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A previous report of correlations in low-frequency
resting-state fluctuations between right and left hemi-
sphere motor cortices in rapidly sampled single-slice
echoplanar data is confirmed using a whole-body echo-
planar MRI scanner at 1.5 T. These correlations are
extended to lower sampling rate multislice echoplanar
acquisitions and other right/left hemisphere-symmet-
ric functional cortices. The specificity of the correla-
tions in the lower sampling-rate acquisitions is lower
due to cardiac and respiratory-cycle effects which are
aliased into the pass-band of the low-pass filter. Data
are combined for three normal right-handed male
subjects. Correlations to left hemisphere motor cortex,
visual cortex, and amygdala are measured in long
resting-state scans. r 1998 Academic Press
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INTRODUCTION

The human brain operates as a sophisticated net-
work of approximately 1012 neurons. Cytoarchitectonic
studies of the human brain have identified approxi-
mately 50 functionally distinct cortical regions. An
extensive network of fibers connects the different corti-
cal regions. Until recently, postulates about the func-
tional association of these different cortical regions has
relied on animal models and inference from the density
of fiber connections.

Disruptions in corticocortical connectivity in the hu-
man brain are cited as sources of cognitive, neurologic,
and behavioral dysfunction. Interhemispheric connec-
tivity abnormalities such as agenesis of the corpus

callosum lead to ‘‘disconnection’’ syndromes, which
result in impairment of complex motor, visual, audi-
tory, and even higher cognitive function such as seman-
tic processing (Sidtis et al., 1981; Davidson et al., 1990;
Davidson and Saron, 1992).

Measures of corticocortical connectivity of the human
brain play an important role in understanding both
ordinary and diseased brain function.

Coherence in the frequency spectrum of electroen-
cephalography (EEG) studies on subjects in a resting
state has been used as a measure of functional coupling
across distinct regions of the human brain (Thatcher et
al., 1986; Tucker et al., 1986). In particular, studies
have shown that the coherence of EEG between the
right and the left hemispheres is diminished in acallo-
sal and callosotomized subjects when compared to
neurologically normal populations (Neilson et al., 1993;
Koeda et al., 1995). This measure of synchrony in EEG
data is seen to correlate positively with many factors
associated with directness of neuronal connectivity. For
example, EEG coherence has been shown to increase
with the degree of callosal maturation (Farber and
Knyazeva, 1991). Also, Scher et al. (1994) have shown
that the coherence of various inter- and intrahemi-
spheric EEG spectra is greater in preterm infants than
in full-term infants, when measured at the same post-
conceptual age. The authors interpret this as an indica-
tion of increased neuronal connectivity due to extrauter-
ine experience. The lack of spatial resolution in standard
scalp-recording EEG studies prohibits studies of coher-
ence between specific cortical structures.

The concept of functional connectivity has been intro-
duced into the functional neuromaging literature as a
descriptive measure of spatiotemporal correlations be-
tween spatially distinct regions of cerebral cortex (Fris-
ton et al., 1993; Strother et al., 1995). Although, thus
defined, functional connectivity does not necessarily
reflect a causal relationship between cortical regions, it
can provide a useful characterization of cortical interac-
tions (Friston et al., 1996b).

Positron emission tomography (PET) studies regard-
ing functional connectivity have typically relied on a

1 Division of Imaging Science, Department of Radiology, Indiana
University School of Medicine, CL120, 541 Clinical Drive, Indianapo-
lis, Indiana 46202-5111.

2 Portions of this work were presented at the 2nd International
Conference on Functional Mapping of the Human Brain, Boston, MA,
June 17–21, 1996.

NEUROIMAGE 7, 119–132 (1998)
ARTICLE NO. NI970315

119 1053-8119/98 $25.00
Copyright r 1998 by Academic Press

All rights of reproduction in any form reserved.



posteriori observations of associated activated cortical
regions in task-driven functional neuroimaging stud-
ies. Two exceptions to this are Horwitz (1991) and Paus
et al. (1997). Horwitz studied correlations in resting-
state PET data as a measure of functional association
in human cortex. He found a reduction in resting-state
correlations between frontal lobe and parietal lobe
between age-matched groups of controls and those with
dementia of the Alzheimer’s type. Paus et al. combined
PET and transcranial magnetic stimulation (TMS) in a
novel manner in order to assess neuronal connectivity
through direct stimulation of the frontal eye fields and
subsequent observation of increased regional cerebral
blood flow throughout the brain. The authors find that
in addition to increased blood flow in the stimulated
area, there is significant increase in blood flow to the
parieto-occipital cortex of the ipsilateral hemisphere—a
region known to have anatomic connection to the
frontal eye fields in the monkey. The authors state that
their method is a more direct test of neuronal connectiv-
ity since correlational analyses from task-driven stud-
ies may not show actual neuronal connectivity, but
rather concurrent neuronal activation resulting from
the task itself.

The sensitivity and temporal resolution of functional
magnetic resonance imaging (fMRI) make it an ideal
modality for assessing functional connectivity. The
source of the fluctuations seen in BOLD-weighted fMRI
acquisitions is oxygenation fluctuations in cerebral
tissue perfused with arteries and branching arterioles,
capillaries, and venules. Observations of physiologic-
based sources of fluctuation in blood oxygenation level
dependent (BOLD)-weighted MR time series data have
been made almost since the inception of the technique
(Jezzard et al., 1992; Weisskoff et al., 1993). The
fluctuations from cardiac and respiratory cycles are
clearly evident in BOLD-weighted MR time series
measurements. Figure 1 shows the Fourier power
spectrum of (a) an MR time series near the middle
cerebral arteries and (b) a time series of a pulse
oximeter placed on the subject’s finger. The peaks in the
power spectrum at 0.3 Hz (respiratory) and 1 Hz, 2 Hz,
etc. (cardiac), are evident in both spectra. Biswal et al.
(1996) demonstrated the presence of cardiac effects
even at MR sampling rates much lower than the
cardiac cycle.

In addition to fluctuations from cardiac and respira-
tory effects, the demonstrated dependence of BOLD-
weighted MR signal on brain state (Kwong et al., 1992;
Ogawa et al., 1992) implies that there should be
fluctuations present in MR data due to uncontrolled
fluctuations in brain state. Detailed studies of fMRI
activation signal and stimulus timing show that a
latency of several seconds is required to maximize
oxygenation contrast (Menon et al., 1994). This implies
that only prolonged brain state changes generate a

large enough oxygenation signal to be easily observable
with fMRI.

In 1995, Biswal et al. observed that the low frequency
(,0.08 Hz) resting state fluctuations from single slice
fMRI time series acquisitions are correlated between
the left and right regions of motor cortex (Biswal et al.,
1995). This observation of spatiotemporal correlation
constitutes a novel method for assessing functional
connectivity in the human brain. Although ‘‘resting
state,’’ by default simply means ‘‘uncontrolled state,’’
there is a potential advantage to a measure of func-
tional connectivity which does not require a focal task.
The hypothesis being tested is a very general one: Do
two (or more) cortical regions have low-frequency fluc-
tuations which have the same, or similar, phase in an
awake subject? Biswal et al. observed that this hypoth-
esis was supported for two cortical regions which are
known to be anatomically connected. Since the rapid-
sampled acquisitions they performed allow only a single
slice to be studied, the generality of the hypothesis is
limited by the anatomic region being sampled.

Biswal et al. performed their measurements using a
local gradient coil. If these observations prove to be
general, MRI may become a valuable tool for measuring
functional connectivity, especially if extended from
single-slice measurements to whole-brain studies. In
addition, a measure of whole-brain connectivity in the
resting state would allow researchers and clinicians to
test a variety of connection hypotheses with data
obtained from a single study.

In the present study, a 1.5-T whole-body EPI system
was used to obtain single-slice and volumetric resting
state data on three normal right-handed male subjects,
in order to investigate the generalization of the measure-
ment of these correlations to (1) less sensitive whole-
body systems, (2) multislice acquisitions, and (3) other
right/left symmetric cortical regions.

MATERIALS AND METHODS

All data were acquired with a standard birdcage RF
coil and a 1.5-T GE Signa Horizon scanner (GE Medical
Systems, Waukesha, WI) outfitted with fast gradients
to allow whole-body echoplanar imaging. Subjects were
recruited and scanned in a protocol described below.
The protocol was designed to (1) confirm the observa-
tion of high correlation in resting state fluctuations
between right and left hemisphere motor cortex in
single slice, rapid TR acquisitions, (2) extend the
observations to low sampling rate (TR 5 2 s) multislice
acquisitions, and (3) extend the observed correlations
to other right/left symmetric functional cortices.

Subject Preparation

Three male subjects were recruited and scanned
according to a protocol approved by the University of
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Wisconsin Internal Review Board (Protocol 94-832-
193). The mean age was 33.8 years and no subjects
were on medication of any kind at the time of the study.
All subjects scored higher than 180 on the Edinburgh
Inventory (Oldfield, 1971) and thus were considered to
be strongly right-handed.

Two studies were performed on each subject—a single-
slice rapid sampling rate study and a multislice low
sampling rate study (described below).

Motion in Correlation Analyses

It is well known that gross head movement in
BOLD-weighted fMRI acquisitions causes artifacts in a
correlational analysis (Jiang et al., 1995; Friston et al.,
1996a). Retrospective methods of realignment such as
those proposed by Woods et al. (1993) and Friston et al.
(1996a) will tend to increase spatiotemporal correla-

tions in data which contain only very low levels of
motion and physiologic and systemic noise (see Fig. 2).
Since our objective is to investigate the intrinsic spatio-
temporal correlations present in BOLD-weighted fMRI
time series, our approach toward accounting for pos-
sible motion effects was very conservative. A bite-bar
was used to minimize head motion during the scanning
sessions. A dental impression was taken immediately
prior to scanning and a bar with the impression was
affixed to the RF coil. All data were postprocessed for
evidence of motion using the Automated Image Regis-
tration (AIR) package of Woods et al. (1993). Of all the
studies performed, only one of the studies had a mea-
sured peak displacement of more than 0.4 mm. Peak
motion was determined using the mean displacement
over a parallelepiped contained within the imaged
volume (Jiang et al., 1995). The level of 0.4 mm was
determined to be consistent with minimal gross head

FIG. 1. Fourier power spectrum for (a) MR time series from a pixel near the middle cerebral arteries and (b) time series from a pulse
oximeter. The respiratory peaks occur at 0.3 Hz and first harmonic cardiac peaks are at 1 Hz.
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motion. The data set with detected motion above 0.4
mm was discarded and the remaining uncorrected data
were assumed to be free from motion artifact. Based on
this, the data shown here showed no evidence of gross
head motion.

Imaging Protocol

In each scanning session, in addition to the func-
tional scans which will be described below, the follow-
ing high-resolution anatomical scans were performed.

Scan 1: 3D Spoiled GRASS Whole-Brain Scan

This scan was necessary to calculate Talairach land-
marks (Talairach and Tournoux, 1988) in each subject’s

data in order to permit intersubject combination of
results. The scan parameters were matrix 5 256 3 128,
field-of-view 5 24 3 24 cm, echo time 5 8 ms, repetition
time 5 35 ms, flip angle 5 30°, slices 5 124, slice thick-
ness 5 1.0 mm.

Scan 2: 3D Time-of-Flight Whole-Brain Vascular Scan

This scan was necessary to identify the location of
large vessels in order to exclude regions where high-
power cardiac and respiratory coupling to observed cor-
relations may be expected. The scan parameters were:
matrix 5 512 3 192, field-of-view 5 24 3 18 cm, echo
time 5 2.3 ms, repetition time 5 48 ms, flip angle 5 30°,
slices 5 124, slice thickness 5 1.0 mm.

FIG. 2. Frequency distributions for the cross correlation of all pixels in a 15-slice, 512-repetition BOLD-weighted study, calculated
according to Eq. (1). The same (x, y, z) pixel was used as the reference pixel in both (a) and (b). Graph (a) was calculated on data which were
digitally filtered to remove frequencies above 0.08 Hz, but was not realigned to correct for motion effects. Graph (b) was also digitally filtered,
but was realigned prior to filtering to correct for motion effects using the automated image registration algorithm of Woods et al. (1993). The
data were acquired using a bite bar to restrict gross head motion as discussed in the text and no displacement was detected greater than 0.4
mm, measured according to the method of Jiang et al. (1995). The increase in the mean and RMS in the realigned data could be an indication of
increased spatial and temporal correlations due to the alignment algorithm.
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Single-Slice Studies

Using the 3D spoiled GRASS anatomic scan, a single
axial slice was prescribed through the precentral gyrus.
The slice location was chosen in all cases to approxi-
mate the location of primary motor cortex associated
with finger movement. The prescribed functional scan
was gradient-echo echoplanar, matrix 5 64 3 64, field-
of-view 5 24 3 24 cm, echo time 5 50 ms, repetition
time 5 134 ms, flip angle 5 30°. In just over 5 min
(5:08:12), 2300 images were acquired. The subjects
were instructed to refrain from voluntary movement of
any kind and to keep their eyes closed for the duration
of the scan.

Previous reports of observed correlations in rapid TR,
single slice resting-state studies utilized a total of 512
acquired images with a repetition time of 250 ms
(Biswal et al., 1995). After digital filtering frequencies
above 0.08 Hz, the temporal degrees of freedom were
dramatically reduced. In general, reducing the degrees
of freedom will reduce the specificity of a correlation
analysis, since the correlation coefficient distribution
for the null hypothesis converges slowly to a Gaussian
distribution with standard deviation 1/ÎN, where N is
the number of degrees of freedom (Press et al., 1984). In
order to improve suppression of background fluctua-
tions, we acquired 2300 images.

Multislice Studies

Fifteen coronal slices, 7 mm thick with a 2-mm inter-
slice gap were prescribed. The locations were chosen
such that the brain was covered from the occipital pole
to just anterior to the frontal horns of the lateral
ventricles. The prescribed functional scan was gradient-
echo echoplanar, matrix 5 64 3 64, field-of-view 5 24 3
24 cm, echo time 5 50 ms, repetition time 5 2000 ms,
flip angle 5 90°. Five hundred thirty images were
acquired at each location. Total scan time for each
study was 17 min, 40 s. The subjects were instructed to
refrain from voluntary movement of any kind and to
keep their eyes closed for the duration of the scan.

Data Analysis

The raw spatial-frequency data from the functional
studies was acquired and reconstructed offline. A Ham-

ming window was applied to the raw data. This in-
creases the BOLD contrast-to-noise ratio with only a
small loss of spatial resolution (Lowe and Sorenson,
1997).

Resting State Studies

Our hypothesis is that low-frequency fluctuations in
the resting-state fMRI data are correlated between
functionally related anatomical structures. In order to
test this hypothesis we processed the data in three steps:

(1) low-pass filtering,
(2) selection of regions-of-interest,
(3) correlation analysis.

Temporal Filtering

The resting state data from each pixel was passed
through a finite-impulse response (FIR) filter to remove
all frequencies above 0.08 Hz. This removes the oxygen-
ation fluctuations from direct sampling of respiratory
and cardiac-related oxygenation fluctuations.

Regions-of-Interest

The following locations, noted in millmeters, were
chosen from the Talairach coordinates in each subject:

(1) left precentral gyrus (Talairach coordinate [240,
212, 50]),

(2) left calcarine fissure (Talairach coordinate [210,
275, 10]),

(3) left amygdala (Talairach coordinate [220, 28,
210]).

These regions were chosen to investigate the generality
of the correlation method to different cortical and
subcortical structures. The ROI was chosen carefully in
each subject to avoid including pixels containing large
vessels. This information was available from the vascu-
lar scan taken during each subject’s scanning session.
In each case, the ROI was 2 pixels square in-plane, and
contained in one slice. The volume of tissue in each ROI
was then 7.5 3 7.5 3 7 mm. The reference time series
was taken as the arithmetic average of the 4 pixels in
the ROI.

FIG. 3. Maps of tcorr values rendered onto high resolution anatomical scans of the imaged region for two right-handed males. The tcorr
values are calculated from the correlation coefficient to an ROI in the left precentral gyrus in each subject. The color scale is such that red
corresponds to 1025 and yellow corresponds to 10220. The right and left sides of the images are as indicated.

FIG. 4. Maps of x2 values for correlation with (a) left precentral gyrus, (b) left calcarine fissure, and (c), left amygdala from the multislice
resting-state acquisition. Maps are combined for the three subjects as discussed in the text. The color scale is such that red corresponds to 1025

and yellow corresponds to 10220. The right and left sides of the images are as indicated. The black box denotes the ROI which was chosen for
the correlation calculation.

FIG. 5. Maps of x2 values for correlation with the left precentral gyrus from the three subjects rendered onto high resolution anatomical
scans. The color scale is such that red corresponds to 1025 and yellow corresponds to 10220. The right and left sides of the images are as
indicated.

123FUNCTIONAL CONNECTIVITY IN MULTISLICE EPI



124 LOWE, MOCK, AND SORENSON



FIG. 6. Maps of x2 values for correlation with the left calcarine fissure from the three subjects rendered onto high resolution anatomical
scans. The color scale is such that red corresponds to 1025 and yellow corresponds to 10220. The right and left sides of the images are as
indicated.

FIG. 7. Maps of x2 values for correlation with the left amygdala from the three subjects rendered onto high-resolution anatomical scans.
The color scale is such that red corresponds to 1025 and yellow corresponds to 10220. The right and left sides of the images are as indicated.
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Correlation Analysis

The hypothesis which is the basis for analyzing the
resting-state data is that the low-frequency temporal
fluctuations in the data are correlated in regions which
are functionally associated. To test this, we calculated
the correlation coefficient for all pixels in the acquired
volume, using the time series from a given region-of-
interest as the reference time series,
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where r is the reference time series and S is the signal
for the given pixel. R and S are the average reference
and current pixel signal levels, respectively. The sum-
mation was performed over all time points. In vivo
fMRI time series data are known to have time and
spatial correlations (Friston et al., 1994). Thus, we
expect that the distribution of the correlation coeffi-
cients will be skewed due to intrinsic time and spatial
correlations from the imaging method. The distribution
can differ depending on the ROI chosen as the reference
in the correlation (this can be due to different spatial
frequency characteristics as well as different couplings
to cardiac, respiratory, or other physiologic ‘‘noise’’). In
order to normalize the distributions, a correction proce-
dure was performed which is outlined in Appendix 1.
The result is a Z-statistic.

Combination of Multislice Results

The multislice maps are combined across the three
subjects to produce a map of x2 in a manner outlined in
Appendix 2. Thresholds were chosen such that a single-
pixel significance of 1025 was required. This threshold
was chosen based on the fact that approximately 2 3
105 brain tissue pixels were cross-correlated in each
study. Although our a priori region of interest, i.e., the
homologous region of cortex to the reference region,
consists of only a few pixels, this threshold ensures that
very few pixels will pass due to random background
fluctuations.

RESULTS AND DISCUSSION

Figure 3 shows the results of the single-slice studies
for two of the three subjects. In both cases, the homolo-
gous region of the precentral gyrus is among the
highest correlated pixels in the slice. The third subject’s
results are not shown because those data had detected

motion levels above 0.4 mm.3 The threshold for each
map was chosen such that a significance of 1025 was
required. This threshold was chosen to be consistent
with the threshold chosen for the multislice study. The
color scale is such that red corresponds to significance
level of 1025 and yellow corresponds to 10220.

Figure 4 shows the results of the x2 analysis on the
multislice data combined across the three subjects.
Shown are the x2 maps for each of the ROIs for the slice
containing the ROI. The threshold for each map was
chosen such that a significance greater than 1025 was
required. The maps are rendered in the same false color
scale onto high-resolution anatomic images. The color
scale is the same in all three figures: red corresponds to
1025 and yellow corresponds to 10220. Figure 4a shows
that the homologous region in the precentral gyrus is
still among the most highly correlated regions in the
lower sampling rate, multislice acquisition. Figures 4b
and 4c show that the right/left correlations which are
observed between the two hemispheres’ motor cortices
are also present between right and left calcarine fissure
(visual cortex) and right and left hemisphere amygdalae.

Figures 5, 6, and 7 show the whole-head x2 maps from
the multislice studies rendered onto high-resolution
anatomic images from a single subject. The threshold
and color scales are as in Fig. 4.

The MR acquisition method used for the multislice
data acquired each slice in the volume at evenly spaced
intervals throughout the repetition time of 2 s. This
means that there was a 2-s delay between the acquisi-
tion of the first acquired slice in the volume and the last
acquired slice. In the unfiltered data, this could intro-
duce a bias in the correlation coefficient between corre-
lated signals across slices. Simulations were run to
verify that after filtering frequencies above 0.08 Hz, the
correlation coefficient is insensitive to temporal offsets
up to 2 s for a signal with a frequency spectrum
equivalent to that measured in vivo.

Inspection of Figs. 5, 6, and 7 shows that, in addition
to the homologous region of cortex, there are a number
of intra- and interhemispheric regions which appear to
be highly correlated and which belong to anatomic
structures which are known from paradigm-based func-
tional neuroimaging studies (i.e., studies involving
execution of a task) and deep-implantation EEG stud-
ies on animals to have functional involvement in simi-
lar tasks. In particular, the left precentral gyrus (Fig. 5)
has high correlation to the postcentral gyrus and a
small region of the left-hemisphere thalamus, which
were shown to be involved in a motor task by Strother
et al. (1995). The calcarine fissure (Fig. 6) has high
correlation to the extended occipital cortex (McIntosh et

3 This subject’s multislice study did not show evidence of gross head
motion and was included in the multislice study analysis.
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al., 1994). The amygdala (Fig. 7) has high correlation to
the hippocampus and the inferior temporal lobe as well
as a small region of the right hemisphere thalamus
(Pare et al., 1995).

In summary, Figs. 4–7 show that the high correlation
of low-frequency fluctuations between right and left
hemisphere-symmetric cortical regions is not only gen-
eralized to visual cortex and amygdala, but is present
in lower sampling rate, whole-head acquisitions. The
specificity of the correlations appears to be somewhat
reduced compared to those observed in the single-slice
study. This a posteriori observation was more precisely
tested in the following way: a single coronal slice was
prescribed which passed through the left and right
precentral gyri and the right inferior parietal lobe
(rIPl) of a single subject. The right precentral gyrus
(rPreC) is simple motor cortex, while rIPl is not ex-
pected to be involved in simple motor function. Four
acquisitions were prescribed at different sampling rates
and the correlation coefficient to the left precentral
gyrus is calculated in each case for rPreC and rIPl. The
number of images acquired in each scan was set such
that approximately the same number of sampled fre-
quencies remained after filtering frequencies above
0.08 Hz. This was done to try to minimize the effect of
changing the effective degrees of freedom remaining
after filtering, since, as stated above, the specificity of
the correlation coefficient depends on the degrees of
freedom. Table 1 shows the results. Column 5 of Table 1
shows that, although the magnitude of the correlation
of the homologous region stays approximately the
same, putative background correlations become higher
with increasing TR.4 This is most likely due to the lack
of specificity in the 0.08-Hz FIR filter for the longer
sampling times. Once the cardiac and respiratory rates
are no longer directly sampled, these effects can alias
into frequencies below 0.08 Hz. In this case, the FIR
filter will not remove these effects and the correlational
analysis will be affected.

As an example of this, we consider a respiratory rate
of 0.28 Hz. This corresponds to 16 breaths per minute,
which is a normal breathing pattern. Any effect which
is modulated at this rate, but sampled at 0.5 Hz (as in a
TR 5 2 s BOLD-weighted fMRI study), will see a
fundamental frequency aliased to 0.06 Hz. This will pass
our 0.08-Hz filter and increase the correlation of pixels
with a similar respiratory-cycle sensitivity. Cardiac-

cycle effects can alias into the low-sampling rate acqui-
sitions as well. Figure 8b shows the frequency spectrum
from a pulse oximeter probe placed on a subject’s finger-
ip. The pulse oximeter was sampled at 100 Hz. Figure
8b was constructed by resampling the observed wave-
form at 0.5 Hz—corresponding to the sampling rate for
an MR acquisition with TR 5 2 s. The structure in the
center of the spectrum is clearly from aliased cardiac
and respiratory effects. Although it is difficult to distin-
guish from instrument noise, there is some structure
below 0.08 Hz which could be due to cardiac and/or res-
iratory effects and which would pass our 0.08-Hz filter.

As stated in Appendix 1, the effective degrees of
freedom in time series data acquired at a given sam-
pling rate depends on the underlying spectral density
of the imaged tissue. In this study, we acquired two
data sets on each subject, one sampled at ,7.5 Hz and
one sampled at 0.5 Hz. Thus, we sampled the spectral
density with 2300 points from 0 to 3.75 Hz (resolu-
tion 5 0.0016 Hz) and 530 points from 0 to 0.25 Hz
(resolution 5 0.00047 Hz). We then examined the spa-
tiotemporal correlations after discarding frequencies
higher than 0.08 Hz in both studies. Our spectral
resolution for the spectral density function is almost
four times greater in the lower sampling rate data.
Although fewer data points are acquired, except for the
aliasing effects from undersampling high-frequency
physiologic effects, characterization of the spectral re-
gion of interest is greater in the low sampling rate
volumetric acquisitions.

It should be mentioned that these aliased effects will,
in general, depend on the exact nature of the subject’s
respiration and cardiac cycles. This implies that they
cannot be considered to be stable in time or across
changes in brain state. It is well known that some
behavioral paradigms affect cardiac and respiratory
rates in subjects (Lang et al., 1993; Shea, 1996) and in
these cases the aliased effects which are increasing the
background correlations will change. Parallel measure-
ment of these physiologic noise sources at a sampling
rate higher than their Nyquist frequency is a possible

4 It should be pointed out that although Table 1 is in apparent
disagreement with Fig. 5, i.e., that the correlation of low-frequency
fluctuations between homologous regions of precentral gyrus cannot
be detected at TRs of 2 s, Fig. 5 is the result of combining the
correlation analysis across three subjects, whereas Table 1 is gener-
ated from a single subject. The combination across subjects increases
the statistical power such that the underlying correlations can be
discriminated.

TABLE 1

Correlation Coefficient Between Left Precentral Gyrus and
Right Precentral Gyrus ccrPreC and Left Precentral Gyrus and
Right Inferior Parietal Lobe ccrIPl

TR (ms)
Frequencies

passing 0.08-Hz filter ccrPreC ccrIPl Ratio

133.4 44 0.73 0.24 3.0
600 51 0.87 0.53 1.6
2000 43 0.73 0.69 1.1
4000 43 0.86 0.57 1.5

Note. The last column is the ratio of columns 3 and 4. See the text
for discussion.
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method for retrospectively filtering these background
effects. However, the slight variations in respiratory
and cardiac rate, as well as the asymmetric shape and
narrow duty cycle of the cardiac rate-induced oxygen-
ation pulse make it difficult to calculate the aliasing
effects precisely. The present study required the combi-
nation of three subjects’ data to reveal the spatiotempo-
ral correlation between right and left hemisphere sym-
metric cortices. Successful removal of the aliasing effects
from undersampled cardiac and respiratory oxygena-
tion fluctuations should allow single-subject determina-
tion of functional connectivity in whole-brain studies.

CONCLUSION

We have confirmed a previous report of high correla-
tions in low-frequency fluctuations in the resting state

between right and left hemisphere motor cortices in
high sampling rate, single-slice echoplanar acquisi-
tions. In addition, we have shown that these high
correlations are preserved in lower sampling rate,
multislice echoplanar data. In single volumetric scan-
ning sessions in three human subjects, high correla-
tions were observed between right and left hemisphere
precentral gyri (motor cortex), right and left hemi-
sphere calcarine fissures (visual cortex), and right and
left hemisphere amygdalae. These observations indi-
cate that the phenomenon of low-frequency correla-
tions in resting-state data is most likely a general
property of right/left symmetric functional cortices.
Our extension of this observed effect to multislice
acquisitions allows for the possible assessment of whole-
brain functional connectivity.

The loss of specificity in these correlations in the

FIG. 8. Fourier power spectrum for (a) MR time series from a pixel near the middle cerebral arteries and (b) time series from a pulse
oximeter. The sampling rate for both spectra was 0.5 Hz. The structure in the center of both spectra is from aliased cardiac and respiratory
oxygenation fluctuations. The arrow indicates a possible aliased effect which would pass the 0.08-Hz low-pass filter.
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multislice acquisitions from those observed at higher
sampling rates appears to be due to aliased respiratory
and cardiac effects which are not completely sup-
pressed by the 0.08-Hz cutoff low-pass filter.

APPENDIX 1: CORRECTION
OF CORRELATION COEFFICIENT

The correlation coefficient distribution for the null
hypothesis converges slowly to a Gaussian distribution
with standard deviation 1/ÎN, where N is the number of
degrees of freedom (Press et al., 1984). This is undesir-
able behavior as a general test statistic being used
across many studies which potentially have differ-
ent degrees of freedom (e.g., different numbers of
images, TRs, etc.). There is an algebraic relationship
between a t statistic and the correlation coefficient
which is approximately true for distributions with
more than 20 degrees-of-freedom (see Eq. (A1)). The t
statistic converges to a standard Normal distribution
(i.e., mean 5 0 and standard deviation 5 1) for degrees-
of-freedom greater than ,20. Thus, confidence levels
for a given t value remain relatively stable across many
experimental conditions, making it a desirable test
statistic.

The presence of physiologic-based fluctuations (e.g.,
cardiac and respiratory induced) as well as spatial
correlations in fMRI data causes distortions in the
cross-correlation coefficient distribution to other brain
pixels for any given pixel in resting-state acquisitions.
A source of these distortions is that the effective
temporal degrees of freedom will vary spatially. The
effective degrees of freedom for data sampled at a given
rate depends on the spectral density of the sampled
tissue (Friston et al., 1994). The fact that the spectral
distribution of BOLD-weighted time series data is
generally not white and varies spatially has been
reported by several groups (Weisskoff, 1993; Biswal et
al., 1996). In in vivo data, the spectral density will
not be the same across individuals, across trials in
the same subject (due to the variability of cardiac,
respiratory-cycles, etc.), or across pixels within the
same study.

We adopt an empirical approach in dealing with the
distortions to the correlation coefficient distribution. In
order to allow us to use the same confidence-level
threshold across subjects, it is necessary to normalize
the effects of the intrinsic correlations. Also, as stated
above, a Student’s t statistic is desirable because the
null hypothesis distribution is easily characterized as
standard normal. We derive a normally distributed
Student’s t parameter, which can be thought of as a
Z-statistic, from the cross-correlation calculation (Eq.
(1)) in the following way:

(1) The correlation coefficient was transformed to a

Student’s t according to:

t 5
cc

Îcc2 1 v2
, (A1)

where cc is the correlation coefficient defined in Eq. (1)
and n is the number of degrees of freedom—which we
take to be the number of acquired time points. This was
done to transform to a distribution which, for large n,
should be standard normal (Eadie et al., 1971). It
should be noted that the distribution will not, in
general, be normal at this point due to intrinsic effects
discussed above.

(2) In order to correct the resulting t distribution, a
three-parameter least-squares fit of the t distribution
from each ROI was made to a Gaussian function. The
free parameters were the mean, standard deviation,
and area. The fit was restricted to the full-width at
half-maximum (FWHM) of the t distribution. The as-
sumption was that the t distribution consists of a
Gaussian-distributed component from bulk system and
physiologic correlations, plus a tail from higher-order
correlations. The fit was restricted to the FWHM in
order to attempt to fit only the Gaussian component. In
all cases, the fit was required to have a x2 probability
greater than 0.05.

(3) A corrected t, or a Z-statistic was calculated
from the mean (7t8) and standard deviation (s) from the
Gaussian fit:

z 5 tcorr 5
t 2 7t8

s
. (A2)

Figure 9 shows the t and tcorr distributions for a single
slice, 2300 repetition resting-state scan. The reference
was an ROI in the left precentral gyrus of the slice. The
tcorr distribution has been well corrected to a standard
normal distribution by the above procedure.

APPENDIX 2: COMBINATION
OF MULTISLICE DATA

The multislice maps are combined across the three
subjects in the following way: The maps are calculated
for the three ROIs for all three subjects. Each map is
then transformed into Talairach coordinates using high-
resolution three-dimensional whole-head data taken at
the beginning of the scanning session. A combined map
for each ROI is then formed by summing the square of
the tcorr values for each subject, pixel-by-pixel. An
important consequence arises from combining the data
in this way. Summing the square of the t values ignores
the importance of the sign of the correlation; that is,
negative correlations and positive correlations are con-
sidered equally. Although high negative correlations
are potentially very interesting (Nyberg et al., 1996),
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they are certainly of a different nature than positive
correlations.

In order to constrain our study to positive correla-
tions, a positivity condition was applied to each map to
assure that only positive correlations (i.e., tcorr . 0)
were combined. If no positivity constraint had been
applied, the final map for each ROI which would be a
statistical parameter distributed approximately as a x2

with 3 degrees-of-freedom for the null hypothesis (i.e.,
correlations due to chance fluctuations). The positivity
constraint distorted the statistics, so the significance
levels were calculated using a Monte-Carlo simulation.

Monte Carlo Simulation

We wished to determine the single-pixel cumulative
distribution function (CDF) for combining single-pixel t

values according to

x82(x, y, z) 5 5oi51

3

ti
2(x, y, z) ti . 0 for all i

0 ti , 0 for any i,

where ti(x, y, z) is the corrected t value for the Talairach-
transformed data at pixel (x, y, z) in each of three
independent studies. For our temporal degrees-of-
freedom, we assumed that the t distribution for the null
hypothesis was normal at each point and generated
random deviates from a standard normal distribution
in triples (Press et al., 1984).5 If all t values in the triple

5 Please note that the procedure described in Appendix 1 ensures
that the distribution of t values is Normal.

FIG. 9. Student’s t distribution for all pixels to a timeseries of a pixel in the precentral gyrus of a single subject. t-values are calculated
from the correlation coefficient according to Eq. 1. (a) is the distribution of t values before correcting to a Gaussian and (b) is the distribution
after correcting.
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exceeded 0.05, we bin the sum of the squares. One
million triples were generated. The resulting CDF
showed that x82 . 20 corresponded to a significance
,1025.
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