or upon nesting of rhythms.

To compute information, we proceeded as follows. We quantized both
the BOLD and the neural signal into five levels, so that each level con-
tained 20% of the recorded values. We denote by B and P the set of
possible values taken by the quantized BOLD and by the quantized neural
signals, respectively. We then computed the mutual information (Shan-
non, 1948) as follows:

P(b
18; P) = X P(p) X P(b \p)log%, (1

)4

where P(b) and P(p) are the probability of the BOLD signal and of the
neural signal of taking a given value b and p, respectively. P(b | p) is the
probability of observing a given value b in the BOLD signal when the neu-
ral signal takes the value p. Since the experimental evaluation of these
probabilities is made from a limited number of experimental observa-
tions, the resulting information measures suffer from a limited sampling
bias (Panzeri et al., 2007). We corrected for this bias using the correction
developed by Panzeri and Treves (1996), which is computationally fast
and precise in the data-sampling regime considered here (Panzeri et al.,
2007). We then checked for residual bias by a bootstrap procedure: the
data points from the neuronal and the BOLD signal were paired at ran-
dom, and the information for these random pairings was computed.
Because in this random case the information should be zero, the resulting
value is an indication of a residual error. The bootstrap estimate of this
error was therefore removed. Additionally, we used the distribution of
bootstrap values as the null hypothesis distribution for testing the signif-
icance of positive information values.

Magri et al. @ BOLD Reflects the Relationships between LFP Bands

Complementary information. The above single-frequency information
analysis can be extended to compute the amount of information about
the BOLD signal that is obtained when jointly observing the power p1
and p2 in two different LFP frequency bands. The mutual information
that the joint knowledge of the powers pl and p2 conveys about the
BOLD signal is defined as follows:

P(b| p1p2)

I(B; P1P2) = », P(p1p2) >, P(b|plp2) log: =)

pip2 BOLD

(2)

where P(b | p1 p2) is the probability of observing a given value b in the
BOLD signal when the LFP power takes the value p1 in the first band and
p2inthe second band and P(p1 p2) is the overall probability of observing
powers pl and p2.

We say that the information conveyed by P2 is complementary to that
conveyed by P1 when the information I(B;P1 P2) carried by the joint
observation of the power of both bands is higher than the information
I(B;P1) carried by P1 only. This means that some information about the
BOLD signal that is not available in the power of one band is available in
the power of the other band. We quantify the amount of complementary
information about the BOLD signal provided by signal P2 over that
provided by signal P1 as follows:

GAIN = I(B; P1P2) — I(B; P1). (3)

The amount of complementary information can be expressed as the

percentage information increase as follows:

I(B; P1P2) — I(B; P1)
I(B; P1)

%GAIN = (4)
The %GAIN quantifies the amount of complementary information
added by a second signal as the percentage of the information already
present in the first signal. Note that the information gain simply reports
the extra information or predictability on observing a second variable
that cannot be explained by the first. However, this does not mean that
the predictions of the first variable depend upon the second and thus
cannot be interpreted as three-way mutual information.

The information I(B; P1 P2) was computed with the same discretiza-
tion and bias subtraction procedure described above for I(B;P). How-
ever, we performed an additional test on the complementarity values. For
each of the five classes in which we discretized the neural signal P1, we
randomly permuted the order of the signal P2 within the class of P1. This
shuffling destroys only the additional information carried by the second
power and hence provides a way to obtain a null hypothesis distribution
of information values under the assumption that the power of the second
band does not add any information beyond that already provided by the
power of the first band. We repeated the random permutations 20 times,
each time computing the resulting joint information I(B; P1 P2), and we
used these values to construct the “null hypothesis distribution” that P2
does not add information about B beyond that of P1.

Results

We performed simultaneous recordings of spontaneous neural
activity and BOLD fMRI in visual areas V1 and V2 of four anes-
thetized monkeys. Electrophysiological signals were recorded
from 9 sites in V1 from all monkeys and from 14 sites in V2 from
two monkeys, resulting in a total of 23 recording sites. Approxi-
mately 2 h of spontaneous activity were recorded from each site.
To investigate the relationship between the BOLD signal and the
electrophysiology at the same location, we evaluated the BOLD
signal in ROIs at the sites of the electrophysiological recording in
V1and V2 (Fig. 1 A). A representative example (session 102tv1) of
BOLD time series recorded in V1 is shown in Figure 1B. The
spectrum of the neural activity (Fig. 1C) showed a broadband
spectrum with sustained power over the whole range 0—-100 Hz
and with the power monotonically decreasing after an initial peak
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Information about the BOLD signal conveyed by LFP power at different frequencies. A, Mutual information between the BOLD signal and LFP power at different frequencies for different

lags 7 between the two signals (T > 0 indicates that the BOLD signal has been shifted back with respect to the neural response). Results are shown for a representative session (102tv1). Only
significant (p << 0.05, bootstrap test, uncorrected for multiple comparisons) information values are colored. On the right, the information values are plotted only for lag 7 = 3 s (orange line). The
average spectrum of the LFPs recorded during the session is also shown (black line). B, Mutual information between the BOLD signal and the LFP power in selected frequency bands and between the
BOLD signal and MUA (same session as in ). The following four LFP bands are considered: alpha ([8 —12 Hz], green line); beta ([18 =30 Hz], red line); gamma ([40 —100 Hz], blue line); the total LFP
power ([0—100 Hz], gray line); and MUA is computed as the power of the electrophysiological signal between 900 and 3000 Hz (cyan line). The inset shows the Pearson correlation between the BOLD
signal and the power in the LFP bands, and between the BOLD signal and MUA. ¢, Same plot as in A for a V2 recording site of session 102tv1. D, Same plot as in A for four additional sessions. One
additional session is shown for monkey 102, while one representative session is shown for each of the other monkeys.

at ~10 Hz. In the following, we systematically investigate the
relationship between this broadband range of frequencies and the
BOLD signal.

Three LFP bands carry information about the BOLD signal
To avoid committing too early to assumptions about a specific
partitioning of the LFP into bands, we began our analysis by
considering the relationship between the BOLD signal and the
LEP power at single frequencies. We computed the mutual infor-
mation between each LFP frequency and the BOLD signal for
different values of the delay Tintroduced between the neural and
the BOLD signal. The parameter T was varied between —2 and
10 s, with positive values of Tindicating that the BOLD signal has
been shifted back with respect to the neural response or, equiva-
lently, that the LFP recorded at time 0 is aligned to the BOLD
signal recorded at time 7.

The result of this analysis is shown in Figure 2 A for a repre-
sentative session (102tv1). We found significant mutual informa-
tion between the neural activity and the BOLD signal only for 7>
0, as expected, due to the fact that in early visual cortices changes
in neural activity precede those in the BOLD signal. Additionally,
we observed three distinct LFP frequency regions that carried
high information about BOLD: the 812, 1830, and 40—-100 Hz
ranges. In the following, we will refer to these three frequency
ranges as to the alpha, beta, and gamma bands, respectively, be-
cause their frequency ranges approximately correspond to
rhythms described and termed this way in the EEG literature.
However, it is important to note that with this partition and
naming of the LFP frequency range we do not imply the existence
of well separated rhythms corresponding to ambient EEG

rhythms documented in the waking animal. These three fre-
quency ranges are, in fact, not clearly separable as distinct peaks
in the LFP spectrum (Figs. 1 C, 24, 3A). We decided to separate
them based on how they carry information about BOLD, because
we were able to recognize these three informative frequency re-
gions across all monkeys (Fig. 2 D) and in both V1 and V2 record-
ings (Fig. 2C), and because (as we shall report in the following
subsections) these three frequency regions had well identifiable
and largely distinct relationships with the BOLD signal. The com-
plementary relationship with the BOLD signal of these frequency
ranges partly supports the interpretation of these bands as reflect-
ing partly different putative sources of neural activity, although
most likely these putative sources may not be completely separa-
ble by spectral analysis.

To understand whether neural activity integrated over a fre-
quency range was a better predictor of the BOLD signal than the
power of a single-frequency bin, we computed the information
about BOLD conveyed by the total power in each of the three
informative bands individuated above. For the example session
(I02tv1), we found (Fig. 2B) that gamma was by far the most
informative band (0.03 bits) followed by beta (0.015 bits) and
alpha (0.01 bits). We also found that the information conveyed
by the total (0-100 Hz) LFP power was much lower (0.02 bits)
than the information of gamma power and was comparable to
that of beta power. The differences in information between these
frequency bands suggest that the BOLD signal relates preferen-
tially to specific LEP frequency regions.

Moreover, there was a clear difference in the temporal profile
of the information carried by each band. Beta information in-
creased and peaked earlier than alpha and gamma information,



1400 - J. Neurosci., January 25,2012 - 32(4):1395-1407

Population B
Single Frequency Information [bits]
0.004 0.008 0.012
0
20 0.03
T 40 " 70.02}
o S
L 60 -
0.01r
80
100 "
== 0.005 bits

T [sec]

Figure 3.

| 02

Magri et al. @ BOLD Reflects the Relationships between LFP Bands

Population
Band Information

Linear Correlation alpha

0 2 4 6 8
T [sec]

Session summary of the information results. All results are shown as median over all sessions. 4, Mutual information between BOLD signal and LFP power at different frequencies for

differentlags Tbetween the two signals (= > 0 indicates that the BOLD signal has been shifted back with respect to the neural response). Only significant (p << 0.0001, bootstrap test, uncorrected
for multiple comparisons) information values are colored. On the right, the information values are plotted only for lag T = 3 s (orange line). The average spectrum of the LFPs is also shown (black
line). B, Mutual information between the BOLD signal and the LFP power in selected frequency bands, and between the BOLD signal and MUA. The following four LFP bands are considered: alpha
(18—12Hz], green line); beta ([18 —30 Hz], red line); gamma ([40 —100 Hz], blue line); and the total LFP power ([0—100 Hz], gray line); and MUA is computed as the power of the electrophysiological
signal between 900 and 3000 Hz (cyan line). The inset shows the Pearson correlation between the BOLD signal and different LFP bands, and between the BOLD signal and MUA. Solid lines indicate
the median over all sessions, and shaded areas indicate the range between the 40th and 60th percentile.

suggesting that changes in the activity of this band are reflected
earlier by changes occurring in the BOLD signal. The difference
in Tbetween the peak of the information conveyed by beta power
and that conveyed by alpha or gamma power was 0.5 s.

These results were confirmed at the population level (Fig. 3B).
Since we did not find any appreciable difference in the informa-
tion profile of V1 and V2 recordings, here and in the following,
we pooled V1 and V2 cases together to compute the population
median. Gamma power conveyed the largest amount of informa-
tion (median, 0.034 bits; 40th to 60th percentile, 0.029—-0.035
bits; uncorrected for multiple comparisons), followed by beta
(median, 0.017 bits; 40th to 60th percentile range, 0.015-0.019
bits; uncorrected) and alpha (median, 0.007 bits; 40th to 60th
percentile range, 0.005—0.008 bits; uncorrected). The informa-
tion conveyed by the total LFP power (median, 0.02 bits; 40th to
60th percentile range, 0.017—0.024 bits; uncorrected) was only
slightly higher than that of beta power. The information values
were significant for all bands (p < 0.05; bootstrap test; uncor-
rected). The peak of the information conveyed by beta power
consistently preceded that of alpha and gamma with a median
difference in 7 of 0.5 s both when comparing the information in
beta and gamma and that in beta and alpha (p < 0.05, Wilcoxon
test, uncorrected).

We considered whether the amplitude of a frequency compo-
nent of the neural signal predicted the information it carries
about BOLD. We did not find significant correlation (p > 0.05, ¢
test) between LFP power and the information values at 7= 3 s for
any frequency of the LFP spectrum. This suggests that strength of
the relationship between the power at a given frequency and the
BOLD signal cannot be predicted based on the relative power of
the LFP spectrum at that frequency.

To understand whether the power in the LFP bands and the
BOLD signal covary or anti-covary we computed the Pearson
correlation coefficient between the two signals. We found posi-
tive correlation (Figs. 2B, inset, 3B, inset) for all LFP bands, in-
dicating that an increase in the power of any of the bands
corresponds to an increase in the amplitude of the BOLD signal.
The correlation plots confirmed that changes in beta power are
reflected earlier by changes occurring in the BOLD signal com-
pared with the other bands considered. However, we observed
that while gamma information was approximately twofold, the

information carried by beta power, the ratio between the gamma
and the beta correlation coefficients, was only equal to 1.6. Be-
cause Pearson correlation quantifies only the linear part of the
relationship between the power of an LFP band and the BOLD
signal (while mutual information takes into account all possible
types of relationship), this observation suggests that a linear
model may not fully capture the relationship between gamma
power and the BOLD signal.

Finally, we considered MUA. The temporal profile of infor-
mation about BOLD carried by MUA was similar to that of the
gamma and alpha bands (Figs. 2 B, 3B). Consistent with previous
work (Logothetis et al., 2001; Kayser et al., 2004; Niessing et al.,
2005; Murayama et al., 2010), the information conveyed by MUA
about hemodynamic activity (median, 0.017 bits; 40th to 60th
percentile range, 0.012—0.019 bits; uncorrected) was lower than
that carried by gamma power, suggesting that LFPs are the pri-
mary neural correlate of the BOLD signal. In the following, we
will therefore concentrate on the LFP frequency range and inves-
tigate in detail how the different components of its spectrum
reflect in the BOLD signal.

The amplitude of the BOLD signal scales with gamma power
The high information values between gamma power and the
BOLD signal indicate, consistently with previous studies (Logo-
thetis et al., 2001, 2010; Kayser et al., 2004; Niessing et al., 2005;
Goense and Logothetis, 2008; Murayama et al., 2010; Scholvinck
et al., 2010), that the gamma band is the LFP band that more
strongly relates to changes in the BOLD signal. Information,
however, does not tell us about the form of the relationship ex-
isting between the BOLD signal and gamma power. To under-
stand how changes in gamma power are related to changes in the
BOLD signal, we thus characterized the specific variations in
BOLD signal following changes in gamma power as follows. We
subdivided the values of gamma power in each session into 10
percentile levels, and we computed, for each level, the corre-
sponding variation in BOLD signal. The procedure is illustrated
in Figure 4 A for the highest (top 10%) gamma power level con-
sidered and for a representative session (102tv1).

We observed (Fig. 4B) that we could subdivide the gamma
power into three groups based on whether the BOLD signal in-
creased, decreased, or did not change following the selected
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The amplitude of the BOLD signal scales with gamma power. 4, lllustration of the procedure for computing average changes in the BOLD signal following different intensities of gamma

power. Data are from session 102tv1. Left, The top 10% gamma power data points and the BOLD signal in the 15 s following three of the detected high-gamma power events are highlighted in blue.
Right, Average change in BOLD signal following the top 10% gamma power data points. B, Average changes in BOLD signal for each of the 10 percentile levels of gamma power (same data asin A).
The significance levels (black dashed lines) were computed as the fifth and 95th percentile of the distribution of changes in BOLD signal following sets of randomly selected data points (the number
of points in each random set being equal to the number of points in each of the 10 gamma percentile levels). C, Average changes in BOLD signal (same type of plot as in B) for four additional sessions.

One representative session is shown for each monkey.

gamma power events. On average, the BOLD signal increased
significantly (p < 0.05; bootstrap test is described in the caption
of Fig. 4) following gamma power in the top three percentile
levels (covering the range 70—100%), while it decreased signifi-
cantly (p < 0.05) following gamma power in the lowest four levels
considered (range 0—40%). A decrease in gamma power below its
median value (Fig. 4 B, red mark in the colorbar) led to a decrease
in BOLD signal of magnitude comparable to the increases ob-
served following the top three percentile gamma levels. Finally,
when gamma power was close to its median value (40-70%
range) changes in BOLD fMRI were not significant.

We observed that the amplitude of the peaks and troughs of
the computed changes in BOLD signal scaled with gamma power
intensity. The higher the gamma power, the higher the peak of the
subsequent BOLD signal increase. The lower the gamma power,
the lower the trough of the BOLD signal decrease. Moreover,
both peaks and troughs occurred with a 3.5 s delay. These results
indicate that increases and decreases in gamma power can predict
as reliably both increases and decreases in the BOLD signal that
occur a few seconds later.

Our measures of the maximally informative delays between
the neural activity and the BOLD signal are in agreement with
data from combined neurophysiological BOLD fMRI recordings
in anesthetized monkeys during spontaneous activity previously
reported from our laboratory (Murayama et al., 2010). In this
study, using different analysis techniques, we found maximal
neurovascular coupling at a lag of 4-5 s. The small difference in
time lags between the current study and the earlier one may be
attributed to the longer intervolume time (2 s) used in the earlier
study, compared with the high temporal resolution (intervolume
time = 0.5 s) used in our current experiments. We verified that if

we downsampled our data with 2 s intervals, we obtained infor-
mation and correlation peaks with a delay of 4 s (data not shown).

The above results were highly consistent across sessions and
monkeys (Fig. 4C). To investigate quantitatively the scaling of the
amplitude of BOLD signal changes with gamma power at the
population level, we computed the difference in average BOLD
amplitude between each gamma percentile level and the percen-
tile level immediately below at a lag 7 = 3.5 s. We then pooled the
difference values for all percentile levels and sessions, and found
that at the population level these average differences were signif-
icantly positive (p < 10 ~'°, ¢ test; data not shown).

Beta and alpha power carry information complementary to
that of gamma power

The above information theoretical analysis revealed that, al-
though the gamma band was the one with the highest informa-
tion, also the alpha and beta bands conveyed information about
the BOLD signal. An important question is whether these two
bands merely reflect information already contained in gamma
power or whether they instead carry information, which is of a
different nature with respect to that in gamma power.

To address this question, we quantified the difference between
the information increase obtained when combining gamma
power, together with the power in either the beta or alpha band,
and the information carried by gamma power alone. This infor-
mation gain corresponds to the amount of complementary infor-
mation carried by the alpha or beta band over the information
carried by the gamma band (see Materials and Methods).

We found (Fig. 5A) that the beta band added the largest
amount of information complementary to that carried by the
gamma band. When combining beta power with gamma power,
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the complementary information was A
higher between 1.5 and 3.5 s. Over this
time range, the median information in-
crease was significant (p < 0.05, bootstrap
test, uncorrected) and was 0.006 bits (in-
terquartile range, 0.004—0.015 bits),
which corresponds to a gain of ~30%
over the information conveyed by gamma
power alone (Fig. 5B).

The complementarity of information
between alpha and gamma power (Fig.
5A) occurred between 2.5 and 4 s. The
amount of complementary information
carried by alpha power over this time -
range was significant (p < 0.05, bootstrap
test, uncorrected) and had a median value
of 0.002 bits (interquartile range, 0.001—
0.008 bits), which corresponds to a 7%
gain in information (Fig. 5B). The infor-
mation gain obtained for alpha power was
significantly smaller than that obtained
for beta power (p < 0.01, Wilcoxon rank
sum test).
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The information gain yielded by alpha and beta power. 4, Gain in the information about the BOLD signal yielded by
alpha power and beta power over the information conveyed by gamma power alone. Results are plotted as the median over all
sessions. Only significant (p < 0.05, bootstrap test, uncorrected for multiple comparisons) information values are colored. The
highest information gain was found for beta power between 1.5 and 3.5 s. The information for alpha power was maximal between
2.5and 4.5 5. B, Percentage information gain yielded by alpha and beta power over gamma power. For each band, information
values were averaged over the range of lags for which the information gain (4) was maximal. Results are plotted as median (yellow
bar) and interquartile range (box). The whiskers extend to the most extreme data points not considered outliers, and outliers are
plotted as orange crosses (outliers outside the range 0—110% are moved to these limits). The power in the beta and alpha bands

yielded ~30% and 7% additional information over the information conveyed by gamma power alone, respectively.

The information added specifically by

beta power

The high values of complementary information observed be-
tween gamma and beta power indicate that beta power can be
used to improve the prediction about the BOLD signal obtained
using gamma power alone. To understand what information is
added specifically by beta power, we investigated the relationship
between beta power and the BOLD signal when variations in
gamma power were limited to a small range of intensities. To this
aim, we subdivided gamma power into three percentile levels—
low, median, and high gamma power—approximately corre-
sponding to the three ranges of intensities that were found above
to be followed by decreases, no change, or increases in BOLD
signal.

We begin by considering the relationship between beta power
and the BOLD signal when gamma power was within the high
(top 33%) percentile range. We selected values of beta power
corresponding to gamma power within this high range of inten-
sities, we subdivided them into three percentile levels—low, me-
dian, and high beta power—and then computed the average
variation in BOLD signal following each level. This procedure is
illustrated in Figure 6 A for a representative session (102tvl). On
average, the BOLD signal exhibited an increase following all three
levels of beta considered (Fig. 6 B), as expected from the fact that
we considered high values of gamma power. However, we found
that between 0.5 and 3.5 s (highlighted in the inset) the shape of
the three BOLD curves could be discriminated based on beta
power. In particular, BOLD signal increases were anticipated or
delayed depending on whether the accompanying beta power was
high or low, respectively. While this observation is consistent
with and can partially explain the earlier onset of information
(and Pearson correlation) observed for the beta band in Figures 2
and 3, it is important to note that this timing relationship could
not have been predicted based solely on the results of an infor-
mation or correlation analysis.

To confirm this effect at the population level, we increased the
sampling rate by linear interpolation and computed the differ-
ence in rising time (defined as the lag at which the average BOLD
change reached the middle point between the value at 7 = 0 and

the peak) between neighboring levels of beta power. We found
(Fig. 6 D) that, over the population, increasing beta power by one
percentile level shifted the rising time by —0.2 s (median value;
interquartile range —0.35 to —0.1; p < 105, ¢ test), indicating
that high beta power corresponds to an anticipation of the vari-
ations in the BOLD signal following high-gamma power events.

To confirm that the time shift observed in the BOLD signal
changes was indeed characteristic of the beta band and not just of
low frequencies in general, we performed the same analysis using
frequency ranges other than the beta band. We found (Fig. 6C,D)
that using alpha power, instead of beta, did not produce any shift
in the time of increases in the BOLD signal following high values
of gamma power (p = 0.35, ¢ test). Moreover, we repeated the
analysis using gamma power itself as a modulating factor (i.e., we
further subdivided the top 33% gamma power values into three
gamma sublevels). We also found (Fig. 6 D) that in this case the
distribution of the differences in rising time was not significantly
different from zero (p = 0.13, t test, uncorrected), suggesting that
the observed beta power-related time shifts in the BOLD signal
responses to high gamma power activity cannot be explained by
inhomogeneities in the values of gamma power within a class. We
only observed a significant time shift of the BOLD signal follow-
ing high gamma activity when conditioning the responses upon
the total (0—-100 Hz) LFP power instead of beta power (Fig. 6 D)
(p = 0.015, ¢ test, uncorrected). However, this result could be
explained simply with the observation that the total LFP power
also includes beta power. When conditioning the changes in the
BOLD signal to gamma activity upon the power in the total LFP
band minus the power in the beta band (Fig. 6 D), the shift in the
rising times was no longer significant (p = 0.24, t test,
uncorrected).

To understand how beta power reflects changes in decreases in
BOLD signal following low values of gamma power, we investi-
gated the relationship between beta power and the BOLD signal
when gamma power was within its lowest 33% range. The results
are shown in the bottom plot of Figure 6 B. For all levels of beta
power, the BOLD signal exhibited on average a decrease in am-
plitude, as expected from the fact that we considered the lowest
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Figure6. Mechanisms of the complementarity between gamma and beta power. 4, lllustration of the procedure for computing average changes in BOLD signal following different intensities of
beta power at fixed gamma power. Data are from session [02tv1. Gamma power data points corresponding to the top 33% gamma power intensities are marked in blue. Beta power values during
these epochs of high gamma power are subdivided into three equally populated levels of increasing intensity highlighted with three shades of red (lighter red corresponds to lower beta intensities).
Changes in BOLD signal in the 15 s following detected beta power data points are indicated using the same color convention as for beta power. Only three BOLD segments are shown for simplicity,
one segment for each level of beta power. B, Average changes in BOLD signal following each of the three levels of beta power at fixed gamma power. Same data as in A. Results are shown for each
of the three fixed gamma levels (top, middle, and lowest 33%). The insets show a detail of the average BOLD curves between 1.5and 3.55. ¢, Same plot asin B, top, but for the average BOLD changes
computed using alpha power (green), gamma power (blue), and the total LFP (0—100 Hz) power (gray) instead of beta power. D, Distribution of the shift of rising time between neighboring levels
of beta power (see main text). Box plots are shown also for the alpha, gamma, total LFP power, and the difference, LFP— beta, between the total LFP power and the beta band. Results are plotted
as median (yellow bar) and interquartile range (box). The whiskers extend to the most extreme data points not considered outliers, and outliers are plotted as orange crosses. Bands for
which the distribution of the rising time was significantly negative (p << 0.05, Wilcoxon signed rank test) are highlighted in gray. The top (bottom) plot shows the shifts in rising time
of the BOLD responses following the top (lowest) 33% of gamma power events. Negative (positive) shifts in rising time mean anticipation (delay) of the variations in the BOLD signal

following the high (low) gamma power event.

gamma power intensities. Again, we observed that between 0.5
and 3.5 s (highlighted in the inset) the average BOLD signal
curves could be discriminated based on beta power. In this case,
however, decreases in the BOLD signal occurred later for higher
values of beta power. We tested this result at the population level
in a similar way to what we did for the increasing BOLD curves.
Again, we found that only when using beta power the shifts in the
average BOLD signal changes were significant (p < 0.05, ¢ test,
uncorrected).

Finally, we observed no relationship between beta power and
the BOLD signal when gamma power was in the middle 33%
level, consistent with the observation that no significant changes
in BOLD signal occurred when gamma power was within this
range.

How the relationship between gamma power and alpha power
reflects upon the BOLD signal

We next investigated the nature of the relationship between the
respective contribution of alpha and gamma to the BOLD signal.
A recent theory (Kilner et al., 2005) suggests that increases in the
BOLD response are associated with a loss of power in low LFP
frequencies (e.g., the alpha band) relative to high frequencies
(e.g., the gamma band). The heuristic described by Kilner et al.
(2005) is based upon the straightforward idea that neuronal ac-
tivation is mediated by an increase in coupling among neuronal
populations. In dynamic systems, a coupling corresponds to a
rate constant, which means that activations are associated with
increased rate constants and faster dynamics; in other words, a
shift in the frequency profile toward higher frequencies. Neuro-
physiologically, this is intuitive because increased synaptic activ-

ity increases postsynaptic membrane conductance and therefore
decreases the effective membrane time constants. In other words,
this theory states that the BOLD signal does not depend only on a
frequency band per se but rather on the overall spectral profile,
with spectral profiles biased toward higher frequencies giving the
largest BOLD response. A simple prediction of this theory is that
an increase in low-frequency power (e.g., alpha) without a
change in total LFP power would lead to a reduction in BOLD
signal, whereas an increase in high-frequency power (e.g.,
gamma) without a change in total LFP power would increase the
BOLD signal.

We tested this prediction by evaluating the relationship be-
tween each frequency in the LFP spectrum and the BOLD signal
at fixed values of the total LFP power. We subdivided the total
(0—100 Hz) LFP power into 10 percentile levels and computed,
for each level, the Pearson correlation coefficient between LFP
power at each frequency and the BOLD signal at different lags.
For this analysis, we used Pearson correlation because, unlike
information, it can assume both positive and negative values,
thus indicating whether the signals covary or anti-covary. We
found that, while overall (i.e., across all data points) the correla-
tion between single LFP frequencies and the BOLD signal was
positive for all LFP frequencies (Figs. 3B, 7A), when considering
fixed levels of total LFP power the Pearson correlation was nega-
tive for frequencies <20 Hz, reaching a minimum at 12 Hz. The
correlation remained instead positive for frequencies >30 Hz.
These results are compatible with the prediction of the model
proposed by Kilner et al. (2005). Additionally, these results estab-
lish a clear frequency boundary at ~20 Hz for identifying the
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Alpha powerand the BOLD signal anticorrelate at fixed LFP power. 4, Pearson correlation between the power at single LFP frequencies and the BOLD signal delayed by 3.5 s with respect

to the electrophysiology. The left plot shows the overall correlation coefficient computed across all data points. The middle plot shows the Pearson correlation computed only across data points
belonging to the LFP power percentile indicated on the x-axis (we call this “correlation at fixed LFP power”). The right plot shows the average of the Pearson correlation at fixed LFP power over all
LFP percentile levels. B, Percentage information gain yielded by alpha and beta power over the information conveyed by gamma power at fixed total LFP power (gain values were averaged over the
10 percentile levels in which the total LFP power was subdivided). Results are plotted as median (yellow bar) and interquartile range (box). The whiskers extend to the most extreme data points not
considered outliers, and outliers are plotted as orange crosses (outliers outside the range 0—110% are moved to these limits).

range of low frequencies that anticorrelate with the BOLD signal
at fixed total LFP power.

We next investigated whether the difference in sign of the
correlation between alpha or gamma power and the BOLD signal
at fixed total LFP power reflects a genuine dependency of the
BOLD signal upon the relative power of the gamma and alpha
bands, as it would be predicted by the model in Kilner et al.
(2005). We tested this by computing the complementarity of the
information about the BOLD signal conveyed by gamma and
alpha at fixed LFP power. We found that, at fixed LFP power,
knowledge of alpha power increased by 15% the amount of in-
formation about the BOLD signal that could be extracted from
gamma power alone (Fig. 7B). The fact that alpha power adds
information that cannot possibly be extracted from gamma
power means that the BOLD signal genuinely correlates with the
relative spectral profile of alpha and gamma power beyond what
can be explained by the relation between BOLD and total LFP
power or between BOLD and the power in a single band.

The complementarity of information between alpha and
gamma power was less pronounced when considering all data
points (Fig. 5B) rather than when considering data points at fixed
total LFP power (Fig. 7B). In our view, this was at least partly due
to covariations between the LFP bands. We found that the power
in the alpha, beta, and gamma bands covaried across trials follow-
ing time variations of the total power. The degree of covariation
between alpha and gamma may be a factor reducing their overall
complementarity.

It is worth noting that the correlation between gamma and
beta is expected to have little or no impact upon the complemen-
tarity between gamma and beta, because shift in the timing of the
BOLD signal changes following variations of gamma power re-
sponse was found to be characteristic of beta power only and does

not depend on the total LFP (once beta power has been removed)
(Fig. 6 D). Indeed, our analysis shows that the degree of comple-
mentarity of information about BOLD between gamma and beta
power was the same overall (Fig. 5B) and at fixed total LFP power
(Fig. 7B).

In sum, our analysis suggests a genuine dependency of the
BOLD response amplitude upon the overall shape of the LFP
spectrum, in particular with the BOLD response amplitude being
sensitive to the conjunction of values of alpha and gamma power
rather than being exclusively sensitive either to the total LFP
power or to the power of a single band.

Discussion

Substantial evidence suggests that components of mass neural
activity that contribute to the LFP can be separated, to a large
extent, by decomposing it into different nonoverlapping fre-
quency regions. Therefore, characterizing the relationship be-
tween BOLD contrast changes and different frequency regions of
the LFP spectrum is useful for understanding what fMRI can tell
us about the involvement of different neural pathways to cortical
processing. Here we made progress in this direction by using a
combination of simultaneous recordings of LFP and fMRI during
spontaneous activity with mathematical analyses to investigate
whether the BOLD signal reflects specific relationships among
different LFP bands. These data were collected under remifenta-
nil anesthesia because it allows recording of large datasets while
minimally affecting both neurophysiological and fMRI re-
sponses, as well as their coupling, in primary visual cortex
(Goense and Logothetis, 2008). We found a particularly strong
relationship between BOLD and LFP frequencies in the range
between 8 and 100 Hz. The relative values of the power across
different parts of the spectrum affected both the timing and the
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amplitude of the BOLD signal. The significance of our findings is
discussed in the following.

The amplitude of the BOLD signal reliably reflects both
increases and decreases in gamma power

Consistent with previous studies (Logothetis et al., 2001, 2010;
Kayser et al., 2004; Niessing et al., 2005; Goense and Logothetis,
2008; Murayama et al., 2010; Schoélvinck et al., 2010), we found
that the LFP frequency range that was most informative about the
BOLD signal was the 40-100 Hz gamma range. The LFP power in
this frequency range has stimulus tuning properties that are
partly different from those of spiking activity (Gieselmann and
Thiele, 2008; Ray and Maunsell, 2011) and have been hypothe-
sized to reflect recurrent interactions between inhibitory and ex-
citatory cortical neurons (Brunel and Wang, 2003). Although in
principle the information between the BOLD contrast and
gamma power could result from reliable changes in BOLD signal
only in response to increases of gamma activity and not to its
decreases, here we demonstrated that this was not the case:
changes in BOLD signal followed reliably both increases and de-
creases in gamma power. This shows that the neural deactivation
reflected in a decrease of gamma power can be indeed mapped
not only from sustained negative BOLD responses induced by
specifically designed stimulation (Shmuel et al., 2006) but also
from subtle, single-trial variations such as those observed during
spontaneous activity.

Timing of variations of the BOLD signal reflect activity in the

beta band

We found that the 18-30 Hz beta range was the second most
informative LFP band, carrying information complementary to
that of the gamma band. This is consistent with a previous study,
which suggested an independent contribution of beta (18 —28 Hz)
and gamma power to the BOLD variance (Scheeringa et al.,
2011). Our data provided novel insights into the nature of this
contribution by revealing that beta power correlates with how
fast changes in the BOLD signal occur following changes in
gamma power. Higher beta power corresponds to faster increases
(slower decreases) of the BOLD signal, and lower beta power
corresponds to faster decreases (and slower increases) in BOLD
signal.

Second, our demonstration of complementarity using infor-
mation theory represents itself a methodological advance. Be-
cause information captures all ways by which a signal relates to
another, finding that another signal carries extra information
demonstrates that this signal truly provides some information
that cannot be possibly obtained from the first one. This does not
necessarily hold when using methods that capture only specific
relationships between signals. For example, an increase in pre-
dictability based on linear models may reflect both additional
information from the second regressor as well as information
that was already present in the first regressor but was not cap-
tured by the linear assumption.

In a previous study (Belitski et al., 2008) in the same cortical
areas and under the same anesthesia conditions, we reported that,
while the gamma band was strongly stimulus modulated, the
frequencies in the beta range, though highly correlated between
each other and so likely arising mostly from a single source, were
largely stimulus independent. This led us to suggest that the beta
band may reflect the contribution of a stimulus-independent
neuromodulatory pathway, and we therefore named this fre-
quency range the “neuromodulatory band” (Belitski et al., 2008).
Release of neuromodulators such as acetylcholine, noradrena-
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line, and serotonin has been shown to affect cortical excitability
(Steriade et al., 1993). Neuromodulators may alter the relation-
ship between the BOLD signal and neural activity in many ways,
for example, by affecting key neural parameters such as the bal-
ance between excitation and inhibition (Constantinople and
Bruno, 2011), or they may be involved in the regulation of cere-
bral blood flow and neurovascular coupling (Girouard and Iade-
cola, 2006; Drake and Iadecola, 2007), therefore allowing faster or
slower hemodynamic responses. An important caveat is that the
statistical relationship observed between beta power and the
BOLD signal does not necessarily imply causality from beta
power to BOLD but could reflect, instead, coupling between dif-
ferent LFP bands. For example, beta power may precede increases
in gamma power that are reported by BOLD slightly later in time.
Nonlinear coupling of this type is implicit in the neuromodu-
latory correlates of beta activity discussed above and will need
further work to be comprehensively documented, using, for
example, a Volterra description (Friston et al., 2000) of these
interactions.

Cortical microcircuits are thought to be capable of changing
their mode of operation by acting either as drivers, faithfully
transmitting stimulus-related information, or as modulators, ad-
justing the overall sensitivity and context specificity of the re-
sponses. Being able to track the relationship between these modes
of operation and BOLD responses would greatly enhance our
understanding of how to differentiate between function-specific
processing and neuromodulation in BOLD fMRI. The results
presented here make some steps in this direction by suggesting
that it might be possible to separately map stimulus-related ac-
tivity (e.g., gamma) and stimulus-unrelated activity (e.g., beta)
using the BOLD signal, given that these components of neural
activity are to some extent reflected differentially in the BOLD
contrast.

The amplitude of the BOLD signal and the relative power of
high- and low-frequency neural activity: implications for
models of neurovascular coupling

Recent theoretical work suggested that the amplitude of the
BOLD signal may depend on the ratio between the power of
neural activity at low and high frequencies, because the energy
dissipation of neural activity may be more pronounced at higher
frequencies (Kilner et al., 2005). This model was recently tested
on simultaneous EEG-fMRI recordings with contrasting results
and interpretations (Rosa et al., 2010; Scheeringa et al., 2011).
Our results provide a direct confirmation, based on simultaneous
colocalized electrophysiological and fMRI recordings, of the hy-
potheses of Kilner et al. (2005), as we showed that an increase of
LFP power in the range 8—12 Hz, referred to as the alpha band,
without a change in total LFP power led to a reduction in the
BOLD response, whereas an increase in gamma power without a
change in total LFP power increased the BOLD activation. More-
over, our result that alpha power carried information about
BOLD complementary to that of gamma power (both at fixed
total LFP power and across all data points) further supports the
view that the amplitude of the BOLD response genuinely depends
upon the overall shape of the LFP spectrum and not simply upon
the total LFP power or the power of a single band.

Our results should not be interpreted as showing that the
BOLD signal only or primarily reflects the ratio between the
power at low and high frequencies, but rather that the relative
power across frequencies is one of the factors modulating the
relationship between the BOLD signal and neural power. In our
view, the report by Scheeringa et al. (2011) of negligible trial-to-
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trial covariations of gamma and alpha power at fixed BOLD sig-
nal amplitude is also compatible with the considerations of Kilner
et al. (2005) and with the results reported here. In fact, a given
value of BOLD amplitude may, for example, be obtained either
with high total LEP power and relative high alpha power, or with
lower total LFP power but relative high gamma power. This may
result in overall weak trial-to-trial correlations between alpha and
gamma power at fixed BOLD values.

Previous studies revealed both positive (Goense and Logothe-
tis, 2008; Murayama et al., 2010) and negative (Mukamel et al.,
2005; Scholvinck et al., 2010) correlation values between alpha
power and BOLD fMRI. This difference may be partly reconciled
by our finding that both alpha power and the BOLD signal were
positively correlated with the total LFP (0—100 Hz) power. When
large variations of total LFP power occur, alpha power will appear
to be positively correlated with the BOLD signal as a reflection of
their common covariation with total LFP power. However, when
the range of variations of total LFP power within the experiment
is restricted, for example, by fixing the stimulus or the task, then
alpha power may also be anticorrelated with the BOLD signal.
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