
DOI: 10.1126/science.1110948
, 948 (2005);309 Science
, et al.Jörn Niessing

Oscillations
Hemodynamic Signals Correlate Tightly with Synchronized Gamma

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): April 13, 2011 www.sciencemag.org (this infomation is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/309/5736/948.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2005/08/01/309.5736.948.DC1.html 
can be found at: Supporting Online Material 

169 article(s) on the ISI Web of Sciencecited by This article has been 

 http://www.sciencemag.org/content/309/5736/948.full.html#related-urls
86 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/neuroscience
Neuroscience

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2005 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

A
pr

il 
13

, 2
01

1
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/309/5736/948.full.html
http://www.sciencemag.org/content/309/5736/948.full.html#related-urls
http://www.sciencemag.org/cgi/collection/neuroscience
http://www.sciencemag.org/


Hemodynamic Signals Correlate
Tightly with Synchronized

Gamma Oscillations
Jörn Niessing,1 Boris Ebisch,1 Kerstin E. Schmidt,1

Michael Niessing,1 Wolf Singer,1 Ralf A. W. Galuske1,2*

Functional imaging methods monitor neural activity by measuring hemodynamic
signals. These are more closely related to local field potentials (LFPs) than to
action potentials. We simultaneously recorded electrical and hemodynamic
responses in the cat visual cortex. Increasing stimulus strength enhanced spiking
activity, high-frequency LFP oscillations, and hemodynamic responses. With
constant stimulus intensity, the hemodynamic response fluctuated; these
fluctuations were only loosely related to action potential frequency but tightly
correlated to the power of LFP oscillations in the gamma range. These oscillations
increase with the synchrony of synaptic events, which suggests a close
correlation between hemodynamic responses and neuronal synchronization.

Blood oxygenation level–dependent (BOLD)

imaging methods are powerful tools to inves-

tigate brain function, and they are particularly

well suited for studies on the human brain

(1, 2). However, there is still debate about

which aspects of neuronal activity are reflected

by the amplitude of hemodynamic responses.

BOLD responses are positively correlated with

action potentials (3, 4) and the amplitude of

evoked potentials (5–7). The latter depends not

only on the number and discharge rates of

activated neurons but also on the temporal

coherence of action potentials and synaptic

activity (8). The BOLD-response may thus not

only be influenced by the amplitude but also

by the temporal structure of neuronal dis-

charges. This possibility is supported by recent

studies, which have shown that LFP oscilla-

tions correlate better with BOLD signals than

with discharge rates (9, 10) and that synaptic

activity elevates BOLD signals even in the

absence of action potentials (11).

LFP-oscillations and, thus, the temporal

coherence of synaptic activity vary substan-

tially in amplitude and frequency as a function

of stimulus configurations and central states.

During sleep and relaxed wakefulness, oscil-

lations occur at low frequencies (12), whereas

high-frequency oscillations prevail during

states of arousal and focused attention (13, 14).

We studied the relations between hemody-

namic signals, action potentials, and LFP

oscillations in different frequency bands.

Anesthetized adult cats were visually stimu-

lated with moving whole-field gratings of

different orientation, and electrical and hemo-

dynamic activity in primary visual cortex was

monitored simultaneously with the use of

implanted microelectrodes and optical imaging

of intrinsic signals at 570 and 610 nm (1).

Variations in the amplitude of cortical re-

sponses were induced by presenting visual

stimuli at two contrast levels (27 and 97% for

low contrast and high contrast, respectively).

In a parallel approach, spontaneous response

changes were examined while stimulus con-

trast was kept constant at 97% and the

variability of oscillatory patterns of cortical

activity was enhanced by electrical activation

of the mesencephalic reticular formation

(MRF). Stimulation of this structure has been

shown to enhance oscillatory activity in the

gamma range by means of activation of

cholinergic afferents from the basal forebrain

(15, 16). As a measure of the magnitude of

hemodynamic responses, we used the signal

amplitude in differential orientation maps

calculated by subtraction of orientation maps

from their orthogonal counterpart. The ampli-

tude of electrical responses was assessed from

the discharge frequency of multiunit activity

(MUA) and the oscillatory patterning of

responses from the power spectra of LFPs that

were recorded from the same electrodes as the

MUA (17).

Differential orientation maps resulting from

stimulation with high-contrast gratings at 610

nm exhibited a markedly stronger signal

amplitude than those obtained at low contrast.

This is indicated by the enhanced contrast in

the differential maps and the steeper gradients

between regions responding to different ori-

entations leading to a sharper delineation of

orientation domains at high-contrast stimula-

tion (Fig. 1A). Even though the time course of

the hemodynamic responses was similar for

both contrast levels, the peak amplitudes at

low-contrast stimulation were on average

È31% lower (P G 0.005, Mann-Whitney U

test) than at high-contrast stimulation (Fig.

1B). Simultaneously recorded MUA showed

the typical phasic-tonic response pattern (Fig.

1C) and firing rates (averaged over the whole

stimulus duration) were 28% lower with the

low-contrast than with the high-contrast

gratings (P G 0.0001, Mann-Whitney U test).

The oscillatory LFP responses to both stimulus

contrasts are shown in Fig. 1D. In these plots,

power spectra from blocks of eight individual

trials were averaged and then sorted in an

ascending order according to the strength of

the corresponding hemodynamic response. At

both contrast levels oscillations occurred over

a broad range of frequencies. However, on

average, low-contrast stimuli evoked oscillato-

ry responses at lower frequencies than did the

high-contrast stimuli, which included predom-

inantly oscillations in the upper gamma

frequency range between 50 and 90 Hz (Fig.

1D). Interestingly, this relation also holds for

responses evoked by stimuli of equal contrast.

Neuronal responses in trial blocks associated

with strong optical signals tended to oscillate

at higher frequencies (Fig. 1D). Correlation

analysis between hemodynamic signals and

neuronal responses calculated across all trials

and both contrast levels revealed a moderate

correlation with spike rate (r 0 0.53, Fig. 1E)

and a somewhat stronger relation (r 0 0.6, Fig.

1F) with the relative power of oscillations in

the upper gamma band.

We also found a marked variability of

hemodynamic responses even when contrast

levels were kept constant. This variability

occurred in a statelike manner in which phases

of strong hemodynamic responses alternated

with phases of weaker hemodynamic respon-

siveness. Thus, we kept the stimulus contrast

constant at 97% and recorded electrophysio-

logical and optical responses at 610 nm over

several hours. For quantitative analysis, blocks

of averaged results from eight repetitions of

the eight different stimuli (17), which had been

used for calculation of the hemodynamic

responses, were grouped in three classes

according to the strength of the respective

optical response, and both optical and electro-

physiological response variables were aver-

aged within these groups. The peak amplitudes

of the averaged hemodynamic responses

differed significantly between the three groups.

There were also marked differences in re-

sponse duration; the larger responses decayed

more slowly and lasted longer (Fig. 2A).

Interestingly, the range of variability of hemo-

dynamic response strength was as large as the

range covered by responses evoked at different

stimulus intensities (compare Figs. 1D and

2C). Neuronal firing rates also varied consid-

erably between trials and these variations were

related to the fluctuations of the hemodynamic

responses (Fig. 2B). However, averaged firing

rates differed only between the group with

strong hemodynamic responses and the groups

of medium and low response strength but not
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between the latter two. By contrast, a clear

difference between all three groups of hemo-

dynamic responses existed with respect to the

frequency distribution of the respective oscil-

latory responses in the LFPs. Low-frequency

oscillations in the delta-, theta- and the alpha-

frequency band (Fig. 2C) were most prominent

in trial fraction 1, containing the trials with the

weakest optical signal. The weakest high-

frequency oscillations were observed in this

fraction. With increasing hemodynamic re-

sponse strength (trial fraction 2) oscillation

frequency shifted from the theta and alpha

band to the beta and lower gamma frequency

band, and the strongest hemodynamic re-

sponses (trial fraction 3) were associated with

the most prominent oscillations in the lower

and upper gamma frequency band.

Figure 3A summarizes the relations be-

tween the strength of hemodynamic responses

at 610 nm and the oscillation power in

different LFP frequency bands for the entire

data set. Low frequency activity in the delta

band showed a strong negative relation with

hemodynamic signal strength (r
delta

0 –0.44),

whereas theta, alpha, and beta activities were

more or less uncorrelated with this signal (r
theta

0
–0.23, r

alpha
0 –0.03, r

beta
0 0.18). A weak

positive relation existed for activity in the

lower gamma band (r
gamma1

0 0.33), and a

strong positive correlation for oscillations in

the upper gamma band (r
gamma2

0 0.64). These

relations were similar for trials without

(Fig. 3A, black dots) and with MRF activation

(Fig. 3A, gray dots). Optical signals measured

at 570 nm exhibited a significant positive

relationship exclusively with oscillations in

the upper gamma band (Fig. 3B, r
gamma2

0
0.5). In contrast, the correlation between firing

rates and the optical signal at 610 nm was very

low (r 0 0.19) (Fig. 3C and fig. S2). At

individual recording sites, firing rates usually

varied with variations of the corresponding

hemodynamic responses, but these correlations

could be both positive and negative (r values

ranging from –0.49 to 0.74). A consistent

positive correlation was found for only 25%

of the recording sites (r 9 0.35). We also

correlated firing rates with the power of

gamma oscillations on a trial-by-trial basis

and did not find a consistent relation (fig. S3).

The experiments with gratings of different

contrast confirm the previous view that hemo-

dynamic responses are positively correlated

with stimulus intensity (18) and neuronal

discharge rate (4, 9). Moreover, the analysis

of LFP oscillations revealed that stronger

stimuli shifted the frequency of LFP oscilla-

tions to higher values and that there is a

particularly tight correlation between hemo-

dynamic responses and LFP oscillations in the

high gamma frequency range. The present

findings closely link hemodynamic responses

to the processes leading to LFP oscillations in

the gamma frequency range. Both aspects that

contribute to the BOLD signal, blood volume

changes (19) and changes in the deoxygenation

status of hemoglobin (20), are positively

correlated to the occurrence of gamma oscil-

lations. Thus, our results are compatible with

the finding that BOLD responses correlate

better with the amplitude of LFP oscillations

than with the discharge rate of cortical neurons

(9, 10). Because LFPs predominantly reflect

transmembrane currents associated with syn-

aptic activity (8), it had been proposed that

BOLD responses reflected input rather than

output activity (9, 11), a conclusion which has

also been reached on the basis of theoretical

assumptions on the neuronal energy budget

(21). Our data go beyond this interpretation

and suggest that the precision of synchronous

firing of neurons within a cortical volume

critically contributes to the magnitude of the

hemodynamic response. The amplitude of

Fig. 1. Hemodynamic and electrophysiological responses to different stimulus contrasts. (A)
Differential orientation maps representing responses to vertical (dark regions) and horizontal gratings
(bright regions) at low-contrast (left) and high-contrast (right) stimulation recorded at 610 nm. For
these maps, data were averaged over five recording blocks. In both maps, gray levels correspond to the
same activity levels. The rightmost image depicts the recorded area. Black and white arrowheads in
the activity maps indicate corresponding regions. In the recorded area, lateral (lat) is toward the top
and anterior (ant) is toward the right. Scale bar, 1 mm. (B) Time course of the hemodynamic
responses at 610 nm averaged over 26 recording blocks for each contrast level. (C) Peristimulus time
histograms calculated from the normalized spike rate averaged over all recording blocks and sites (26
blocks, four recording sites). Error bars in (B) and (C) show means T SD. (D) Power spectra of all trials
(n 0 26 recording blocks) sorted in an ascending order according to the hemodynamic response
strength at 610 nm for each contrast level. The power of each frequency bin was renormalized to the
range between the maximum and minimum power observed throughout all trials and over both
contrast levels in the respective frequency bin. A low-pass filter was applied on every single frequency
bin of the resulting plot (kernel size includes 10 trials). (E and F) Correlation analysis between
hemodynamic responses and spike rates (E) and hemodynamic responses and gamma power in the
upper frequency range (F), calculated on the basis of individual data blocks of eight stimulus
presentations summarizing data from both contrast levels. Each point reflects the averaged response
over eight repetitions of the presentation of the eight different stimuli. Therefore, each point reflects
the average of 64 responses measured over a period of about 19 min.
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LFPs depends not only on the number of active

synapses within a cortical volume but to a

crucial extent on the synchronicity of the

synaptic events (8). Because of the short

duration of synaptic currents, they summate

most effectively if synchronized with a preci-

sion in the millisecond range. The precision of

synchronous firing is in turn positively cor-

related with the frequency at which synchro-

Fig. 2. Spontaneous
variations of hemo-
dynamic and electro-
physiological response
under conditions of con-
stant stimulus intensity.
(A) Time course of he-
modynamic signals at
610 nm averaged over
the respective 33.3% of
trials with strong (red
line), medium (blue
line), and weak (green
line) hemodynamic
responses (n 0 26
recording blocks for
each curve). (B) PSTHs
of the spike rates for
the same trials as
depicted by (A). Error
bars in (A) and (B)
show means T SD. (C)
Power spectra of all
trials (n 0 78 recording
blocks) sorted in an as-
cending order accord-
ing to hemodynamic
response strength at
610 nm. The observed
minimum and maxi-
mum activity is coded
by black and yellow, respectively. A low-pass filter was applied on each single frequency bin of the resulting plot (kernel size includes 10 trials).

Fig. 3. Correlation analysis between hemodynamic and electrophysiological
responses under constant stimulus conditions. (A and B) Scatter plots showing
the relationship between hemodynamic responses obtained at 610 nm (A) and
570 nm (B) and the power in different frequency bands. (C) Regression plot of
hemodynamic responses at 610 nm with the spike rates averaged over all
normalized MUA channels.
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nized groups of neurons oscillate (15, 22) and

reaches a maximum when cells engage in high-

frequency gamma oscillations.

How do changes in the temporal patterning

of responses influence hemodynamic responses?

There is evidence that synchronization in the

gamma frequency range is associated with

oscillatory, tightly synchronized discharges of

inhibitory interneurons (23) leading to periodic

inhibition of pyramidal cells. These inhibitory

postsynaptic potentials, in turn, synchronize

pyramidal cells by confining their discharges

to the depolarizing peaks of the membrane

potential oscillations (24). Thus, when cortical

networks engage in gamma oscillations, inhib-

itory interneurons are highly active, and as

their discharges are phase-locked to the os-

cillations (23), their activity increases with

oscillation frequency. Therefore, we propose

that the hemodynamic responses associated

with gamma oscillations are mainly initiated

by the firing of inhibitory interneurons.

Although inhibitory interneurons consti-

tute only about 20% of the cortical neurons,

it is likely that they substantially contribute

to local energy consumption. They fire at

very high frequencies and distribute their

numerous synapses exclusively within adja-

cent cortical volumes. The hypothesis that

interneuron activity is a major cause of the

hemodynamic response (25) is well compat-

ible with the fact that interneurons contain

enzymes for the synthesis of vasoactive

compounds such as NO and vasoactive pep-

tides (26, 27). In this cascade, the elevated

calcium concentration is suggested to play a

major role (25).

This interpretation resolves some of the

discrepancies between BOLD studies and unit

recordings. Deficits in visual processing in am-

blyopia are well reflected by evoked potentials

and hemodynamic responses, although they are

undetectable in discharge rates (7). Attentional

shifts in the absence of sensory stimulation

(28) and mental imagery (29) are associated

with BOLD responses, and these cognitive

processes are associated with increased oscil-

latory activity in the gamma frequency band

(14, 30). Other cognitive and executive func-

tions such as figure-ground segmentation,

expectancy, sensory-motor coordination, short-

term memory, and movement preparation are

associated with enhanced oscillatory activity in

the beta and gamma frequency range (31, 32).

Hemodynamic responses may thus be ideally

suited to visualize neural processes associated

with higher cognitive and executive functions.
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Coupling Between Neuronal
Firing, Field Potentials, and fMRI

in Human Auditory Cortex
Roy Mukamel,1 Hagar Gelbard,1 Amos Arieli,1 Uri Hasson,2

Itzhak Fried,3,4* Rafael Malach1*

Functional magnetic resonance imaging (fMRI) is an important tool for inves-
tigating human brain function, but the relationship between the hemodynamically
based fMRI signals in the human brain and the underlying neuronal activity is
unclear. We recorded single unit activity and local field potentials in auditory
cortex of two neurosurgical patients and compared them with the fMRI signals of
11 healthy subjects during presentation of an identical movie segment. The
predicted fMRI signals derived from single units and the measured fMRI signals
from auditory cortex showed a highly significant correlation (r 0 0.75, P G 10j47).
Thus, fMRI signals can provide a reliable measure of the firing rate of human
cortical neurons.

A major concern in the rapidly expanding field

of functional magnetic resonance imaging

(fMRI) has been the absence of a quantitative

relationship between blood oxygenated level–

dependent (BOLD) fMRI signals and neuronal

activity. Several studies have attempted to

characterize this relationship (1–10). In anes-

thetized monkeys, a higher correlation of the

fMRI signal to the local field potential (LFP)

was found compared with spike activity (11).

However, the implications of these studies to

the awake, conscious human brain are unclear.

Recently, we reported that movie stimuli

are particularly effective in producing a wide-

spread and robust correlation in the evoked

fMRI signals across different subjects (12).

Here, we used this phenomenon of intersubject

correlation to examine the nature of the

coupling between fMRI signals and neuronal

activity in the sensory cortex of alert humans.

We recorded from 53 single neurons in

Heschl_s gyrus (auditory cortex) of two native

English-speaking patients with epilepsy

monitored with intracranial depth electrodes

for potential surgical treatment (13). Record-

ings were done while the patients saw two

repetitions of a 9-min segment from a popular
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