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BOLD consistently matches electrophysiology in human
sensorimotor cortex at increasing movement rates: a combined
7T fMRI and ECoG study on neurovascular coupling
Jeroen CW Siero1,2, Dora Hermes1,3, Hans Hoogduin1,2, Peter R Luijten2, Natalia Petridou1,2,3,4 and Nick F Ramsey1

Blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI) is widely used to measure human brain
function and relies on the assumption that hemodynamic changes mirror the underlying neuronal activity. However, an often
reported saturation of the BOLD response at high movement rates has led to the notion of a mismatch in neurovascular coupling.
We combined BOLD fMRI at 7T and intracranial electrocorticography (ECoG) to assess the relationship between BOLD and neuronal
population activity in human sensorimotor cortex using a motor task with increasing movement rates. Though linear models failed
to predict BOLD responses from the task, the measured BOLD and ECoG responses from the same tissue were in good agreement.
Electrocorticography explained almost 80% of the mismatch between measured- and model-predicted BOLD responses, indicating
that in human sensorimotor cortex, a large portion of the BOLD nonlinearity with respect to behavior (movement rate) is well
predicted by electrophysiology. The results further suggest that other reported examples of BOLD mismatch may be related to
neuronal processes, rather than to neurovascular uncoupling.
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INTRODUCTION
Neurovascular coupling is a key feature of the human brain.
Models incorporating multiple electrical, cellular, chemical, and
vascular parameters describe this relationship between the neuro-
electrophysiological and the hemodynamic response to a stimulus
in growing detail.1–3 With these, abnormalities in coupling
associated with brain disorders such as stroke and Alzheimer2,4

may be understood better in terms of the underlying mechanisms.
Accuracy of the models is obviously important, and therefore
empirical data fed into the models need to be reliable. Functional
magnetic resonance imaging (fMRI) using the blood oxygenation
level-dependent (BOLD) signal is widely used to study
human brain function as it can non-invasively detect and
localize changes in brain state. Interpretation of fMRI is based
on neurovascular coupling, as the BOLD signal represents the
changing hemodynamics associated with neuronal activation.
Deviation from a one-to-one relationship between neuronal
activity and BOLD measures is a matter of concern, as it
complicates interpretation of the models for brain pathology
and of BOLD fMRI experiments.

There are several instances in which there is no simple one-to-
one relationship between the BOLD signal, neuronal activity, and/
or behavioral or stimulus properties.5–9 An important example of
this apparent mismatch is that the BOLD response amplitude
saturates during rapid stimulus presentations or repeated

movements at high movement rate.10–12 The mismatch between
motor execution and the BOLD response has fueled research on
the underlying mechanisms elaborating on complex interactions
between behavior, neuronal activity, and vascular signal sources
such as blood flow, volume, and oxygen consumption.1,13 For
instance, a plausible source of saturation of the BOLD response is
the ceiling effect where nonlinear BOLD signal behavior is caused
by large changes in cerebral blood flow (CBF). A large increase
in CBF is not accompanied by a proportionally large increase in
BOLD signal change due to the washing out of all the
deoxyhemoglobin in the venous vasculature.13,14 This mismatch
is a matter of concern, as motor execution is a fundamental
paradigm for many BOLD fMRI studies and is of clinical relevance
in the prognosis of neurologic disorders such as Parkinson’s
disease.15,16 To date, the matter remains open to debate.

A principal challenge of previous work on relating BOLD
responses to sensorimotor cortex activity is that, for the lack of
direct measures of neuronal activity, behavioral measures are
generally taken as a proxy. This assumes that there is a one-to-one
relationship between sensory input and sensory cortex activity, as
well as between movement rate and motor cortex activity. Recent
findings however, showed that local neuronal activity measured
with intracranial electrocorticography (ECoG) was suppressed
with increases in hand movement rate, while the speed
and amplitude of each hand movement remained the same.17

1Department of Neurosurgery and Neurology, Rudolf Magnus Institute, University Medical Center Utrecht, Utrecht, The Netherlands and 2Department of Radiology, University
Medical Center Utrecht, Utrecht, Netherlands. Correspondence: Dr N Petridou, Department of Radiology and Rudolf Magnus Institute of Neuroscience, Department of Neurology
and Neurosurgery, Image Sciences Institute, University Medical Center Utrecht, Utrecht, CX 3584, The Netherlands.
E-mail: N.Petridou@umcutrecht.nl
3These authors contributed equally to this work.
4Present address: UMC Utrecht, Room Q.04.4.310 (HP E.01.132), Heidelberglaan 100, (P.O. Box 85500), 3584 CX Utrecht, The Netherlands.
E-mail: N.Petridou@umcutrecht.nl
Received 24 January 2013; revised 26 April 2013; accepted 18 May 2013; published online 26 June 2013

Journal of Cerebral Blood Flow & Metabolism (2013) 33, 1448–1456
& 2013 ISCBFM All rights reserved 0271-678X/13 $32.00

www.jcbfm.com

http://dx.doi.org/10.1038/jcbfm.2013.97
mailto:N.Petridou@umcutrecht.nl
http://www.jcbfm.com


Thus, the assumption of a one-to-one relationship between
movement rate and neuronal activity cannot be maintained.
Given that at higher movement rates the BOLD response
saturates, the finding that neuronal activity also declines raises
the possibility that one may explain the other.

Here, we combined behavioral, BOLD fMRI, and direct measures
of neuronal activity obtained with intracranial ECoG in the same
human subjects, and examined whether BOLD responses accu-
rately reflect neuronal activity over a range of different movement
rates (0.3 to 2 Hz). Using ultrahigh-field fMRI (7 tesla), we obtained
hemodynamic BOLD responses with high spatial and temporal
fidelity and capillary specificity, weighted towards the hemody-
namic demands of active neuronal tissue.18 Importantly, the
ECoG electrode grids employed here allowed for a spatial
resolution that is on the same order as our fMRI measurements.
Studies have shown that power in higher frequencies (440 Hz)
correlates well with neuronal firing rates19–21 and also with BOLD
signal change.22,23 The ECoG high-frequency broadband power
thus provided a direct measure of electrical activity in confined
neuronal ensembles, which we compared with BOLD fMRI
measurements. We examined whether addition of the measured
neuro-electrophysiological response in a model for the BOLD
response affects the mismatch between model-predicted and -
measured BOLD response. We computed expected BOLD time-
courses for the movement (behavioral) and ECoG measures, by
convolving both measures with an empirically obtained
hemodynamic impulse response function (HRF). Two predicted
hemodynamic BOLD time-courses were thus obtained,
movement- and ECoG-based, which were compared directly
with the measured BOLD time-course. The measured BOLD
amplitude saturated at higher movement rates as expected. The
movement-based BOLD amplitude revealed a substantial
overestimation with respect to the measured BOLD amplitude at
faster movement rates (X1 Hz). The ECoG-based BOLD behaved
quite similarly to the measured BOLD because of a considerable
suppression in high frequency broadband power for these faster
movement rates. The ECoG-based BOLD explained up to 80% of
the discrepancy between the measured and the movement-based
BOLD amplitude in somatosensory as well as motor cortex. Thus,
even in the situation of considerable BOLD saturation and
neuronal suppression, we observe a linear relationship between
BOLD and ECoG HFB power over the whole range of executed
movement rates in sensorimotor cortex.

MATERIALS AND METHODS
Subjects and Procedure
Three right-handed subjects (one woman, two men; mean age, 27 years;
range, 19 to 43) participated in the study, approved by the Institutional
Review Board of the Utrecht University Medical Center, after giving written
informed consent in accordance with the Declaration of Helsinki 2008. The
subjects had normal hand function and were scheduled for the
implantation of ECoG arrays for the clinical purpose of epilepsy monitoring
where the pathologic region did not extend to sensorimotor cortex. On
average, 125 electrodes were implanted, 32 of which corresponded to a
high-resolution grid of 8� 4 electrodes located on the left sensorimotor
cortex (Figure 1A). The high-resolution grid (pitch 3 mm) contained
electrodes with 1 mm diameter, yielding a spherical measurement surface
of 1 mm2 per electrode. For each subject, the electrodes were localized
using a method presented previously;24 the electrodes were identified on a
high resolution CT scan (Philips Tomoscan SR7000, Best, The Netherlands)
and projected to the cortical surface rendering generated from a
preoperative MRI scan on a 3T MR system (Philips 3T Achieva, Best, The
Netherlands). All other functional and structural MRI data were obtained
using a 7T MR System (Philips 7T Achieva, Cleveland, OH, USA).

Functional Paradigm
The functional study was conducted in two sessions where the subjects
performed the same tasks preoperatively during the 7T MRI session and

postimplant during the ECoG session. In both sessions, the hand
movements were recorded using a DataGlove 5 Ultra MRI (5DT, Irvine,
CA USA, sampling rate 20 milliseconds), data of which were corrected for
baseline drifts and converted to input functions for BOLD signal prediction
analysis (see Data analysis paragraph below). The tasks consisted of closing
the right hand on a visual cue from the rest position (open hand with palm
facing up) at four different movement intervals: every 3, 2, 1, and 0.5
seconds, which translate to a movement rate of approximately 0.3, 0.5, 1,
and 2 Hz (Figure 2A). The hand movements were executed during a
6-second period followed by a rest period of 15 seconds, and this is
defined as one trial. In total, 15 trials were performed for each movement
rate, where the order of movement rates was randomized across subjects.

High-Field Imaging
Imaging was performed with a 16-channel head coil (Nova Medical,
Wilmington, MA, USA) before surgical implantation of the ECoG arrays. All
functional data were obtained using a multi-slice single-shot gradient-echo
EPI technique with an isotropic voxel size of 1.5 mm, TR/TE¼ 880/27
milliseconds, flip angle¼ 651, SENSE factor ¼ 2.5, FOV¼ 155� 155 mm2,
and 13 slices covering the left primary motor (M1), and primary sensory
(S1) areas. To reduce image distortions, third order image-based shimming
was performed (in-house developed IDL software, v6.3 RSI, Boulder,
CO, USA) on the FOV of the functional scans after brain extraction.
A high-resolution whole-brain T2*-weighted scan was acquired to visualize
the large draining veins located on the pial surface, with the following
parameters: 3D multishot gradient-echo echo-planar imaging,
TR/TE¼ 90.8/27 milliseconds, flip angle¼ 201, 2 averages, SENSE factor¼ 2,
an isotropic voxel size of 0.5 mm, and FOV¼ 188� 188� 30 mm3. An EPI
read out was used to have similar geometric distortions as in the functional
images. This scan was used to manually create a draining vein mask, which
was used to exclude the large draining veins located on the pial surface
from the subsequent functional analysis (see Supplementary Figure S1C).
The BOLD response of the large draining veins is known to be substantially
delayed with respect to the BOLD response of the gray matter vasculature
(the capillaries and intracortical veins and venules).25,26 Including these,
large draining veins could result in a less accurate, ‘blurred’, estimation of
the ‘true’ gray matter BOLD response. A temporally biased gray matter
BOLD response will affect the correspondence of the predicted BOLD
signal in tracking the underlying neuronal activity. Each movement rate
data set was registered to the movement rate data set that was acquired
first, denoted as the ‘common space’, using Flirt (FSL, FMRIB Software
Library, Oxford, UK). Activation maps were then obtained using FEAT: high-
pass filtering at 1/21 Hz, no spatial smoothing, z-value threshold¼ 2
(cluster P threshold¼ 0.05) and convolution for the general linear model
(GLM) using a standard double gamma variate hemodynamic response
function (see Supplementary Figure S1A for the activation map for the
0.3 Hz movement rate). The area of intersection between the activation
maps obtained for each movement rate produced a mask for each subject
that contained voxels that were active in all movement rates. In addition,
the areas M1 and S1 were manually delineated in the common space using
anatomic boundaries, i.e., the central and pre and postcentral sulci. The
intersection of the anatomic areas and the activation masks yielded the
final M1 and S1 regions of interest (ROI) for further analysis (see
Supplementary Figure S1B). Next, measured BOLD time-courses spanning
all 15 trials were obtained for each movement rate after averaging across
all voxels in the M1 and S1 ROIs followed by a ten-fold temporal
interpolation. Finally, the BOLD time-courses were converted to units of
percentage signal change by normalizing by a 3 s baseline period before
the first trial.

Electrophysiology—ECoG Acquisition
ECoG data were acquired with a 128 channel recording system (Micromed,
Treviso, Italy) with 512 Hz sampling rate and 0.15 to 134.4 Hz band-pass
filter and analyzed in the same way as in Hermes et al.17 Data were re-
referenced to the common average of all electrodes recorded from the
same amplifier. For subjects one and two, this computation included
electrodes from the regular grids. To extract power changes in high
frequencies, ECoG data were filtered for the 65 to 95 Hz bandwidth to
obtain broadband gamma frequencies, using a third order Butterworth
filter in two directions to minimize phase distortion (using the ‘filtfilt’
function in Matlab, The Mathworks Inc., Natick, MA, USA). After filtering, the
log power of the analytic amplitude (by Hilbert transform) was calculated
and the signal was smoothed with a 250-millisecond Gaussian window
(standard deviation of 42 millisecond). The log power (HFB power) from
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the movement repetition tasks was normalized (z-score) with respect to
the mean and standard deviation of all the 4-second period at the end of
the trials. To map ECoG responses on M1 and S1, we selected the
corresponding electrodes based on anatomic boundaries (the central
sulcus and pre and postcentral sulci); electrodes located over a sulcus were
not included. The z-scored log-power was then averaged across electrodes
on M1 and S1. For all movement rates, we identified the individual ECoG
responses within each trial and obtained the ratio between the first
response and the rest of the responses for each trail. This ratio shows the
neuronal suppression, if any, with movement rate. An average ratio per
movement rate was obtained by averaging across trials.

Data Analysis
We modeled BOLD responses based on the measured movements
(movement-based) and ECoG responses (ECoG-based) to determine
whether addition of the measured neuro-electrophysiological response
in a model can improve the prediction of the measured BOLD response. To
investigate the BOLD signal linearity in relation to movement rate, we
obtained the HRF for each subject from the slowest movement rate
(0.3 Hz). As the electrophysiology data revealed very consistent neuronal
responses for each movement at 0.3 Hz, we assume that the obtained HRF
contains minimal detectable neuronal nonlinearities. We also assume
minimal hemodynamic nonlinearities for the 0.3 Hz movement rate as
previous studies observed a saturation of the BOLD response only at faster
movement rates.10,27 The 0.3 Hz HRF was estimated by deconvolution of
the 0.3 Hz BOLD time-course with the corresponding dataglove input
function using a conjugate gradient deconvolution method. The 0.3-Hz
HRF was estimated separately for the M1 and S1 ROIs. The 0.3 Hz BOLD
signal is thus modeled as:

S0:3Hz¼ d0:3Hz � HRFþ n

Where # denotes the convolution operator, S0.3 HZ the 0.3-Hz BOLD
signal time-course, d0.3 HZ the 0.3-Hz dataglove trace, and n the noise. The
HRF is then estimated by finding a least square solution in the Fourier

domain using the conjugate gradient method:

HRF¼ min
HRFðf Þ

S0:3Hzðf Þ� d0:3Hzðf Þ � HRFðf Þk k2

where f denotes the Fourier domain.
Dataglove input functions were constructed from the postprocessed

dataglove data using the timing and duration of the detected movements.
The dataglove amplitude was not incorporated because a dataglove is
potentially sensitive to calibration errors and different positioning on the
subject’s hand, though it was consistent within the BOLD and ECoG
sessions across movement rates (Figure 2). Convolving the HRF with the
input functions from the dataglove data, we computed predicted BOLD
time-courses for the other movement rates, referred to as ‘movement-
based’ BOLD time-courses:

ŜMB¼ dMB � HRF

dMB¼
XM

i

XN

j
Ai;j Ri;j

where Ai, j¼ 1, ŜMB is the predicted ‘movement-based’ BOLD signal time-
course for a particular movement rate (0.5, 1, or 2 Hz), dMB the input
function consisting of the amplitude Ai,j and the movement response
shape Ri,j obtained from the dataglove data for corresponding movement
rate. M is the number of trials, which was 15 for each movement rate, and
N the number of movements within each trial.

Secondly, we modeled the drop in HFB power as a step function,
expressed as the ratio between the peak amplitude of the first movement
and the mean peak amplitude of the rest of the movements, averaged
over all trials. The ECoG response ratios per movement rate obtained for
each subject were used as weighting functions of the dataglove input
functions. Convolving the HRF with these weighted input functions,
we computed subject-specific ‘ECoG-based’ BOLD time-courses for

Figure 1. Human sensorimotor cortex activation upon a hand movement task. Intracranial electrocorticography (ECoG) and 7T blood
oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI) were combined to investigate the neuronal correlates of
a BOLD saturation phenomenon, which is observed when increasing the hand movement rate (see panel C). (A) Blood oxygenation level-
dependent activation of the sensorimotor cortex for the 0.3Hz movement rate, together with the location of the high density ECoG grid on
the 3D rendered brain of subject 1. Activation maps for the 0.3 Hz movement rate overlaid on the gradient-echo echo-planar imaging data is
shown in Supplementary Figure S1A for all subjects together with the relative ECoG electrode positions (Supplementary Figure S1D). The
primary motor (M1) and sensory (S1) cortices are also indicated. (B) From top to bottom for the 0.3-Hz movement rate; the obtained ECoG
high-frequency broadband power (HFB power) responses for a single electrode, the hand movements as detected by the digital dataglove
(from the ECoG session as shown in the top panel), and the corresponding BOLD response in primary motor cortex M1. Timing of the ECoG,
dataglove, and BOLD data is with respect to the stimulus onset (t¼ 0 s). (C) The BOLD nonlinearity phenomenon in sensorimotor cortex for
increasing movement rates. As previously reported, the BOLD amplitude saturates for higher movement rates (X1Hz.)27 where it does not
reach the amplitude as expected from a linear prediction model.
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each movement rate:

ŜEB¼ dEB � HRF

dEB ¼
XM

i

XN

j
Ai;j Ri;j

where Ai;j ¼
1; j¼ 1

ratioECoG; j 6¼ 1

�

ŜEBis the predicted ‘ECoG-based’ BOLD signal time-course for a
particular movement rate (0.5, 1, or 2 Hz), dEB the input function
where the Ai, j includes now the response ratios, ratioECOG, obtained
from the ECoG session. The ECoG- and movement-based BOLD
time-courses were compared with the measured BOLD time-courses for
all movement rates where the goodness-of-fit was quantified in terms of
the fit standard error (root mean square error, RMSE) and match in BOLD
amplitude.

RESULTS
Figure 1 shows the experimental setup for the ECoG and BOLD
measurements for one subject. Figure 1C illustrates the problem
of investigation; the BOLD amplitude saturates for higher
movement rates (41 Hz), and it does not reach the amplitude
as expected from a linear prediction model. The dataglove data in
Figure 2 shows that the subjects’ performance was similar
between the movement rates within both the BOLD fMRI and
ECoG sessions for all subjects. Figure 2A shows the dataglove
traces during the BOLD fMRI session for one subject. Figures 2B
and 2C shows the movement rate and movement amplitude as
measured by the dataglove for both the BOLD fMRI and ECoG
sessions for all subjects. For the BOLD session, the single
‘close-open’ hand movements were executed within 430±
24 milliseconds, 430±90 milliseconds, 390±90 milliseconds, and

300±62 milliseconds for the 0.3, 0.5, 1, and 2 Hz movement rates
respectively (mean±standard deviation across subjects).
For the ECoG session, the single ‘close-open’ hand movements
were executed within 520±220 milliseconds, 470±160 milli-
seconds, 450±145 milliseconds, and 280±30 milliseconds for
the 0.3, 0.5, 1, and 2 Hz movement rates, respectively (mean±
standard deviation across subjects).

BOLD Data Shows Saturation of the BOLD Response Amplitude for
Movement Rates X1 Hz
Average BOLD time-courses were obtained from voxels that were
active for all movement rates for ROI in the primary motor (M1)
and primary sensorimotor (S1) cortex for each subject (see
Supplementary Figure S1B). For all subjects, the measured BOLD
response amplitude saturated at movement rates X1 Hz, in
contrast with both the predicted BOLD response based on the
executed movements (Figure 3 for a representative subject) and
the movements measured with the dataglove. The results of the
measured BOLD response for all subjects for M1 and S1 are shown
in Figure 6.

ECoG Broadband Gamma Power Shows Suppression of Amplitude
for Movement Rates X1 Hz
Measures of local neuronal activity (HFB power) were obtained for
ECoG electrodes on the same ROIs in M1 and S1, as for the BOLD
fMRI analysis for each subject. Figure 4A shows clear observable
HFB power responses for each hand movement for a representa-
tive subject. For movement rates X1 Hz and for all subjects we
found a significant drop in HFB power for movements after
the trial’s first movement as reported earlier.17 This indicates a
suppression of neuronal activity with repeated movements at
these rates, while the extent of measured movements remained

Figure 2. Dataglove data illustrating the functional paradigm and the task performance for the blood oxygenation level-dependent (BOLD)
functional magnetic resonance imaging (fMRI) and electrocorticography (ECoG) sessions. (A) Subjects were asked to close their right hand on
a visual cue from the rest position (open hand with palm facing up) at four different movement rates: 0.3, 0.5, 1, and 2Hz. The movements
were performed during a 6-second period followed by a rest period of 15 seconds, which is defined as one trial. The hand movements were
recorded using a dataglove during both the ECoG and fMRI session and gives a measure of the subjects’ performance for the different
movement rates. Data shown are the hand movements as recorded by the dataglove for a representative trial for one subject during the BOLD
fMRI session. (B) Movement rate as measured by the dataglove for both the BOLD (purple) and ECoG (red) session. Results shown are the
mean±standard deviation across all subjects. (C) Dataglove amplitude as measured for all movement rates for the BOLD (light green) and
ECoG (dark green) session. The dataglove amplitude was similar across movement rates within a session. An amplitude difference was
observed between the BOLD and ECoG sessions (consistent for all movement rates), potentially caused by different calibration of the
dataglove on the subject’s hand. Results shown are the mean±standard deviation across all subjects.
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the same (Figure 2C). Figure 4C shows the ECoG response ratios
per movement rate obtained for all subjects for M1 and S1. For
M1, the percentage drop in HFB power after the first movement

was approximately 43±14% for the movement rates X1 Hz. For
S1, we found a percentage drop of approximately 35±9% for the
movement rates X1 Hz. For the movement rates o1 Hz, we found

Figure 3. Blood oxygenation level-dependent (BOLD) amplitude shows a nonlinear relationship with movement rate. Measured BOLD
responses (blue) saturate for movement rate X1Hz with respect to the BOLD response predicted based on the executed movements
(movement-based BOLD in red). Results shown for primary motor cortex (M1), averaged across trials, for a representative subject.

Figure 4. Electrophysiological data shows considerable suppression after the first movement for fast movement rates. (A) Electrocortico-
graphy (ECoG) data shown for electrodes on the primary motor cortex (M1) as measured by the log power in broadband gamma (HFB power)
for each movement rate, 0.3, 0.5, 1, and 2Hz, and averaged over trials for a representative subject ( mean þ /� standard). The time-courses
show the average over the electrodes on M1. Z-scores are obtained by normalizing the data with the mean and standard deviation of the
baseline period after each trial. Notice the drop in HFB power after the first movement for movement rates X1Hz. Timing of the ECoG data is
with respect to the stimulus onset (t¼ 0 seconds). (B) Location of the high-density ECoG grid shown in black, two electrodes from a regular
ECoG are shown in gray, which were used to obtain HFB power responses from S1 for this subject. Electrocorticographic-grid locations for the
other subjects can be found in Supplementary Figure S2. The dashed white line indicates the central sulcus. (C) The ratio of the first
movement HFB power and all subsequent movements for all movement rates. Top and bottom panels show the results averaged over all
electrodes located on primary sensorimotor cortex (M1 and S1) for all three subjects. Electrode locations were identified on a preoperative CT
scan and were then projected to the cortical surface rendering generated from a preoperative magnetic resonance imaging (MRI) scan.24
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a small reduction in HFB power, 12±9% and 9±10% of the
HFB power of the first movement for M1 and S1 respectively
(Figure 4C).

ECoG Responses Predict BOLD Responses in the Same Patch of
Sensorimotor Cortex
Figure 5C shows how the dataglove data were used to obtain the
movement-based and ECoG-based BOLD time-courses. When
compared with the measured BOLD time-courses, we observed a
large overestimation of the signal amplitude for movement rates
X1 Hz for the movement-based BOLD (see red time-courses in the
1 and 2 Hz panels in Figure 5A for a representative subject).
Supplementary Figure S2 shows the results for the other subjects.
Figure 6 shows the mismatch of the movement-based BOLD with
the measured BOLD amplitude and the increased fit standard
error (RMSE) relative to the movement rate of 0.3 Hz, for all
subjects. For the fast movement rates (X1 Hz), we found that the
movement-based BOLD amplitude overestimated the measured
BOLD amplitude up to a factor of 1.9 and 1.8 for M1 and S1,
respectively. For the 0.5-Hz movement rate, we found a factor of
1.2 overestimation of the measured BOLD amplitude using the
movement-based BOLD model for both M1 and S1.

Figure 5A (black time-courses) shows for a representative
subject the ECoG-based BOLD time-courses, utilizing the electro-
physiological response ratios from the subject’s ECoG session

(Figure 4C) as weighting functions. Supplementary Figure S1
shows the results for the other subjects. We found that the ECoG-
based BOLD closely matched the measured BOLD time-courses in
both the M1 and S1 ROIs for each subject (see Figure 6). Including
the ECoG weighted input functions into the model reduced the
overestimation of the modeled BOLD amplitude by 82±3% for
M1 as compared with the movement-based BOLD for all move-
ment rates X0.5 Hz. For S1, the ECoG-based BOLD reduced the
movement-based BOLD overestimation by 50%, 78%, and 70% for
movement rates 0.5, 1, and 2 Hz, respectively. The accuracy of the
ECoG-based approach in predicting the measured BOLD is also
reflected by the lower RMSE values; the RMSE values of the ECoG-
based approach were significantly reduced with respect to the
RMSE values of the movement-based approach for movement
rates X0.5 Hz in M1 (Po0.03) and for movement rates X1 Hz in
S1 (Po0.002, one-sided paired Student’s t-test).

DISCUSSION
We obtained and combined intracranial ECoG, 7T BOLD fMRI, and
behavioral measures from the same human subjects for a simple
motor task with several rates of movement. Goal was to evaluate
the relationship between BOLD and neuronal population activity
in sensorimotor cortex, in the context of new evidence suggesting
that overt movements are not tightly linked to cortical activity.17

ECoG and movement measures were used to construct BOLD

Figure 5. Prediction of blood oxygenation level-dependent (BOLD) time-courses using either a movement-based model or electrocortico-
graphy (ECoG)-weighted input functions. (A) BOLD primary motor cortex (M1) time-courses for all movement rates; measured (blue), as
predicted from the movements (red, BOLD movement-based), as predicted by the subject-specific ECoG weighted input function (black, BOLD
ECoG-based). Data is from the same subject as in Figures 1 and 4. Horizontal bars indicate the subject’s hand movements for each movement
rate. Movement-based BOLD data was obtained by convolving the dataglove input functions with the hemodynamic impulse response
function (HRF) estimated from the 0.3 Hz measured BOLD time-course. ECoG-based BOLD data was obtained by imposing the nonlinear
neuronal suppression, approximated as a step function (computed ratios in Figure 4C), as a weighting function on the dataglove input
followed by a convolution with the 0.3 Hz HRF. Time-courses for S1 for this subject are shown in Supplementary Figure S2. (B) Hemodynamic
impulse response function as estimated from the 0.3 Hz BOLD time-course. (C) Illustration of how the behavioral responses as measured by
the dataglove are transformed to neuronal responses and eventually the BOLD responses for the movement-based and ECoG-based
approaches.
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prediction models, which were compared with the measured
BOLD time-courses. The saturation of the BOLD response
with respect to movement rate as reported in literature10,11,27–29

was confirmed in the present study. Importantly, the prediction
model based on the HFB power in the ECoG proved to yield a
BOLD time-course that was strikingly similar to the measured
BOLD time-course. This indicates that the BOLD response is tightly
coupled to neuronal activity over the range of executed
movement rates. This finding directly impacts on the validity of
inferring neuronal activity patterns in sensorimotor studies from
BOLD-fMRI data. Moreover, this finding suggests that observed
BOLD nonlinearities in other cortical regions or experimental
conditions may also relate to the underlying neuronal processes
rather than neurovascular uncoupling.

In this study, BOLD signals were acquired with high spatial
detail from sensorimotor cortex using a 7T scanner. ECoG offers
well-localized electrophysiological measurements of neuronal
activity, and electrophysiological data were obtained without
the use of anesthetics. The latter, often applied in animal studies,
poses a potential contamination of the neurovascular coupling
mechanism30 and thus adds uncertainty in the obtained
measures. Simultaneous measurements of 7T BOLD fMRI and
ECoG were not possible for safety reasons (risk of electrode
heating due to radio frequency energy deposition), but the use of
a digital dataglove made it possible to bridge the two modalities.
The recently revealed nonlinearity between hand movements and
the underlying neuronal activity17 led us to reconsider the
assumption that at increasing movement rates, neuronal
responses remain invariant and that therefore saturation of the
BOLD response in sensorimotor cortex is due to neurovascular
uncoupling. The ECoG HFB power shows considerable decline in
neuronal activity after the initial movement for the movement
rates X1 Hz for both M1 and S1.17 As broadband HFB power

changes have been linked to neuronal population firing rate,19–21

the observed decline in the ECoG HFB power at higher movement
rates in this study could suggest that, after movement initiation,
fewer motor cortex neurons have to fire or firing rates may
possibly decline when multiple similar movements are made at a
fast rate.17 Including this subject-specific drop in neuronal activity
as a weighting function in a BOLD fMRI prediction model, we
obtained a close match with the measured BOLD data from the
same cortical regions in the same subjects (Figures 6A and 6B).

The fact that a linear relationship between BOLD and ECoG HFB
power was found in both M1 and S1 suggests that the principle
may generalize to other brain regions and functions also. Previous
studies that have combined electrophysiology and BOLD or blood
flow measurements have focused mainly on sensory cortices
such as the visual or somatosensory cortex using passive
neuronal stimulation, either invasively in rodents or primates, or
non-invasively using scalp-based electrophysiology measure-
ments electroencephalography (EEG) in humans.5,31–37 While
nonlinearities in hemodynamic and electrophysiological
measurements are often reported, two studies on human visual
cortex using modulation of the stimulation frequency suggested
that the hemodynamic response nonlinearity can potentially be
explained by the nonlinear electrophysiological activity as
captured by the EEG event-related potentials.31,32 Electroence-
phalography measurements, however, do not allow for accurate
localization of the source of electrophysiological responses
because of the inverse problem.38 Moreover, event-related
potentials such as those measured by EEG do not map well
onto BOLD activity for changing stimulus duration as was recently
shown with ECoG,39 whereas changes in HFB power do, as
reported in the same and other data sets.17,40 Electrocortico-
graphy measures directly from active neurons confined to cortical
patches of similar spatial extent as BOLD fMRI voxels, with a close

Figure 6. Blood oxygenation level-dependent (BOLD) amplitudes relative to the 0.3 Hz measured BOLD amplitude for the measured,
movement- and electrocorticography (ECoG)-based BOLD time-courses in blue, red, and black respectively. M1 and S1 results on the left and
right panel, respectively. ECoG-based BOLD shows a similar saturation behavior to the measured BOLD with respect to movement rate. Results
averaged over all subjects for all movement rates. (A) Match of the predicted BOLD amplitude with the measured BOLD amplitude, mean þ /�
standard deviation across all subjects; measured (blue), movement-based BOLD (red), and BOLD amplitude as predicted by the subject-
specific ECoG weighted input function (black).The movement-based BOLD overestimates the measured BOLD amplitude up to a factor of 1.9
for the faster movement rates (X1Hz). The ECoG-based BOLD reduced the movement-based BOLD overestimation by approximately 82±3%
for M1 for all movement rates X0.5 Hz. For primary sensory cortex (S1), the electrocorticography (ECoG)-based BOLD reduced the movement-
based BOLD overestimation by 50%, 78%, and 70% for movement rates 0.5, 1 and 2Hz, respectively. (B) Goodness-of-fit of the predicted BOLD
time-courses to the measured BOLD expressed as the fit standard error root mean square error (RMSE). RMSE of the ECoG-based BOLD are
significantly reduced compared with the movement-based RMSE for movement rates X0.5 Hz in M1 (Po0.03) and for movement rates X1Hz
in S1 (Po0.002, one-sided paired Student’s t-test).
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correlation between HFB power and BOLD signal change data
sets.17,40 Hence, the combination of ECoG and BOLD fMRI in
humans has more straightforward and direct implications for
relating BOLD to underlying neuronal activity.

While we found a tight relationship between BOLD and HFB
power for M1, this seems to be slightly less tight in S1. For the
movement rate of 2 Hz, the ECoG-based BOLD could only explain
70% of the mismatch between the movement-based and
measured BOLD amplitude in S1, whereas this was 85% in M1
(Figure 6). This remaining saturation in the measured BOLD
amplitude in S1 could be explained by neuronal processes that are
not captured by the HFB power but by lower frequency
bands.23,41Although we found a significant decrease in the HFB
power for subsequent movements at high movement rates, we
observed no movement rate effect for the amplitude in the
lower frequency, beta-band power, response (12 to 28 Hz).17 The
beta-band activity, however, remained suppressed between
movements at faster movement rates in both motor and
sensory cortex, in contrast with the slower movement rates
where the beta-band activity recovered to baseline values.17 Also,
the underlying neuronal activity in sensory and motor cortex
differs during motor action. The HFB response is a single clear
transient increase in power in M1, whereas in S1, it consists of two
sequential increases associated with closing and opening of
the hand.17 Also, sensory cortex activity may be affected by
presynaptic inhibition of afferent input, which is not likely to occur
in the motor cortex. This inhibition may change with movement
rate. Alternatively, BOLD nonlinearities that are caused by
differences in the local vasculature and the creation of the
BOLD signal26,42 could still contribute.

The observed BOLD nonlinearities could potentially be caused
by the ceiling effect where the nonlinear saturation is due to large
changes in cerebral blood flow (CBF) that wash out the
deoxyhemoglobin resulting in a plateauing of the BOLD signal
amplitude.13,14 Earlier PET studies, however, have observed similar
saturation of CBF changes in sensorimotor cortex for fast
movement rates (up to 2 Hz), as we observed for the BOLD
signal.27,28 Additionally, a PET study by Dettmers et al43 compared
BOLD changes with CBF changes in motor cortex and observed a
linear relationship between BOLD and CBF in a finger tapping task
(1 Hz) for a range of tapping forces.43 These studies indicate that it
is very likely that our observed BOLD changes are linearly related
to the underlying blood flow changes, and thus contain a very
minimal ‘ceiling effect.’ For future work, it would be interesting to
obtain CBF data for example provided by arterial spin labeling MRI
techniques to validate previous findings. Nevertheless, the present
study indicates that for the sensorimotor system, the impact of
these vascular processes on the BOLD signals is much less than
proposed in literature. The present findings also encourage further
investigation to assess the linearity between BOLD and neuronal
activity for other brain regions and stimulus configurations, such
as continuous cortical activation or ranges of stimulus intensities
and durations. Similar investigations would be interesting for
animal studies that are typically performed to investigate
neurovascular coupling.

In summary, in the present study, the relationship between
BOLD and neuronal population activity in the human sensor-
imotor cortex was explored over a range of movement rates, given
new evidence of a mismatch between behavioral measures and
electrophysiology. Here we investigated relationships between
behavioral, hemodynamic, and direct cortical electrophysiological
measures, in a human sensorimotor experiment. Our data show
considerable saturation of the BOLD response with respect to
hand movement rate and neuronal response suppression after the
first movement, in the presence of rate-invariant movement
measures. When including the subject-specific suppression in
ECoG HFB power in our BOLD fMRI prediction model, we obtain a
high goodness-of-fit of our measured BOLD data for all movement

rates. This provides evidence that a large portion of the BOLD
saturation is well explained by the drop in HFB power, and thus
the neuronal processing associated with the HFB power. Thus,
while there can be a discrepancy between executed movements
and both the BOLD and ECoG responses, the latter are closely
matched within the same patch of sensorimotor cortex. Further
research is warranted to translate these finding to other cortices
and brain functions.
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