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Abstract: Recent studies have demonstrated large amplitude spontaneous fluctuations in functional-
MRI (fMRI) signals in humans in the resting state. Importantly, these spontaneous fluctuations in
blood-oxygenation-level-dependent (BOLD) signal are often synchronized over distant parts of the
brain, a phenomenon termed functional-connectivity. Functional-connectivity is widely assumed to
reflect interregional coherence of fluctuations in activity of the underlying neuronal networks. Despite
the large body of human imaging literature on spontaneous activity and functional-connectivity in the
resting state, the link to underlying neural activity remains tenuous. Through simultaneous fMRI and
intracortical neurophysiological recording, we demonstrate correlation between slow fluctuations in
BOLD signals and concurrent fluctuations in the underlying locally measured neuronal activity. This
correlation varied with time-lag of BOLD relative to neuronal activity, resembling a traditional hemo-
dynamic response function with peaks at ~6 s lag of BOLD signal. The correlations were reliably
detected when the neuronal signal consisted of either the spiking rate of a small group of neurons, or
relative power changes in the multi-unit activity band, and particularly in the local field potential
gamma band. Analysis of correlation between the voxel-by-voxel fMRI time-series and the neuronal ac-
tivity measured within one cortical site showed patterns of correlation that slowly traversed cortex.
BOLD fluctuations in widespread areas in visual cortex of both hemispheres were significantly corre-
lated with neuronal activity from a single recording site in V1. To the extent that our V1 findings can
be generalized to other cortical areas, fMRI-based functional-connectivity between remote regions in
the resting state can be linked to synchronization of slow fluctuations in the underlying neuronal sig-
nals. Hum Brain Mapp 29:751-761, 2008.  ©2008 Wiley-Liss, Inc.
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Recent advances in imaging sciences have provided plat-
forms that make it possible to investigate how human
brain activity correlates with cognition. The majority of
functional brain imaging studies in humans relies on func-
tional MRI (fMRI) and on imaging the blood oxygenation
level-dependent (BOLD) signal in particular [Bandettini
et al,, 1992; Kwong et al.,, 1992; Ogawa et al., 1990, 1992].
FMRI relies on metabolic and hemodynamic changes to
infer underlying local changes in neuronal activity. The
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fMRI signal may therefore be considered only an in-
direct measure of neuronal activity. Understanding how
metabolic and hemodynamic signals are derived from the
underlying neuronal activity is therefore essential for using
fMRI as a tool to study brain function.

Recent studies have established a link between increases
in neuronal activity and localized increases in cerebral
blood flow [CBF; Mathiesen et al., 1998] and BOLD [Logo-
thetis et al., 2001] signals. Increases in neuronal activity
induce an increase in the local CBF, which exceeds the
increase in oxygen consumption [Fox and Raichle, 1986;
Hoge et al., 1999], resulting in lowered deoxyhemoglobin
content and increased BOLD signals [Buxton et al., 2004].
More recently, decreases in fMRI signals relative to baseline
were investigated, and were shown to be associated with
decreases in CBF and oxygen consumption [Shmuel et al.,
2002; Stefanovic et al., 2004; Uludag et al., 2004, Pasley
et al., 2007] and correlated with decreases in neuronal activ-
ity [Shmuel et al., 2006]. Despite these and other advances,
neurovascular coupling mechanisms in the cerebral cortex
are not yet fully understood, and interpreting functional
brain imaging signals in terms of neuronal activity remains
difficult [Lauritzen, 2005].

The relationship between BOLD and neural events dur-
ing the resting state is of particular current interest. While
early human fMRI studies considered large spontaneous
signal fluctuations typically seen during rest to be uninter-
esting “noise”, a great deal of recent work has focused on
measuring and interpreting these signals [Biswal et al,,
1995; Fox and Raichle, 2007]. These spontaneous fluctua-
tions in fMRI signals are reminiscent of previously demon-
strated spontaneous fluctuations in cortical neuronal signals
obtained from cats [Arieli et al., 1996] and monkeys [Leo-
pold et al., 2003]. They appear highly structured in their
spatial correlations, and are therein thought to reflect
potentially meaningful underlying neural processes. Such
ongoing spontaneous activity signals have been shown, for
example, to influence cortical evoked responses and to even
account for variability in the somatomotor cortex BOLD
responses following button presses [Fox et al., 2006].

Importantly, fluctuations in fMRI signals at rest are corre-
lated over large parts of the human brain [Biswal et al.,
1995; Greicius et al., 2003; Fox et al., 2005; Nir et al., 2006].
Two widely distributed brain networks can be identified on
the basis of both spontaneous correlations within each net-
work and negative correlations between them [Greicius
et al., 2003; Fox et al., 2005]. One of these networks encom-
passes cortical regions involved in focused attention and
working memory, while the other covers areas that are rou-
tinely deactivated during attention demanding cognitive
tasks. Additionally, smaller networks of regions that rou-
tinely respond together to external stimuli or cognitive
tasks show correlated activity in the resting state [Fox and
Raichle, 2007]. A recent fMRI study in anesthetized mon-
keys showed that four different networks can be identified
in the monkey cortex, based on correlated spontaneous fluc-
tuations within each system [Vincent et al., 2007]. It has

been suggested that task-driven neuronal responses and
behavior are reflections of this dynamic, ongoing, functional
organization of the brain [Fox et al., 2005]. Given these find-
ings, it has been hypothesized that rather than being an epi-
phenomenon, fluctuations in the resting state have an im-
portant role in brain function [Fox and Raichle, 2007].

While the spontaneous fluctuations in fMRI signals and
functional connectivity at rest have been attracting growing
attention from the scientific community, the extent to which
they reflect underlying neuronal processes is unclear. Some
evidence has suggested that the spontaneous BOLD fluctua-
tions are indeed related to underlying neural activity. A few
studies using EEG measured in concert with fMRI acquisi-
tion showed that in subjects at rest with eyes closed, poste-
rior EEG alpha power is inversely related to BOLD signal in
regions of occipital, superior temporal, inferior frontal, and
cingulate cortex [Goldman et al., 2002; Laufs et al., 2006;
Moosmann et al., 2003]. Consistent with this observation,
NIRS-EEG measurements demonstrated a positive cross-
correlation in occipital cortex between alpha activity and
concentration changes of deoxygenated hemoglobin. Power
in a 17-23 Hz range of beta activity is positively correlated
with activity in retrosplenial, temporo-parietal, and dorso-
medial prefrontal cortices, constituting the “default mode”
regions [Laufs et al., 2003]. The distributed patterns of fMRI
activity that were correlated with power in different EEG
bands overlapped strongly with those of functional connec-
tivity, i.e., intrinsic covariations of regional activity at rest
[Laufs et al., 2003]. Previous experiments in anesthetized
monkeys revealed consistent positive impulse response
function when correlating spontaneous fluctuations in local-
field potentials (LFP) and the local fMRI signal around the
electrode [Logothetis et al., 2001, Fig. 4a]. Using neurophys-
iological recordings in monkeys, Leopold et al. [2003] dem-
onstrated widespread, slow correlations in the local field -y
range power. They proposed that such fluctuations might
make a significant contribution to the high amplitude fluctu-
ations observed in the time course of resting state signals, as
well as the undesirable variability that plagues the repeated
presentation of the same stimulus during functional imag-
ing. In contrast, other recent studies have emphasized fluc-
tuations of non-neuronal origin arising from physiological
fluctuations, e.g. vascular vaso-motion [Mayhew et al., 1996]
respiration [Birn et al., 2006; Wise et al., 2004], and imaging
system noise and MRI artifacts [Gretton et al., 2006]. There-
fore, the degree to which spontaneous BOLD fluctuations of
the type observed in functional connectivity studies reflects
fluctuations in the underlying neuronal activity remains
unclear.

The present study uses a combined techniques approach,
where neural and fMRI signals were simultaneously
recorded from the brains of anesthetized monkeys. We
explored whether spontaneous variation in the BOLD sig-
nal in time was correlated with spontaneous fluctuations in
neuronal spiking activity, and with relative changes in dif-
ferent frequency bands of the LFP. We show that spontane-
ous neural signals consistently correlate with the BOLD
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fluctuations. In considering the correlation independently
for each voxel, we describe the temporal features and
spatial extent of covariation between the electrical and
hemodynamic signals. Preliminary results were presented
by Leopold et al. [2002] and Shmuel et al. [2006, 2007].

MATERIALS AND METHODS

The procedures used for surgery, anesthesia, and simul-
taneous fMRI and electrical recordings have been
described in detail elsewhere [Logothetis et al., 2001].
These procedures are outlined briefly below, whereas new
methodological aspects are described in detail.

Animals and Experiments

Data were obtained in nine sessions from seven healthy,
anesthetized monkeys (macaca mulatta, 6-9 kg). The study
was approved by the local authorities (Regierungspraesi-
dium) and was in full compliance with the guidelines of
the European Community for the care and use of labora-
tory animals. The monkey eyes were kept open in seven
out of nine sessions, in which a uniform and unchanging
gray field was presented. The data for these experiments
were acquired during 40 s baseline epochs at the begin-
ning of longer scans, in which visual stimuli were pre-
sented after these baseline epochs. During each repetition,
the first 10 seconds were discarded, leaving multiple 30 s
long segments for analyzing correlated fluctuations. We
included two additional experiments, one with eyes closed
in darkness, and the other with the eyes open in darkness.
In these two experiments (Fig. 5), 30 minutes of uninter-
rupted spontaneous fluctuations in fMRI signals and neu-
ronal activity were recorded and compared.

fMRI Data Acquisition

To localize the electrode, anatomical images were
obtained first, using a T1 weighted Gradient-Echo Fast-
Imaging (GEFI) sequence (45 slices, slice thickness 0.5 mm,
field of view 96 X 96 mm?, matrix 512 X 384 reconstructed
to 512 X 512, flip angle (FA) 20°, TR/TE 2,000/9 ms).
Three adjacent axial oblique slices were selected around
the electrode and orthogonal to the cortical surface below
the chamber. Tl-weighted high-resolution anatomical
images were obtained from the selected slices using the
IR-RARE pulse sequence (inversion recovery, four seg-
ments, field of view 96 X 48 mm?, matrix 256 X 128, reso-
lution 0.375 X 0.375 mm?, slice thickness 2 mm). T2*-
weighted functional images were acquired from the same
three slices using a gradient-echo echo-planar-imaging
sequence with a field of view of 96 X 48 mm? and in-plane
resolution of 0.75 X 0.75 mm?. Images were acquired in
four segments, with a total readout time of 20.48 ms per
segment, TR (time between consecutive excitations in the
same slice) of 250 ms, and an acquisition time of 1,000 ms
per acquired volume. A TE of 20 ms (T2* of gray matter =

36 ms) and a flip angle of 20-25° were used. To minimize
the effects of inflow and the signal from large draining
vessels, we applied flip angles that were smaller than the
computed Ernst angle by approximately 10°.

Neurophysiology simultaneous with fMRI

Neurophysiology was carried out simultaneously with
fMRI [Logothetis et al., 2001; Shmuel et al., 2006], in
epochs in which no stimuli were presented. Figure 1A
presents an anatomical image from the posterior part of a
monkey brain, with an MR compatible recording chamber
attached to the skull above the operculum. The tip of the
electrode was in the middle layers of V1. The position of
the tip of the electrode within the cortex was estimated
using this high-resolution anatomical GEFI image and sim-
ilar images obtained in the other experiments. The relative
cortical depth of the electrode normalized to the cortical
thickness from pia (relative depth 0) to white matter (rela-
tive depth 1) was 0.5353 = 0.1448 (mean * SD). No statis-
tically significant dependence of the results on cortical
depth of recordings was observed in our data.

Neuronal activity was acquired by digitizing the broad-
band electrophysiological signal at a sampling rate of 21
kHz (decimated offline to 7 kHz). Offline elimination of re-
sidual gradient interference [Logothetis et al., 2001] was
applied.

Data Analysis

To use fMRI signals that reached steady state, the first 10
volumes corresponding to the first 10 s of each scan were
discarded. A region of interest (ROI) bound to the gray-
matter around the electrode was used to sample spontane-
ous fMRI BOLD signal (Fig. 1A). To obtain relative changes
in fMRI signal, the time-course of spontaneous fluctuations
at rest was normalized by dividing it by the mean of these
fluctuations in a scan-by-scan and voxel-by-voxel manner.
The time-course of relative fluctuations in fMRI signal was
averaged over the voxels within the ROI (mean volume
across sessions: 6.9 X 2.2 X 6.0 + 2.9 mm?>). fMRI data were
acquired at a sampling rate of 1 Hz (Fig. 1B).

To directly compare the time course of the neural and
fMRI signals, we first established a common time base.
Three types of signals were extracted from the broadband
de-noised neuronal signal. First, we obtained the compre-
hensive neuronal signal, the LFP in the y band, mid-range
band, and multi-unit activity (MUA). To this end, we
applied Fourier decomposition separately to nonoverlap-
ping 1-s segments of the broadband de-noised electrophys-
iological signal (Fig. 1C). The resulting spectrogram
(Fig. 1D) showed power as a function of frequency and
time in successive 1 s epochs. It therefore had a temporal
resolution of one data point every 1 s, similar to that of
the fMRI data. The global neuronal activity was estimated
by averaging the fractional change in power over the
entire range of frequencies (1-2,500 Hz). The LFP in the vy
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Figure I.

fMRI simultaneous with neurophysiology, and data analysis. (A)
An anatomical GEFI image from the posterior part of a monkey
brain. The yellow curve delineates the electrode. The red
curve encompasses the region of interest used for sampling
spontaneous fMRI BOLD signal. (B) Time course of BOLD sig-
nal, averaged over voxels in the region of interest. The fMRI
signal was acquired at a sampling rate of | Hz. (C) The de-
noised broadband neurophysiological signal, originally acquired
at a sampling rate of 21 kHz and decimated to 7 kHz. (D) To
establish a common time base, a spectrogram was computed

band, the mid-range band activity, and multi-unit activity
(MUA) were estimated by averaging the fractional change
in power over the ranges of 24-90 Hz, 130-300 Hz, and
300-2,500 Hz respectively (Fig. 1D,E). Since these signals
were averaged from the spectrogram, their temporal
resolution was 1 data point per 1 s, similar to that of the
BOLD time course (Fig. 1B). Second, in a separate analysis,
we extracted band-limited power (BLP) traces from the
broadband signal by employing the following steps. The

from the broadband neurophysiological signal at a resolution of
one data point per | s, and the relative power changes were
averaged over the frequencies of interest to yield a measure of
fluctuations in neuronal activity at this resolution. (E) Fluctua-
tions in neuronal activity in the vy, mid-range, and MUA bands,
obtained by averaging relative power over the frequencies in
the corresponding ranges from the spectrogram. (F) The spike
rate obtained by counting spikes originating from a small num-
ber of neurons in the close vicinity (~50 ) of the electrode.

recorded broadband signal traces were band-pass filtered
into the frequency ranges used for the estimation of power
described above. These band-limited signals were then
full-wave rectified, isolating amplitude fluctuations over
time in the resulting BLP signals. (Note that formally these
signals correspond to the square root of the signal power.)
The BLP signal was then decimated (i.e. low pass filtered
and then resampled) to match the sampling rate of the
fMRI data. Third, we identified spikes that were estimated
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to originate from neurons in the close vicinity (that is,
within approximately 50 pm) of the electrode. These action
potentials were counted to result in the spike rate at a tem-
poral resolution of 1 s (Fig. 1F).

RESULTS

To investigate possible statistical similarities of the
slow fluctuations in BOLD and neuronal activity, we first
analyzed the distribution of relative changes and fre-
quency components of these fluctuations. Figure 2A
presents the distribution of fluctuations in BOLD signal at
rest (in red) relative to the mean of these fluctuations,
and the corresponding distributions of relative changes in
power in the vy, mid-range, and MUA frequency bands.
The bulk relative changes in BOLD and in slow fluctua-
tions in neuronal activity were within +4% and —80% to
+140%, respectively, demonstrating an approximate 20
fold difference between the two types of signals. The dis-
tributions corresponding to neuronal activity in the v,
mid-range, and MUA bands were similar to each other.
To compare the frequencies of slow fluctuations in these
signals, we computed the relative amplitudes (square
root of power) of their Fourier components. Consistent
with the difference in scale between the variation of rela-
tive changes in neuronal activity and BOLD signals
shown in Figure 2A, the absolute amplitude prior to nor-
malization was 0.051 + 0.02, 1.70 * 0.49, 2.16 * 0.59, and
1.52 = 0.42 for BOLD, v, mid-range, and MUA, respec-
tively (mean * SD, averaged over animals and frequen-
cies in the range of 0.033-0.5 Hz). Figure 2B shows the
normalized amplitude distributions corresponding to the
spontaneous fluctuations in the BOLD signal and in rela-
tive changes in neurophysiological activity, allowing the
comparison of their frequency components. An increase
in power can be seen at 0.1 Hz and at even lower fre-
quencies of fluctuations in BOLD, as observed previously
in human studies [Fox et al., 2007], assuring that the
monkey model is well suited for investigating this phe-
nomenon. Another prominent peak can be seen at 0.4 Hz,
indicating that there are relatively greater signal fluctua-
tions at that frequency, which is the exact frequency of
the artificial respiration used in the experiments. The
occurrence of a peak in the BOLD signal at the respira-
tory frequency suggests that part of what is detected as
spontaneous fluctuations in fMRI signal is unrelated to
neuronal activity; therefore, a careful analysis of the rela-
tionship between spontaneous fluctuations in fMRI and
neuronal activity is essential. The green curve shows the
Fourier amplitudes of the slow fluctuations in relative
power averaged from the spectrogram over frequencies of
the multi-unit activity band. As expected, no peak can be
seen here that corresponds to the respiration frequency.
Slight increases in power can be observed at 0.1 Hz and
lower frequencies. Similar results were obtained when
computing the spectral distribution of relative fluctua-

tions of power in the mid-range band (blue curve).
Whereas the normalized distribution of Fourier ampli-
tudes of the slow fluctuations in y band activity (in black)
showed similarity to those of the MUA and mid-range
bands at frequencies higher than 0.1 Hz, it included
larger increases in amplitude at frequencies lower than
0.1 Hz and thereby resembled the BOLD spectrum to a
larger degree.

The frequency ranges that were used for averaging the
power over the MUA, mid-range, and y bands did not
include 0.1 Hz. What is shown to fluctuate at slow frequen-
cies including 0.1 Hz in Figure 2B is the overall activity, or
envelope of oscillations in these bands, separately averaged
over these ranges of frequencies from the spectrogram.

To test for covariation in the fMRI and various neuronal
signals, multiple nonoverlapping 15 s long segments of rela-
tive changes in power of neuronal activity were compared to
segments of BOLD time-course of identical duration. The
segments of BOLD signal were at temporal lags in the range
of 0-15 s relative to the segment of neuronal activity they
were compared to. Figure 3A shows the correlation as a
function of lag from each experiment (grey curves) and the
correlation function averaged over seven experiments in five
different monkeys (red curve). The vertical axis represents
the Spearman’s correlation coefficient between BOLD and
the mean (averaged over frequencies) relative fluctuations in
power of the simultaneously acquired broadband neuro-
physiological signal. The horizontal axis represents the lag
between the two correlated signals, with positive lags stand-
ing for BOLD lagging behind the neuronal activity. Statisti-
cally significant correlation between the fluctuations in
BOLD and the fluctuations in neuronal activity were
observed, for lags in the range of 3 to 8 s (P < 0.01, two-tailed
t-test). The peak in correlation appears at a lag of approxi-
mately 5.5 s. As a control for false positive detection of corre-
lation, we shuffled the segments of BOLD and neuronal ac-
tivity and therefore broke the simultaneity between these
acquired signals. Figure 3B shows the result of the exact
same data and computation as that presented in Figure 3A,
with the difference being that the correlation was computed
between segments which were not acquired simultaneously
(only segments from the same experiment were compared).
No correlation can be observed between the two signals
when the simultaneity condition does not hold, indicating
that it is not plausible for the detected correlation to be a
result of false positive detection.

To investigate correlations between fluctuations in differ-
ent bands of neuronal oscillations and the fluctuations in

'We verified that the normalized Fourier amplitudes of the rela-
tive fluctuations in power averaged over the broadband range of
frequencies not shown were similar to those of the relative power
averaged over the MUA band. This similarity is expected since
the MUA frequency range constitutes 88% of that of the broad-
band signal. Therefore, the weighting of the MUA range makes
this range dominant in the computations related to the broadband
signal.
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Figure 2.

Distribution of relative changes and frequencies of slow fluctua-
tions in BOLD and neuronal signals. (A) Distribution of relative
changes of spontaneous fluctuations in BOLD signal and power
in the <y, mid-range, and MUA bands averaged from all data sets.
Each of the corresponding histograms obtained from each
experiment was first normalized, such that its integral was equal
to |. This normalization was followed by averaging the histo-
grams over all the data-sets. Note the scale difference between
the relative changes in BOLD and those in neurophysiological ac-
tivity. (B) Normalized distributions of Fourier amplitudes of the
relative spontaneous fluctuations in the BOLD signal and the
slow fluctuations in neuronal activity (relative power averaged
over the frequency range of the vy, mid-range, and MUA bands).
The corresponding distributions of Fourier amplitudes of these
fluctuations were normalized such that their integrals over the
range of frequencies of 0.033-0.5 Hz were equal to |. The red
arrow points at the frequency of the artificial respiration used in
the experiments. The curves in (A) and (B) show the mean =
SEM distributions averaged over 7 experiments.
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Figure 3.

Covariation between spontaneous fluctuations in fMRI and neuro-
nal signals as a function of temporal lag. (A) The grey curves show
the correlation as a function of lag from each experiment. The red
curve presents the correlation function averaged over seven
experiments in five different monkeys (mean = SEM). The vertical
axis represents the Spearman’s correlation coefficient between
BOLD and the fluctuations in relative (fractional change) power
averaged over frequencies of the denoised broadband neurophys-
iological signal acquired simultaneously with fMRI. The horizontal
axis represents the lag between the two correlated signals, with
positive lags standing for BOLD lagging behind the neuronal activ-
ity. (B) Correlation between the same signals as presented in (A),
computed after breaking the simultaneity condition by shuffling
the segments of BOLD and neuronal activity obtained within each
experiment. (C-D, E-F, G-H) present correlation functions in the
format used for (A) and (B), for the LFP v, mid-range, and MUA
bands, respectively. (I) and (J) present similar correlation functions
for fluctuations in spiking activity, estimated by counting identified
action potentials over Is epochs rather than using frequency-
based analysis.
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Spatio-temporal evolution of the correlation between fluctua-
tions in BOLD and neuronal activity. The figure presents the
correlation between the slow relative fluctuations in power aver-
aged over frequencies of the broadband neuronal signal
recorded at the tip of the electrode (yellow arrow) and the fluc-
tuations in BOLD measured voxel-by-voxel. The labels “0 s”, “I
s”, ... “10 s” mark the lag between BOLD and neurophysiologi-
cal signals used for the computation of the corresponding corre-

lation images. Pink colored voxels showed statistically significant

the fMRI signal, we repeated the analysis used for Figure
3A,B, while incorporating neuronal activity bound to differ-
ent bands of frequency. Figure 3C demonstrates the mean

positive correlation between the neurophysiological and BOLD
signals for the corresponding time-lag (t-test, averaging over the
correlation obtained time-segment by time-segment, P < 0.01).
The white arrows point to the tip of the electrode, the midline,
the internal calcarine sulcus (“Int Cal”), to the hemisphere con-
tra-lateral to the electrode (“Other Hemi”) and to the central
visual field representation in VI (“Fov VI”). The yellow arrows
point to the direction of propagation of the correlation along
the gray matter.

correlation between the fluctuations in BOLD and in neuro-
nal activity averaged over the y band. Positive correlation
can be observed for the range of 3 to 8 s (P < 0.01, two-tailed
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t-test), with a peak around a 5.5 s lag (see also Fig. 4a in Log-
othetis et al., 2001). This positive correlation diminished
when analyzing signals that were not recorded simultane-
ously (Fig. 3D). Similar levels of correlation were found for
the mid-range band of frequencies (Fig. 3E,F), and for the
multi-unit band of frequencies (Fig. 3GH). Lastly, we
repeated the analysis by counting identified action poten-
tials rather than using frequency-based analysis of the neu-
ronal signal. Figure 3I shows that the fluctuations in BOLD
correlate with the fluctuations in the locally measured spike
rate. In summary, the spontaneous fluctuations in BOLD
were correlated with fluctuation in neuronal activity in the
v band and higher frequencies.

To investigate the spatio-temporal characteristics of the
relationship between the fluctuations in BOLD and neuro-
nal activity, we computed the Spearmann’s correlation coef-
ficient between the fluctuations in the broadband neuronal
signal recorded at the tip of the electrode and the fluctua-
tions in BOLD measured voxel-by-voxel. Multiple nonover-
lapping 20 s long segments of relative changes in power of
neuronal activity were compared to segments of BOLD
time-course of identical duration, that were at temporal lags
in the range of 0-10 s relative to the segment of neuronal ac-
tivity they were compared to. Figure 4 shows the spatio-
temporal pattern of the cross-correlation. At a 0 s lag, no
correlation could be observed. At a 3 s lag, a seed of corre-
lated activity seemed to develop in the vicinity of the elec-
trode. The fMRI based spontaneous activity that was corre-
lated with the neuronal signal reached its largest volume
and spatial extent along the grey matter at 6 s lag. Later on,
it decayed gradually, until no correlation could be seen at
10 s lag. Note that the voxels that demonstrated time-course
correlated to that of the neurophysiological signal were
within the gray matter. In addition, rather than a static pat-
tern that developed and decayed around the electrode, a
slow wave like spatio-temporal pattern seemed to emerge,
with the correlation starting at the more peripheral visual
field representation of V1 in the internal calcarine sulcus (3
s), then progressing medially along the grey matter to be
centered on the electrode (4 s), and laterally along the most
superficial cortex towards foveal V1 (7-9 s). Also note the
positive correlation between the neuronal signal recorded
in one hemisphere and the fluctuations in BOLD in V1 in
the other hemisphere (5-7 s). Overall, a complex pattern of
spatio-temporal correlation could be seen, mostly centered
around the electrode and with the spatial extent peaking at
an approximate lag of 6 s.

The results presented above were obtained using a sur-
face coil, allowing high SNR only in the posterior visual
cortical areas. To further investigate the spatial extent of
correlation between the neurophysiological signal in V1
and spontaneous fluctuations in fMRI signals we used a
larger coil to image a larger fraction of the monkey brain
(Fig. 5). In these experiments, the correlation between the
neural and BOLD signals was computed over periods of
30 minutes during which data of spontaneous fluctuations
in fMRI signals and neuronal activity were collected con-

tinuously. Figures 5A and B demonstrate, as before, a
high degree of correlation between the fluctuations of neu-
ronal activity in the gamma band in V1 and spontaneous
fluctuations in fMRI signal over the posterior cortex, but
now extending more than a centimeter rostral to the V1
electrode position. Note that significant correlation with
the neural signal was not limited to voxels in the hemi-
sphere in which the electrode was introduced; instead,
spontaneous fluctuations in the visual cortex in both hemi-
spheres were correlated with fluctuations in neuronal ac-
tivity detected in one location in V1. A similar widespread
spatial pattern of correlation in the cortex was also
observed with spontaneous fluctuations of the MUA,
although with lower overall correlation strength. The
insets in A and B show the correlation between each of the
neural signal types and the average BOLD time course in
a region of interest (green rectangle).

DISCUSSION

The Observed Findings Reflect Correlation
Between Neuronal Activity and BOLD Signals

Although human fMRI studies have routinely used spon-
taneous fluctuations in fMRI signal to evaluate functional
connectivity at rest, and have found that these fluctuations
can influence perception and behavior, the relation of these
fluctuations to the underlying neuronal activity has been
tenuous. Here we demonstrate significant correlations
between slow fluctuations in neuronal activity and fMRI
signal measured both locally around the microelectrode, as
well as over large parts of the visual cortex. The observed
correlations cannot be attributed to physiological fluctua-
tions that are independent of neuronal activity, such as the
influence of respiration on the hemodynamic system [Wise
et al., 2004; Birn et al., 2006]. In our anesthetized monkey
experiments, the respiration rate was regulated at 24
cycles/min, clearly observed as increased amplitude in
BOLD fluctuations at 0.4 Hz (Fig. 2B). There were no peaks
in this frequency in the simultaneously recorded neuronal
signals, providing a convenient way to rule out the unlikely
correlation between neural activity and respiration. The cor-
relation also cannot be attributed solely to vascular vaso-
motion [Mayhew et al., 1996]. Whereas BOLD changes due
to vaso-motion may take place, it is implausible that they
are the ones to drive fluctuations in neuronal activity. Sup-
porting this notion, positive correlation was obtained
between fluctuations in neuronal activity and lagging
BOLD signals. Moreover, positive correlations were
observed between the neurophysiological signal recorded
in one hemisphere, and the fMRI signal obtained from the
two hemispheres (Figs 4 and 5). Given that the arterial sys-
tems of the two hemispheres are virtually independent,
with connection only through the circle Willis, it is implau-
sible that the correlations we showed here are caused by
fluctuations in CBF that are purely due to vaso-motion. It is
also implausible that the observed correlation can be attrib-
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Figure 5.

Spatial extent of correlation between the neurophysiological sig-
nals in VI and spontaneous fluctuations in fMRI signals collected
continuously over 30 minutes. (A) Correlation maps are shown
for horizontal (14 slices) acquisition. The image at the top-left cor-
ner is from the bottom most slice. The image at the bottom-right
corner is from the top-most slice. (B) Correlation maps are shown
for coronal (20 slices) acquisition from a different animal. The
image at the top-left corner is from the most posterior slice. Elec-
trode positions are signified by yellow arrows in the anatomical
scans (left). Regions of interest, from which the average BOLD

uted to artifacts due to image reconstruction and the rip-
pling effect [Gretton et al., 2006]. While the phenomena
described by Gretton et al. caused dependencies between
fMRI signals measured at short distances (<4 mm), the cor-

time courses were computed for the correlation, are shown by
green rectangles. Middle and rightmost panels show the correla-
tion maps for the gamma and MUA neural signals, respectively.
The cross correlation between the average BOLD ROI time
course and each of the neural signals is shown in the inset on the
far right for each session. Both monkeys were scanned in dark-
ness, though the animal in (A) had its eyes open, while the animal
in (B) had its eyes closed. fMRI parameters: field of view 9.6 X 9.6
cm2, matrix 96 X 96, FA 40°, 2 segments, TR 1000 and 1750 ms
per segment in (A) and (B) respectively, TE 20 ms.

relations described here reached distances of approximately
30 mm along the read-out direction (Figs. 4 and 5) 15 mm
along the phase encoding direction (see Fig. 5). Our analysis
controlled explicitly for false positive detection by demon-
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Figure 6.

Can fMRI-based functional connectivity be interpreted as neuro-
nal functional connectivity! The green circles represent two hy-
pothetical remote cortical areas, Al and A2. The red dashed
arrows stand for BOLD-fMRI measurements within these
regions at rest. We assume that these measurements show
inter-regional coherent fluctuations and therefore functional con-
nectivity (a). The red-dark dashed arrows represent correlations
between fluctuations in neuronal and BOLD signals within each
area (b, c). The dark arrow stands for neuronal functional con-
nectivity between Al and A2, indicated by induction (d).

strating flat correlation functions for fMRI and neuronal sig-
nals that were not acquired simultaneously. Lastly, the cor-
relation between fMRI signals and neuronal activity was
limited to gray matter regions (Figs. 4 and 5). Overall, while
contributions with non-neuronal origin are possible, they
are unlikely to underlie the correlation between neurophys-
iological and fMRI signals we observed.

Implications for Functional Connectivity at Rest

Figure 6 puts the detected correlation between BOLD
signal and the locally measured neuronal activity in the
context of the functional connectivity at rest, reported in
many human fMRI studies [Biswal et al., 1995; See review
by Fox and Raichle, 2007]. It shows two hypothetical
remote cortical areas, Al and A2. We assume that Al and
A2 show BOLD-fMRI measured functional connectivity at
rest (a). Does that mean that the neuronal activities in
these areas are synchronized? Assuming that the correla-
tion we detected in V1 holds true for other cortical areas,
the spontaneous fluctuations in BOLD signal in both Al
and A2 correlate with the local neuronal activity in each of
these areas (b, c). Incorporating the assumed fMRI-based
functional connectivity between these areas at rest (a), we
can conclude by induction that the neuronal activities in
Al and A2 are functionally connected (d). Therefore, this
analysis indicates that the measurement of fMRI functional
connectivity reflects BOLD changes that are driven by
actual functional connectivity between slow fluctuations in
neuronal activity within the two areas. However, all three
correlation measures involved in the model account for
only part of the variability in the corresponding time-

courses. Therefore, while this model is indicated by the
data, it is not proven by it.

In Figures 4 and 5 we demonstrated correlation between
the neuronal activity measured in V1 in one hemisphere,
and synchronized fluctuations in fMRI signal in both
hemispheres. Similar to these findings, Vincent et al. [2007]
showed that the time course of BOLD fluctuations in a
subset of V1 in one hemisphere is correlated with regions
in the contralateral V1. Given the absence of direct inter-
hemispheric connections involving V1 away from the verti-
cal meridian, the correlations in contralateral V1 must be
mediated by polysynaptic pathways, which might involve
higher visual areas or the thalamus.

CONCLUSION

Our study demonstrated correlations between delayed
BOLD time series and fluctuations in power of neuronal
activity in the local field potential y band, multi-unit activ-
ity and spiking activity. fMRI signals in large parts of the
visual cortex in both hemispheres were correlated with the
fluctuations in neuronal activity measured at a single site
in V1. We conclude that, most plausibly, fMRI-based func-
tional connectivity in the resting state reflects neuronal
interplay between remote cortical regions.
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