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The simultaneous recordings of neuronal and hemodynamic signals have revealed a significant involvement
of high frequency bands (e.g., gamma range, 25–70 Hz) in neurovascular coupling. However, the dependence
on a physiological parameter is unknown. In this study, we performed simultaneous electroencephalography
(EEG) and functional magnetic resonance imaging (fMRI) recordings in 12 Wistar rats using a conventional
forepaw stimulation paradigm and concurrently monitored the systemic physiological parameters of the par-
tial pressure of arterial oxygen, partial pressure of arterial carbon dioxide, pH, mean arterial blood pressure,
and heart rate through the rat femoral artery. The high frequency bands in the artifact-free EEG signals, espe-
cially those in the gamma range, demonstrated a maximum correlation with fMRI signals in the rat somato-
sensory cortex. A multiple linear regression analysis demonstrated that the correlation coefficient between
the gamma power and fMRI signal depended on the actual values of the physiological parameters
(R2=0.20, pb0.05), whereas the gamma power and fMRI signal by itself were independent. Among the pa-
rameters, the heart rate had a statistically significant slope (95% CI: 0.00027–0.0016, pb0.01) in a multiple
linear regression model. These results indicate that neurovascular coupling is mainly driven by gamma oscil-
lations, as expected, but coupling or potential decoupling is strongly influenced by systemic physiological pa-
rameters, which dynamically reflect the baseline vital status of the subject.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Functional magnetic resonance imaging (fMRI) has replaced elec-
troencephalography (EEG) and positron emission tomography as the
central research tool in cognitive neuroscience (Friston, 2009). Al-
though fMRI allows human brain functions to be investigated nonin-
vasively, “fMRI signal interpretation” is still a major concern in the
neuroimaging research community (Bandettini, 2009). fMRI is the indi-
rect consequence of neuronal activity and is observed through alter-
ations in blood flow, blood volume, or oxygen metabolism (Buxton,
2002). Therefore, it is important to gain further insights into the relation-
ship between hemodynamic responses and underlying neuronal activity
(Logothetis, 2008).

To address the aforementioned issue, simultaneous recordings of
direct neuronal activity (i.e., EEG or intra-cranial recordings) and he-
modynamic responses (i.e., fMRI or optical imaging) have been
attempted for over a decade despite technical difficulties (Villringer
et al., 2010). For example, Logothetis et al. (2001) demonstrated
that fMRI signals reflect changes in local field potentials rather than
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in spiking activity in the visual cortex of monkeys. Niessing et al.
(2005) reported that 610 nm hemodynamic responses positively cor-
related with neuronal synchronization in the gamma range in the vi-
sual cortex of cats. More recently, such gamma band-specific positive
correlations have been reproduced in humans performing a cognitive
visual attention task (Scheeringa et al., 2011). These results and
others (Goense and Logothetis, 2008; He et al., 2008; Lachaux et al.,
2007; Mukamel et al., 2005; Nir et al., 2007; Schölvinck et al., 2010;
Viswanathan and Freeman, 2007) have consistently indicated the sig-
nificant involvement of gamma oscillations in neurovascular coupling
across species and brain regions. The neurological origin and func-
tional relevance of gamma oscillations have been extensively studied
(Cardin et al., 2009; Sohal et al., 2009; Traub et al., 1996), yet it is still
unclear why gamma oscillations preferentially correlate with hemo-
dynamic responses (Riera and Sumiyoshi, 2010).

In addition to the neurogenic basis of neurovascular coupling, a
number of studies indicate that fMRI signals are highly sensitive to
physiological and/or pharmacological interventions, such as hypo/
hyperoxia (Chiarelli et al., 2007; Sicard and Duong, 2005; Wibral et
al., 2007), hypo/hypercapnia (Corfield et al., 2001; Posse et al.,
2001; Zappe et al., 2008), hypo/hypertension (Masamoto et al.,
2008; Qiao et al., 2007), hemodilution (Levin et al., 2001; Lin et al.,
1998), and different anesthetics (Franceschini et al., 2010; Huttunen
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et al., 2008; Smith et al., 2002). These findings highlight the impor-
tance of the basal condition in evoked fMRI responses and suggest
that we take caution when interpreting the fMRI signals of subjects
whose physiological parameters may differ. It is standard procedure
that fMRI researchers, especially those using anesthetized animal
models (e.g., rat: Hyder et al., 1994; cat: Jezzard et al., 1997; monkey:
Logothetis et al., 1999), report the systemic physiological parameters
of their subjects, such as the partial pressure of arterial oxygen
(PaO2), partial pressure of arterial carbon dioxide (PaCO2), pH,
mean arterial blood pressure (MABP), and heart rate (HR), to verify
their results and conclusions (Steward et al., 2005). However, the
perturbations in neuronal responses caused by such experimental in-
terventions are not directly or simultaneously evaluated in most
cases. Thus, it is difficult to conclude whether the changes in fMRI sig-
nals are derived from neuronal and/or hemodynamic consequences.
Normally, it is difficult to extrapolate findings into cognitive fMRI re-
search because the physiological parameters evaluated during exper-
imental interventions are far above/below the ranges that are
normally assumed for healthy human subjects.

We also investigate the influence of baseline physiology on neuro-
vascular coupling in this study. More specifically, we report on the
trial-by-trial relationship between EEG responses in each frequency
band and fMRI signals and their dependence on the physiological pa-
rameters within a normal physiological range. To achieve this, we re-
peatedly performed simultaneous EEG and fMRI recordings in 12 α-
chloralose anesthetized rats as previously described (Sumiyoshi et
al., 2011). In addition, we achieved concurrent physiological monitor-
ing of several systemic parameters (i.e., PaO2, PaCO2, pH, MABP, and
HR) through the rat femoral artery during simultaneous EEG–fMRI
acquisitions. To reduce artifact in the EEG data, an independent
component analysis (ICA) method (Mantini et al., 2007a) was
successfully applied. Finally, we examined the correlation coeffi-
cients between the powers of the EEG in each frequency band
and the fMRI signals in the rat somatosensory cortex and per-
formed a multiple linear regression analysis to statistically eluci-
date the impact of the physiological parameters on neurovascular
coupling.

Materials and methods

Animal preparation

The experiments were conducted on 12 male Wistar rats, weigh-
ing 206±12 g (Charles River, Yokohama, Japan). All procedures
were performed in agreement with the policies established by the
Animal Care Committee at Tohoku University (approval code,
2011AcA-40). Each rat was initially anesthetized with isoflurane (5%
for the initial induction and 3% during surgery). The scalp hair was
carefully removed with an electric shaver and a medical razor. The
exposed skin was de-greased with 70% ethanol. The tail vein was
catheterized using a 24 G plastic cannula for systemic and continuous
drug delivery through a syringe pump (TOP-5300, TOP, Tokyo, Japan).
Each rat was orally intubated with a 16 G plastic cannula and me-
chanically ventilated (the inspired gas was a mixture of 40% O2 and
60% N2) at approximately 60 breaths per minute (BPM) using a
small animal ventilator (SAR-830/AP, CWE Inc., Ardmore, PA, USA).
The rats were administered a muscle relaxing agent (pancuronium
bromide, 2.0 mg/kg/h i.v.). After surgery, each rat was placed in the
prone position on a custom-built MRI-bed with a bite bar, and the an-
esthetic was switched from isoflurane to α-chloralose (80 mg/kg as
an initial bolus, followed by a constant infusion of 26.7 mg/kg/h).
The temperature was monitored using an MRI-compatible tempera-
ture probe (Model 1025, SA Instruments, Stony Brook, NY, USA)
inserted into the rectum. The core body temperature was carefully
regulated during the entire experiment by means of a heated water-
circulating pad. A pair of small needle electrodes (NE-224S, Nihon
Kohden, Tokyo, Japan) was inserted under the skin of either the
right or left forepaw for electrical stimulation.

Arterial blood gas/pressure monitoring

The left femoral artery was approached from the left inguinal re-
gion of the rats. The artery was clearly dissociated from the nerve
and the vein. The distal portion of the artery was tied with a 4-
0 silk string, and the proximal portion was clamped with forceps. A
tiny hole was made in the arterial wall with micro-scissors, and a
polyethylene catheter (inner diameter: 0.5 mm and outer diameter:
0.8 mm) filled with 100 U/ml heparinized saline solution was
inserted into the hole. The arterial wall and the catheter were fixed
with a 4-0 silk string and liquid glue (Vetbond™, 3M Animal Care
Products, St. Paul, MN, USA). The clamp was released, and the
lumen of the catheter was flushed with 100 U/ml heparinized sa-
line solution. The procedure was confirmed by observing the
backflow of arterial blood inside the catheter. The arterial blood
pressure was digitized by DTXPlus™ (BD, Franklin Lakes, NJ,
USA) connected to the polyethylene catheter, amplified by MEG-
6108 (Nihon Kohden, Tokyo, Japan) and analyzed by PowerLab/
16SP and LabChart 6 (ADInstruments, Colorado Springs, CO,
USA). The MABP and HR were obtained from an average of 60 s
of digitized data. Meanwhile, the blood gas sampling was per-
formed as follows. First, the heparinized saline solution inside
the lumen of the left femoral catheter was removed. Second, ap-
proximately 0.3 ml of blood from the catheter was extracted
using a 1.0 ml heparin-coated syringe. Third, the removed saline
solution was returned to the catheter, and the lumen of the cath-
eter was flushed with 100 U/ml heparinized saline solution. Final-
ly, the extracted blood was analyzed by a Rapidlab 248 blood gas
analyzer (Siemens, Munich, Germany) to obtain the values of
PaO2, PaCO2, and pH. Thus, the MABP and HR were continuously
monitored throughout the experiment, and the PaO2, PaCO2, and
pH were obtained in a discontinuous manner.

Electrophysiological recordings: EEG and ECG

For simultaneous EEG and fMRI data acquisition, we prepared an
EEG mini-cap that was compatible with MRI and was specifically
designed for rodents. The details of the rodent EEG mini-cap, such
as the design, material, and recording principle, were described in a
previous study (Sumiyoshi et al., 2011). In brief, the mini-cap is com-
posed of a total of 31 EEG electrodes made of platinum wires (PT-
351325, Nilaco, Tokyo, Japan) that were placed on the rat scalp with
an inter-electrode distance of 3.0 mm. Each electrode was immersed
in a highly conductive EEG paste (0.81 S/m at 25 °C) and confined in
a cylindrical silicon tube (diameter: 1.3 mm and length: 10 mm).
The impedance of each electrode was maintained under 50 kΩ. The
data were collected using a 32-channel MR-compatible BrainAmp
system (Brain Products, Munich, Germany) with a sampling rate of
5 kHz. We applied band-pass-filtering from 0.5 to 250 Hz along with
50-Hz notch filtering. An additional channel was used to record the
ECG through a needle (Model 1025, SA Instruments, Stony Brook,
NY, USA) that was inserted into the right hindpaw. To synchronize
the EEG data with fMRI scanning, analog outputs (5 V) generated by
an MRI console were digitized (16-bit resolution) as triggers to the
EEG amplifiers and were subsequently utilized for the offline removal
of scanning artifacts. The reference and ground electrodes (NE-224S,
Nihon Kohden, Tokyo, Japan) were subdermally inserted into the
right and left earlobes, respectively.

MRI recordings: fMRI and T2

All of theMRI data were acquired using a 7.0-T Bruker PharmaScan
system (Bruker Biospin, Ettlingen, Germany) with a 38 mm diameter
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birdcage coil. Prior to all of the MRI experiments, the global magnetic
field shimming was performed first inside the core and later complet-
ed at the region-of-interest (ROI) using a point-resolved spectroscopic
protocol. The linewidth (full width at half maximum) at the end of the
shimming procedure ranged from 15 to 20 Hz in the ROI (~300 μl).
The fMRI signals were obtained using the GE-EPI with the following
parameters: TR=2000 ms, TE=15 ms, SBW=250 kHz, flip angle=
30°, FOV=25×14 mm2, matrix size=125×70, voxel size=200×
200 μm2, number of slices=7, slice thickness=1.5 mm, slice
gap=0 mm, number of volumes=370, and dummy scans=4. The
T2-weighted anatomical images were obtained using the 2D-RARE se-
quence with the following parameters: TR=4600 ms, TEeff=30 ms,
RARE factor=4, SBW=100 kHz, flip angle=90°, FOV=32×
32 mm2, matrix size=256×256, voxel size=125×125 μm2, number
of slices=54, slice thickness=0.5 mm, slice gap=0 mm, and num-
ber of averages=24. The iMagic and Brainbow software (Neuronic
S.A., Havana, Cuba) were used for T2-weighted image data processing
and visualization, respectively.

Experimental design

A simultaneous EEG–fMRI measurement consisting of a block-
design stimulation paradigm and a subsequent blood gas sampling
(approximately 0.3 ml in each blood sampling) was performed once
every hour for 5 h after α-chloralose anesthesia induction. In this
study, we are referring to the combination of an EEG–fMRI measure-
ment and a blood gas sampling as an “experiment”. Thus, a total of 60
experiments (5 experiments per rat) were utilized for statistical ana-
lyses, and no exclusion criteria were considered. A block-design stim-
ulation paradigm consisting of 10 blocks was employed, where each
block comprised of a 30 s forepaw stimulation followed by a 40 s rest-
ing condition. A generator (SEN-3401, Nihon Kohden, Tokyo, Japan)
and an isolator (SS-203J, Nihon Kohden, Tokyo, Japan) were utilized
to produce the electrical pulses (3 Hz, 3 mA, and 0.3 ms width). Either
the left or right forepaw was stimulated (n=6 animals in each) to
create a balance across all of the animals. No significant increase or
decrease in the MABP was observed (within±2.0 mm Hg change in
the mean). In addition to the experiment performed inside of the
MRI scanner, the same block-design stimulation paradigm was also
performed outside of the MRI scanner for a pair-based comparison
of the quality of the EEG data.

EEG data analysis

The procedure for the EEG data analysis was based on the strategy
described by Mantini et al. (2007a) for attenuating a wide variety of
artifacts, which caused contamination due to the nature of the simul-
taneous EEG–fMRI acquisitions. Briefly, the Brain Vision Analyzer
software (Brain Products, Munich, Germany) was used for the offline
correction of fMRI scanning artifacts. This software implements the
adaptive artifact subtraction (AAS) method, in which the scanning ar-
tifact waveforms are segmented (−10 ms to 276 ms relative to the
scanning trigger), averaged (after baseline correction), and iteratively
subtracted from the EEG signals. The data were then down-sampled
to 1 kHz, band-pass-filtered from 0.5 to 70 Hz using a Butterworth fil-
ter with a 24 dB/oct slope and finally exported into a binary format
(Supplementary Fig. 1A). The subsequent EEG data analysis was per-
formed using custom-written software in MATLAB (MathWorks, Na-
tick, MA, USA). To reject the ballisto-cardiogram (BCG) and other
undesirable artifacts from the filtered EEG data, an ICA-based subtrac-
tion method was employed. The procedure for artifact reduction was
as follows: first, the data were visually checked to exclude noisy EEG
channels and re-referenced to the mean across all of the channels.
Second, the ICA decomposition into the 30 source signals was per-
formed by the FastICA algorithm (Supplementary Fig. 1B). Third, the
classification of 30 source signals into artifacts was performed either
with a manual or an automated approach (e.g., Supplementary
Fig. 2). Fourth, the IC components identified as artifacts were
projected back on to the channel level and then subtracted
from the filtered EEG data (Supplementary Fig. 3). The criteria
we used for classifying the IC components were as follows: (1) for the
BCG artifact, the correlation coefficient with the ECG is larger than 0.2;
(2) for the respiration artifact, the power percentage of the sharp
1.0 Hz peak in the periodogram is larger than 1.0%; (3) for the occasion-
al artifact, the maximum amplitude in the back-projected data is larger
than 80 μV. While (1) and (3) are exactly the same criteria that were
previously used in the literature, (2) is a novel criterion because respi-
ration is continuously controlled by mechanical ventilation at approxi-
mately 60 BPM in this study. The mean event-related potential (ERP)
for each experiment was computed from 900 individual evoked poten-
tials (−50 ms to 200 ms relative to the stimulus onset) after a baseline
correction (−50 ms to 0 ms relative to the stimulus onset). Finally, the
Euclidean distance was computed for pair-based comparisons of ERP
waveforms.

fMRI data analysis

The fMRI data analysis was performed using SPM5 (Wellcome
Department of Cognitive Neurology, London, UK) and custom-
written software in MATLAB, which consisted of adjustments of
the acquisition timing across slices, correction for head move-
ment, and smoothing using a Gaussian kernel of 0.8 mm full
width at half maximum. The single-subject analysis of the prepro-
cessed fMRI data was performed using SPM5 with a critical T-
value for each voxel (pb0.05, FWE corrected). To further evaluate
the fMRI results, an average time course within the spherical ROI
(0.6 mm radius) centered on the highest T-scores was extracted.
The drift was removed by subtracting the low-frequency compo-
nents of its discrete cosine transform, and the time courses of
the fMRI data were low-pass-filtered (6th order Butterworth fil-
ter, b0.1 Hz). The statistical T-scores of the fMRI data were com-
puted by the MarsBaR toolbox (http://marsbar.sourceforge.net/)
using the conventional hemodynamic response function (HRF).

Neurovascular coupling data analysis

To quantify the trial-by-trial relationship between the EEG and
fMRI data, Pearson's correlation coefficients were calculated for each
experiment. First, the electrode located most proximal to the fMRI ac-
tivation site and exhibiting the highest response in terms of ERP mag-
nitude was carefully selected. Second, the EEG data from the selected
electrode was band-pass-filtered (delta: 1–4 Hz, theta: 4–8 Hz, alpha:
8–12 Hz, beta: 12–25 Hz, and gamma: 25–70 Hz) and the power of
each frequency band was averaged in epochs of 2000 ms, which cor-
responded with the TR of fMRI acquisition. Third, they were con-
volved with a canonical HRF in SPM5 (delay of response=6; delay
of undershoot=16; dispersion of response=1; dispersion of under-
shoot=1; ratio of response to undershoot=6; onset=0; length of
kernel=32). Fourth, after removing the first and last 10 points of
the data, Pearson's correlation coefficients between the EEG (in
each frequency band) and fMRI data, which served as an indicator
of neurovascular coupling, were computed for each experiment.
The statistical T-scores of the EEG data in each frequency band
were computed in parallel after HRF convolution using the MarsBar
software, which is similar to the scoring procedure used in the
fMRI data analysis.

Multiple linear regression analysis

A multiple linear regression model was applied to relate the out-
come of the simultaneous EEG–fMRI measurement to the physiological
parameters of PaO2, PaCO2, pH,MABP, andHR,whichwere concurrently

http://marsbar.sourceforge.net/
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obtained in each experiment. Themultiple linear regressionmodel test-
ed in this study is shown below.

Ydata ¼ β0 þ βPaO2 � XPaO2 þ βPaCO2 � XPaCO2 þ βpH � XpH þ βMABP

� XMABP þ βHR � XHR þ ε

where Ydata represents the correlation coefficient or the EEG/fMRI
T-score, β0 represents the intercept, βPaO2, βPaCO2, βpH, βMABP, and
βHR represent the slope for each regressor, XPaO2, XPaCO2, XpH,
XMABP, and XHR represent the actual data of each physiological pa-
rameter, and ε represents the error term. The regression model
yielded an R-squared value, an indicator of the fitness of the re-
gression models. A significance level of 0.05 was used, and a 95%
confidence interval (95% CI) was calculated for each regression
slope.

Results

Signal quality of the EEG and fMRI data

A representative result of a simultaneous EEG–fMRI recording
in an individual rat is shown in Fig. 1A. The fMRI signal shows sig-
nificant event-related responses using the unilateral forepaw
stimulation paradigm. After the artifact reduction in the EEG sig-
nal, the ERPs can be appreciated even on a single-trial basis
(Fig. 1B). Note that the EEG signal is derived from a single elec-
trode located most proximal to the fMRI activation site in the so-
matosensory cortex (Fig. 1C and D).

The differences in the ERP waveform were compared to exem-
plify the performance of the ICA method. An example of the ERP
obtained from recordings made outside and inside of the MRI
scanner is depicted in Fig. 2. Although the amplitude and wave-
form of the ERPs were similar across all of the conditions, the
standard deviation was only moderately decreased after AAS+
ICA processing. These results were reproduced in each rat with little
inter-subject variability (Table 1). Additionally, the reduction of the
noise level in the EEG data after AAS+ICA processing was confirmed
by comparing the 50 ms pre-stimulus baseline across all of the condi-
tions (Table 2).
Fig. 1. (A) A representative example of a simultaneous EEG and fMRI recording in an indivi
notes the fMRI signal, respectively. The gray horizontal bar indicates the unilateral forepaw
surfaces of the rat. The green cylindrical object shows the position of the electrode (same c
vation site. The SPM t-test score (pb0.05, FWE corrected) is co-registered on the individua
Correlation between the EEG signal in each frequency band and the fMRI
signal

The time course of the EEG signal in each frequency band of an indi-
vidual rat, after down-sampling to TR (black) and convolution with an
HRF (red), are shown in Fig. 3. In addition, the fMRI signal can also be ob-
served at the bottom of Fig. 3. To investigate the differences among the
frequency bands, Pearson's correlation coefficients between the EEG
and fMRI signals were calculated for all of the frequency bands
(Fig. 4A). The higher frequency bands of alpha, beta and gamma demon-
strate a higher andmore significant correlationwith fMRI signals,where-
as the lower frequency bands, such as delta and theta, demonstrate a
lower correlation with relatively high variability. Not all of the p-values
for the lower frequency bands were less than 0.05 (e.g., 32% of delta
and 10% of theta were more than 0.05), whereas all of the p-values for
the higher frequency bands were less than 0.0001. The significant corre-
lations in the higher frequency bands could be interpreted in relation to
the higher signal-to-noise ratio of the EEG responses, as shown in Fig. 4B.

Physiological parameters during simultaneous EEG–fMRI acquisition

The systemic physiological parameters across all of the experi-
ments were as follows: PaO2, 114±16 mm Hg (86–161 mm Hg);
PaCO2, 38.8±7.3 mm Hg (23.5–56.3 mm Hg); pH, 7.34±0.04
(7.24–7.45); MABP, 105±17 mmHg (66–141 mmHg); and HR, 467±
44 beats/min (376–571 beats/min). The distribution of the five systemic
physiological parameters, which were utilized for the subsequent multi-
ple linear regression analysis, is shown in Fig. 5. The body temperature
was 35.9±0.6 °C (34.7–37.0 °C) across all of the experiments. This is a
slightly lower range than what is typically observed in a rat fMRI study.
However, we did not find any significant correlation between the body
temperature and other variables (Supplementary Table 1), which indi-
cates that there is negligible influence of body temperature on the five
systemic physiological parameters and the quantities derived from the
EEG and fMRI signals.

Influence of physiological parameters on neurovascular coupling

A multiple linear regression analysis was performed to investigate
the influence of PaO2, PaCO2, pH, MABP, and HR on the EEG/fMRI T-
dual rat. The black line denotes the EEG signal (from one channel) and the red line de-
stimulation period. (B) An amplified image of the EEG data. (C) The scalp and brain

hannel as above). (D) The selected electrode is located most proximal to the fMRI acti-
l T2-weighted anatomical image.



Fig. 2. ERPs (solid line) after artifact reduction using the AAS method (top), after pro-
cessing using both the AAS and ICA methods (middle), and the ERP recorded outside of
the MRI scanner (bottom) from the same rat are shown with the standard deviation
(dashed line).

Table 1
Differences in the ERP signal waveforms (μV).

Outside vs. inside (AAS) Outside vs. inside (ICA)

Mean Std Mean Std

Rat #1 0.416 0.135 0.277 0.100
Rat #2 0.259 0.097 0.233 0.095
Rat #3 0.168 0.072 0.148 0.072
Rat #4 0.234 0.097 0.200 0.086
Rat #5 0.248 0.089 0.242 0.087
Rat #6 0.360 0.126 0.287 0.110
Rat #7 0.113 0.037 0.105 0.036
Rat #8 0.213 0.084 0.173 0.060
Rat #9 0.211 0.075 0.164 0.051
Rat #10 0.212 0.078 0.178 0.056
Rat #11 0.264 0.147 0.219 0.089
Rat #12 0.132 0.068 0.115 0.063
Group 0.236a 0.092 0.195a 0.075

For each animal, the mean value and standard deviation (Std) from all of the recording
channels were calculated through pair-based comparison. The group statistics are also
shown at the bottom of the table (Student's t-test, p=0.0024a).

Table 2
Standard deviation of 50 ms pre-stimulus baseline (μV).

Inside (AAS) Inside (ICA) Outside

Mean Std Mean Std Mean Std

Rat #1 9.747 1.913 6.524 0.991 6.774 1.619
Rat #2 7.904 3.383 4.994 1.002 4.866 1.262
Rat #3 8.324 1.311 7.271 1.656 5.590 1.177
Rat #4 7.328 1.642 5.481 1.691 4.911 1.371
Rat #5 8.285 2.965 6.470 1.372 6.703 1.571
Rat #6 6.888 1.263 4.683 0.883 3.722 0.732
Rat #7 5.858 1.427 4.451 1.358 4.156 1.140
Rat #8 6.496 1.112 5.322 1.116 5.540 1.432
Rat #9 6.675 2.309 3.722 0.850 2.182 0.891
Rat #10 7.713 1.340 6.110 1.389 7.205 1.889
Rat #11 6.413 2.722 3.997 1.334 5.210 1.586
Rat #12 9.404 3.240 3.977 1.309 2.692 0.609
Group 7.586a 2.052 5.250a, b 1.246 4.963b 1.273

The mean value and standard deviation (Std) from all of the recording channels were
computed for each animal. The values refer to the overall noise level in the EEG data.
The group statistics are also shown at the bottom of the table (ANOVA with multiple
comparisons, pb0.05a, p>0.05b).
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score or correlation coefficient (Table 3). The correlation coefficients
between several frequency bands and fMRI signals were depen-
dent on the actual values of the five physiological parameters
(pb0.05). The EEG T-scores of the delta and theta frequency
bands were also fitted by the five physiological parameters
(pb0.05). Therefore, there is a possibility that the linear regres-
sion model of the correlation coefficient in these bands was influ-
enced by the high dependency of both EEG bands on the five
physiological parameters. However, both the EEG T-scores in the
gamma frequency bands and the fMRI T-scores were entirely in-
dependent of the five physiological parameters.

The details of the multiple linear regression model of the correla-
tion coefficient between the gamma frequency band and the fMRI sig-
nal are shown in Table 4. Only the HR exhibited a statistically
significant positive slope (pb0.05), while the other regressors dem-
onstrated a slope at the 95% CI, shifting from a negative to a positive
value. However, both the pH and MABP approached significance at
p=0.06 and 0.07, respectively. Thus, the five physiological parame-
ters demonstrated distinct influences on the coupling between
gamma oscillations and fMRI signals.

Discussion

Artifact reduction by the ICA-based method

Various groups have proposed the use of the ICA-based noise re-
duction method in simultaneous EEG–fMRI studies over the last de-
cade (Bénar et al., 2003; Debener et al., 2010; Nakamura et al.,
2006; Srivastava et al., 2005). ICA is a signal processing algorithm
that has been used to statistically separate complex multichannel
EEG data into IC components without requiring detailed models of ei-
ther the dynamics or the spatial structure of the separated compo-
nents (Jung et al., 2001). Thus, the ICA method offers a distinct
advantage over the classical method because the BCG and other arti-
facts (e.g., ocular artifacts and residual scanning artifact) can be con-
currently identified and eliminated. Therefore, we employed the ICA
method previously described by Mantini et al. (2007a) and its valida-
tion protocols in this study, and we successfully demonstrated its ap-
plicability to small animal EEG–fMRI studies. Consistent with other
studies, the ICA method provides quality EEG or ERP data that is com-
parable with that obtained from outside of the MRI scanner (Tables 1
and 2). We believe that the reduction of the BCG, respiration, and
other occasional artifacts is equally important. Thus, the ICA method
is the most suitable technique for small animal EEG–fMRI studies.
Here, we note that the performance of noise reduction is largely
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Fig. 3. An illustrative example of the EEG data analysis. The power (black) in each frequency band is convolved with an HRF and used as a regressor (red) for the subsequent cor-
relation analysis. The green shading indicates the times when the stimulus was applied.

Fig. 4. (A) The statistical T-scores of the EEG data in each frequency band (gray bar)
and fMRI data (yellow bar) across all of the animals (n=12) with the standard devia-
tion. The high frequency bands in the EEG data demonstrate a robust event-related re-
sponse under the unilateral forepaw stimulation paradigm. (B) Correlation coefficients
between the EEG in each frequency band and fMRI across all of the animals (n=12)
with the standard deviation. The high frequency bands, especially those in gamma
range, demonstrate a significant correlation with the fMRI signals and exhibit less stan-
dard deviation.
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dependent on the data pre-processing, which consists of the removal
of noisy channels, data filtering, and even the performance of a prin-
cipal component analysis prior to ICA, as suggested by Vanderperren
et al. (2010). The selection criteria for noise IC components should
also be carefully considered on a case-by-case basis, taking into ac-
count the particulars of the animal preparation protocol, such as se-
dation, ventilation, and anesthesia, and of the EEG recording
conditions, such as the impedance of an electrode, fixation of a cap,
the sampling frequency, and the field strength of the MRI scanner.

Impact of the α-chloralose anesthesia on neurovascular coupling

α-Chloralose is a commonly used anesthesia for rat fMRI studies
due to its negligible cardiovascular effects. It results in a negligible
change in the MABP and HR (Balis and Monroe, 1964), and more im-
portantly, the evoked fMRI signals are well localized and larger than
those of other anesthetics (Austin et al., 2005; Maandag et al.,

image of Fig.�4


Fig. 5. Histograms of PaO2, PaCO2, pH, MABP, and HR. The x-axis denotes the actual value of each physiological parameter, and the y-axis denotes the number of experiments. These
five physiological parameters were utilized for the multiple linear regression analysis.
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2007). The pharmacological mechanisms of α-chloralose are still
unclear, although it has been postulated that the anesthetic effect of
α-chloralose may be mediated by its influence on GABAergic func-
tions. The hypothesis is based on evidence that it can potentiate
GABA-induced currents (Garrett and Gan, 1998). Given that fast-
spiking GABAergic interneurons have a key role in neurovascular cou-
pling (Cauli et al., 2004; Donahue et al., 2010) and in the generation of
gamma oscillations (Cardin et al., 2009), the coupling between the
gamma oscillation and fMRI signals could be enhanced under α-
chloralose anesthesia, whereas that of lower frequency bands could
be suppressed. This hypothesized enhancement is interpreted in rela-
tion to the study by Smith et al. (2002), in which the authors reported
that the relative change in blood flow/volume and oxygen metabo-
lism was highly dependent on the level of α-chloralose anesthesia,
such that the deeper the α-chloralose anesthesia level, the higher
the contrast in fMRI signal and spiking frequency. The latter-
mentioned suppression was previously inferred by Lu et al. (2007),
who demonstrated the α-chloralose anesthetic dose-dependent
modulation of inter-hemispheric delta oscillations. They found that
the deeper the α-chloralose anesthesia level, the lower the synchro-
nization of inter-hemispheric delta oscillations. These inferences are
further supported by Goense and Logothetis (2008), who found that
all frequency bands, including the lower bands, were significantly
correlated with fMRI signals in awake monkeys.

Coupling between gamma oscillations and fMRI signals

In a recent study, Kann et al. (2011) revealed that gamma oscilla-
tions are especially associated with higher mitochondrial oxidative
metabolism, which is characterized by higher oxygen consumption
and mitochondrial gene expression. These findings in particular help
support the correlation between gamma oscillations and fMRI signals
and why such a coupling is influenced by baseline physiological pa-
rameters. Some explanations may include the following: (1) fast-
spiking GABAergic interneurons that contain large numbers of mito-
chondria with high cytochrome c levels are specifically involved in
the generation of gammaoscillations (Gulyás et al., 2006); (2) fast alter-
nating pairs of current sinks and sources during the gamma oscillations
Table 3
A summary of the results obtained from the multiple linear regression analysis be-
tween each Ydata and all of the physiological variables. The bold text indicates pb0.05.

Ydata Frequency band R-squared p-value

EEG (T-score) delta (1–4 Hz) 0.347 0.000
theta (4–8 Hz) 0.296 0.002
alpha (8–12 Hz) 0.073 0.518
beta (12–25 Hz) 0.074 0.513
gamma (25–70 Hz) 0.080 0.460

fMRI (T-score) – 0.078 0.480
Correlation coefficient between
EEG and fMRI

delta (1–4 Hz) 0.324 0.001
theta (4–8 Hz) 0.225 0.015
alpha (8–12 Hz) 0.027 0.909
beta (12–25 Hz) 0.037 0.836
gamma (25–70 Hz) 0.200 0.029
require enhanced Na+/K+-ATPase activity to restore ionic gradients
(Attwell and Iadecola, 2002); (3) local ATP consumption is rapidly
counterbalanced through mitochondrial oxidative metabolism under a
sufficient supply of glucose and O2 (Gjedde et al., 2002); and (4) such
a high energy demand cycle should be under the control of precise
physiological balances in the cortical circuits. It has been previously
demonstrated that neurovascular coupling is vulnerable to pathological
conditions (Girouard and Iadecola, 2006) in which such precise control
of physiology is almost exclusively disrupted. However, we note that
these proposed interpretations cannot be extended to the resting-
state in a straightforward manner, where the fMRI signals were differ-
entially correlated with delta, theta, alpha, beta, and gamma oscilla-
tions, depending on the pattern of each brain network (Mantini et al.,
2007b). Given that the gamma oscillations mostly contribute to local
processing, such as sensory encoding (Donner and Siegel, 2011), we be-
lieve that the dependence of systemic physiological parameters on the
more diverse oscillation pattern during rest should be dissimilar to
the sensory-evoked state, which remains to be fully elucidated.

Distinct influence of the physiological parameter on neurovascular
coupling

We considered three plausible reasons as to why the HR exhibits a
significant contribution in neurovascular coupling: (1) the HR reflects
the counterbalance of the autonomic nervous system, i.e., the sympa-
thetic vs. the parasympathetic nervous system (Ramaekers et al.,
2002), and more importantly, the sensitivity of the HR to the auto-
nomic nervous system is generally more reliable than other physio-
logical parameters; (2) the fluctuation of the HR is associated with a
change in cardiac output, and therefore, can influence the basal cerebral
blood flow; (3) the HR is an indicator of the depth ofα-chloralose anes-
thesia and indicates that a light α-chloralose anesthesia level may in-
duce enhanced coupling between the gamma oscillations and the
fMRI signal. We consider (1) and (3) to be more plausible, because
the cerebral blood flow and cardiac output are maintained at a constant
level in the normal physiological range, even when the HR is controlled
with a pacemaker (Shapiro and Chawla, 1969).Meanwhile, both the pH
andMABP exhibit a moderately significant contribution in neurovascu-
lar coupling. The increase/decrease of the pH (i.e., H+ ion) has a vessel
dilation/constriction effect on the rat cerebral arterioles via changing of
the membrane potential of vascular smooth muscle cells (Dietrich and
Dacey, 1994). Therefore, the basal pH fluctuations may influence the
Table 4
The regression model for the correlation coefficient between the gamma band and
fMRI signal. The bold text indicates pb0.05.

Coefficient 95% CI p-value

Intercept (b0) −5.27 (−11.57, 1.03) 0.1
Regression slope for “PaO2” (bO2) 0.00037 (−0.0016, 0.0023) 0.7
Regression slope for “PaCO2” (bCO2) −0.00067 (−0.0052, 0.0039) 0.8
Regression slope for “pH” (bpH) 0.78 (−0.036, 1.60) 0.06
Regression slope for “MABP” (bMABP) −0.0014 (−0.0029, 0.00013) 0.07
Regression slope for “HR” (bHR) 0.00094 (0.00027, 0.0016) 0.007
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basal cerebral blood flow or volume. The MABP also reflects the coun-
terbalance of the autonomic nervous system and therefore is an indica-
tor of the depth of α-chloralose anesthesia. However, the PaO2 and
PaCO2 did not exhibit a significant contribution in neurovascular cou-
pling within a normal physiological range, which is much narrower
than the range in the studies using experimental interventions such as
hypo/hyperoxia and hypo/hypercapnia. Therefore, we conclude that
the impact of the PaO2 and PaCO2 is very limited within a normal phys-
iological range comparedwith other systemic physiological parameters.

Limitations of the study and avenues for future research

1) In this study, we employed α-chloralose anesthesia, which may
have confounded not only the EEG and fMRI results, but also the
physiological parameters of the subjects. To more accurately extrapo-
late the results of this study to human cognitive fMRI studies, further
experiments performed on awake animals (Lahti et al., 1998) will be
required. These experiments should also validate the reproducibility
of our conclusions. These studies should be performed both in the
resting-state as well as under the event-related stimulation paradigm
in awake animals.

2) It remains questionable whether fast-spiking GABAergic inhib-
itory neurons indeed play an indispensable role in the coupling be-
tween the gamma oscillations and fMRI signals and if there is a
dependence on systemic physiological parameters. A pharmacologi-
cal approach using a specific inhibitor for GABAergic interneurons
would be insightful in future studies (e.g., GABA transaminase inhib-
itor, de Graaf et al., 2006), and a small animal model would allow the
performance of such invasive interventions and simultaneous online
monitoring of the physiological parameters.

3) We found that the HR demonstrates a statistically significant
positive slope in multiple linear regression models, implying that
the involvement of autonomic nervous system control is important
in neurovascular coupling. Because the HR is thought to be an indirect
output of the autonomic status of the subjects, we need to further
confirm the impact of the autonomic system on neurovascular cou-
pling using a more direct physiological index (Shmueli et al., 2007)
such as cardiac pulsation, low/high frequency ratio of HR/BP variabil-
ity, or plasma adrenaline levels.

Conclusions

In this study, we examined the trial-by-trial relationship between
EEG and fMRI signals in the rat somatosensory cortex and their de-
pendence on systemic parameters such as PaO2, PaCO2, pH, MABP,
and HR within the normal physiological range. Our main findings
are as follows: (1) the power of the gamma oscillations demonstrates
maximum correlation with the fMRI signal; (2) the correlation coeffi-
cient between the power in the gamma range and fMRI signal is sta-
tistically explained by the physiological parameters; (3) the fMRI
signal and the power of the gamma band in the EEG signal itself are
independent; and (4) among the physiological parameters, the HR
shows a statistically significant positive slope in the multiple linear
regression model. The respiratory effect and cardiac pulsatility have
been considered to be sources of physiological noise in human fMRI
studies, and several retrospective correction methods for these arti-
facts have been developed (Birn et al., 2008; Chang et al., 2009;
Deckers et al., 2006; Glover et al., 2000). Thus, the influence of phys-
iological noise on fMRI signals has been eliminated with these
methods. Elimination enhances the cognitive fMRI features; however,
given the characteristics of the fMRI contrast, the fMRI method will
provide important information on the relationship between brain func-
tion and physiology. Clearly, more studies are needed to investigate the
outstanding questions raised in this study; however, we expect that our
findings will provide fundamental guidance when interpreting the
dependence of the EEG, fMRI, or the coupling data on physiological pa-
rameters in human or animal subjects.
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