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Functional Connectivity in the Motor Cortex of Resting
Human Brain Using Echo-Planar MRI

Bharat Biswal, F. Zerrin Yetkin, Victor M. Haughton, James S. Hyde

An MRI time course of 512 echo-planar images (EPI) in resting
human brain obtained every 250 ms reveals fluctuations in
signal intensity in each pixel that have a physiologic origin.
Regions of the sensorimotor cortex that were activated sec-
ondary to hand movement were identified using functional
MRI methodology (FMRI). Time courses of low frequency
(<0.1 Hz) fluctuations in resting brain were observed to have
a high degree of temporal correlation (P < 10~3) within these
regions and also with time courses in several other regions
that can be associated with motor function. It is concluded
that correlation of low frequency fluctuations, which may
arise from fluctuations in blood oxygenation or flow, is a
manifestation of functional connectivity of the brain.
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INTRODUCTION

Physiological fluctuations in resting brain have been ob-
served by several groups using echo-planar magnetic res-
onance imaging (EPI, MRI) (1-4). These fluctuations are
apparent in a time course of signal intensities from a
given pixel as a function of image number (i.e., “time”). A
Fourier transform of a typical time course shows peaks at
the heart and respiratory frequencies. Peaks are also seen
at harmonics of the heart rate and as respiratory side-
bands symmetrically disposed about the fundamental
heart frequency. In addition, poorly characterized low-
frequency fluctuations (<0.1 Hz) are observed. This com-
munication concerns these low-frequency fluctuations.
We have discovered that low-frequency fluctuations in
resting brain from regions of the primary sensory motor
cortex that are associated with hand movement are
strongly correlated both within and across hemispheres.

Correlations of electrical activity in the rat cerebral
cortex with previously unrecognized spontaneous fluc-
tuations in regional cerebral blood flow (rCBF) have been
recently reported (5). The characteristic frequency of
these fluctuations is about the same as the fluctuations in
human brain described in the present communication. It
has been established in the context of human FMRI in-
vestigations that task-induced neuronal activity is corre-
lated with changes in both rCBF and blood oxygenation.
The apparatus used in the present study has been opti-
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mized for sensitivity to blood oxygenation, although flow
sensitivity remains, and it seems likely that fluctuations
in both cortical blood oxygenation and flow are being
observed. It is suggested that the fluctuations observed in
the rat (5) and by us in humans are of a similar nature,
noting that fluctuations in rCBF are accompanied by
fluctuations in blood oxygenation. Cortical oscillations
have been reported by a number of investigators, and ref.
5 provides access to that literature.

MATERIALS AND METHODS

Eleven healthy human volunteers self-identified as right
handed (eight male and three female, between the ages of
24 and 37 years) with no history of head trauma or
neurological disease, no current use of medication and
no contraindication to MRI were scanned (6). Five of
these subjects were recruited by a colleague working on a
different project. They were unknown to us and to the
best of our knowledge had not previously participated in
medical research. The remaining subjects were students
working in unrelated fields and with minimal knowledge
of MRI. A standard GE 1.5 T Signa clinical scanner
equipped with a home-built three-axis balanced-torque
head gradient coil and a shielded end-capped quadrature
transmit/receive birdcage radio frequency coil was used
(6, 7). For imaging, the volunteers were positioned su-
pine on the gantry of the scanner with the head in a
midline location in the coil. Foam padding was used to
limit head movement. A single axial slice across the
motor cortex (8) was obtained from each volunteer.

Imaging began with the acquisition of high resolution
axial images using a GRASS pulse sequence, with TR =
600 ms, TE = 10 ms, FOV = 24 cm, and a matrix size =
256 X 256. For functional imaging, several time series of
512 EPI images were obtained using a single axial slice
with a GE EPI sequence, a FOV of 24 cm, a matrix size of
64 X 64, a slice thickness of 10 mm, (corresponding to a
spatial resclution of 3.75 X 3.75 X 10 mm), and a TE of
40 ms. In four volunteers, time course images were ac-
quired with a TR of 250 ms, and a flip angle of 34°. A TR
value of 500 ms (flip angle of 67°) was used in two
studies and a TR of 1000 ms (flip angle of 81°) in the
others.

During the resting state acquisitions, the subjects were
instructed to refrain from any cognitive, language, or
motor tasks as much as possible. Four subjects were told
of the sequence of scans to be done, i.e., first scan would
be rest, second would be finger tapping. To minimize the
possibility of imagining finger tapping, seven subjects
were scanned after being told the wrong tasks. In one
study, time-course images were obtained from the motor
cortex while the subject was shown a visual stimulus (9).
After the visual stimulus, the subject was instructed to
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perform bilateral finger tapping. In six other studies,
subjects were told that the activation was an auditory
stimulus. After the resting and auditory time-course im-
ages were obtained along the motor cortex, they were
then asked to perform motor tasks. These seven subjects
had not previously been given any indication that a mo-
tor task would eventually be requested.

For task activation, bilateral finger tapping was used.
Subjects were asked to tap each finger to the thumb
sequentially at a self-paced rate without moving their
arms. A time course of single shot gradient-recalled EPI
consisted of 20-s periods at rest alternating with 20 s of
motor tasks.

For mapping of motor function, a square wave refer-
ence with 20-s periods of “task activation” assigned a
value of 1 alternating with 20-s periods of “rest” assigned
a value of 0 was used. All time course pixels from the
functional image were normalized between 0 and 1 and
cross-correlated with the ideal square wave (10). After
applying the Bonferroni correction, a threshold corre-
sponding to statistical significance value P < 0.001 was
calculated. All pixels that passed the threshold were
identified as belonging to the finger motor cortex. Pixels
in the left and right motor cortices that were activated by
the finger task were identified (10, 11). There were ap-
proximately 60 such pixels in each study. About 1000 of
the possible 4096 pixels (i.e., 64 X 64) were in brain
tissue. A finite impulse-response low-pass filter (12) with
a cut-off frequency of 0.08 Hz was then applied to all
time courses in the EPI data set of resting brain (13). Each
of the resting brain time courses from the regions that had
been identified by FMRI was used as a reference to pro-
duce, from each resting brain study, approximately 60
correlation-coefficient images (10). Pixels in each of
these images that passed the correlation-coefficient of
0.35, which corresponds to a significance value of P <
1073, were counted.

RESULTS

Figure 1a shows a representative filtered time course
from a pixel that was identified as lying within the fin-
ger-hand motor cortex, and Fig. 1b shows a portion of the
Fourier transform. The magnitude of the signal in Fig. 1a,
which is from grey matter, is 465 (arbitrary units). Typi-
cal FMRI signal intensities in motor cortex are 4% of this
value, and the rms value of the fluctuations is 0.5 to 1%.
Low-frequency fluctuations in white matter are reduced
relative to grey matter by about 60%, and have not been
studied in detail. Fluctuations in all grey matter regions
are qualitatively similar. The significance of the peaks
seen in Fig. 1b has not yet been investigated.
Pixel-counting results are tabulated in Table 1. Brain
tissue in the axial slice was divided into three regions,
designated L, R, and O, containing n,, ng, and n,, pixels,
respectively. Here L and R refer to the left and right motor
cortices as determined by FMRI and O to all other brain
tissue. As an example of the counting procedure, con-
sider the column of Table 1 labeled n, ,;/n;. The average
number of pixels passing the threshold in region L is
found using as a reference, one-by-one, the time course of
each pixel in region R. For each of these nj reference time
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FIG. 1. (a) Representative time course of motor cortex physiolog-
ical fluctuations after FIR filtering that passes frequencies <0.08
Hz. (b) Fourier transform of the time course.

courses, some number of pixels is counted and the aver-
age number of counted pixels, i, is determined. Data
are expressed as (i, z/n;) X 100 (percent). Pairwise cor-
relations have been determined in this procedure, which
produces a subset of the entries in the sample correlation
matrix. This matrix has a dimensionality of about 1000 X
1000 since there are about 1000 pixels in the plane of
section using the protocol of this report.

Correlations within a region are labeled ngg/ng, n,,/n;
and correlations between regions by i, 5/n;, which is
necessarily identical to np,/n;. The quantity (f,, +
neE)/ng serves as a control. This is the average number of
pixels in “other” brain tissue that passes the threshold
when using a motor cortex time course as a reference. As
a specific numeric example, when using left motor cortex
references about 20 of the 30 pixels in right motor cortex
and about 20 of the 1000 pixels in “other” brain tissue are
counted.

Without exception for the 11 subjects, n,,/n; > ngpa/
ng > np/n,, although the differences for a given subject
are not significant. The mean value of percentages for
each subject are the same within statistical uncertainty.
We interpret i, /1, as a measure of connectivity of motor
cortex function across hemispheres.

The possibility of contribution of system noise or sys-
tem instability to the correlation was studied using a
phantom under identical imaging parameters. Using the
same significance value, no pixels, other than the refer-
ence, passed the threshold. Even for a low threshold
value of 0.1, which corresponds to a statistically insig-
nificant P value, no pixels, other than the reference,
passed the threshold.

No significantly different statistics were observed in
Table 1 for the three different TRs (250, 500, and 1000
ms). TRs of 250, 500, and 1000 ms correspond to fre-
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Table 1
Correlation Coefficient Data from Resting Brain
; TR Ny /ng A a/ng Nga/Ng {(NoL + NorYno
Subject (ms) % % % Mean %
1 250 888 65 = 11 749 7310 1.8
2 250 849 63 + 13 75 +10 71 =11 2.2
3 250 935 77 + 12 859 83 + 12 2.4
4 250 83 = 11 66 = 17 74 £ 12 72 = 15 1.6
5 500 7114 56 + 19 629 61 = 16 1.7
6 400 79 +12 61 +17 67 = 14 67 = 15 0.9
7 1000 799 67 + 13 74 =10 72 + 11 1.6
8 1000 737 53+9 70+ 8 65+8 35
9 1000 69 * 11 42 +9 71 =12 60 + 11 1.9
10 1000 82+9 69 = 10 798 76 =9 3.5
11 1000 779 59 + 12 65 = 11 67 = 11 4.3

quency bandwidths of 2, 1, and 0.5 Hz. Due to hardware
limitations, we were able to acquire only 512 images per
scan, irrespective of the TR. For TR of 250 ms with a total
span of 120 s, the respiratory and cardiac rates were
filtered using the FIR filter. For TRs of 500 and 1000 ms,
total temporal spans of 240 and 480 s of data were ac-
quired with some aliasing due to the cardiac rate. Al-
though studies with TR = 250 ms demonstrate that the
spatial correlation is due to some low uncharacterized
frequencies and not due to respiratory or cardiac rates,
similar results with TR = 500 and 1000 ms demonstrate
that these low frequencies are present at all times and
that aliasing is not a major problem.

Figure 2 shows histograms of the distribution of corre-
lation coefficients magnitudes. Regions L and R were
defined as for Table 1. The histogram labeled “Rest Op-
posite” contains all n, ; and ng, entries in the correlation
coefficient matrix from resting brain for all seven sub-
jects. A normalized distribution was obtained for each
subject. Figure 2 shows the mean distribution across the
eleven subjects. Similarly, “Rest Same side” contains all
ngg and n;,; entries. This same procedure was repeated
for task-activation data.

Distribution

10 00 02

0.0 0.2 04 0.6 0.8

Correlation Coeffi C|ent

Although the resting data appear somewhat similar to
the task-activated data, this is because correlation coeffi-
cient magnitudes rather than cross-correlation magni-
tudes are shown. The correlation coefficient is a measure
of the similarity of shapes of two waveforms, but not of
their relative amplitudes.

One notes more strongly correlated pixel pairs in the
task-activated data than the resting brain data, but a few
strongly correlated pixel pairs are seen in the latter. A
model of random noise treated in this same statistical
way shows that less than 1% of pixel pairs have correla-
tion coefficients above 0.35. Such a model also peaks at
0, in contrast to the experimental data of Fig. 2.

Figure 3a shows an FMRI response from bilateral finger
movement (Subject 1) overlaid on an anatomic image,
and Fig. 3b shows a corresponding image produced using
methods described in this report. Namely, a central pixel
in the left motor cortex (region b of Fig. 3b) was identi-
fied. The filtered time course from this pixel served as a
reference in determining the correlation coefficient with
all other filtered time courses, and those pixels with
correlation coefficient >0.35 (P<10~?) were colorized, as
shown in Fig. 3b. About 10% of the colorized pixels in

FIG. 2. Normalized distribution of
magnitudes of correlation coeffi-
cients for all entries in regions L and
R of the correlation-coefficient ma-
trix for two experiments: resting
(lower) and task activation (upper).
Pixel pairs for opposite sides are at
the left and for the same side at the
right.
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FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GRASS anatomic image. (Right)
Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow

is negative.

Fig. 3b are negative rather than positive correlations.
Details of this observation are not understood. Negative
correlations are occasionally encountered in task-in-
duced FMRI at the outer boundary of the brain because of
head motion. No negative correlations of this type were
observed in the present study from resting brain.

Several observations can be made concerning Fig. 3.
Table 1 shows that i, z/n; is 65% for Subject 1, but areas
of the colorized regions of right and left motor cortex
(labeled a, b) are about the same in both Figs. 3a and 3b.
This apparent discrepancy is because 5 or 6 pixels in
region a of Fig. 3b lay outside the right motor cortex
boundary as determined by FMRI (i.e., region a of Fig.
3a), but were contiguous to it. There are no “holes”
surrounded by colorized pixels in either the left or right
motor cortex. A few pixels are seen in both images on
midline in region ¢ that can be assigned to Broadman’s
area 6. This region, which is more pronounced in Fig. 3a
than in Fig. 3b, can probably be assigned to the supple-
mentary motor area (SMA) (11). Pixels posterior to region
¢, labeled d, were identified as belonging to the paracen-
tral lobule. Region d may be an extension of the primary
sensorimotor cortex into the inner hemispheric fissure.
The activated area in Fig. 3b labeled e, which is also seen
occasionally in motor-task FMRI data (13) although not
in this case in Fig. 3a, may represent the premotor area.
Many of the colorized pixels that were not coincident
with the motor cortex areas as defined by FMRI seem
nevertheless to be a manifestation of functional connec-
tivity.

CONCLUSION

Similar fluctuations giving rise to functional connec-
tivity have been observed by us in the auditory and
visual cortex. We believe that the functional connectivi-
ties demonstrated in the motor cortex are a general phe-
nomena and not due to “imagined” motor tasks. Previous
studies on imagined motor tasks (11, 13) reported activa-
tion in the SMA but not in the primary motor cortex, in
contrast to our results. Further, imagined activation
would be expected to be random for each subject as well
as between subjects.

Bandettini et al. (10) discuss three methods for obtain-
ing the reference vector in order to determine the corre-
lation coefficient and cross correlation magnitude: a) use
of a simple box-car waveform shifted by the hemody-
namic response, as in the present study, b) use of the
experimental time course in a selected activated pixel,
and c) development of a time-averaged response vector.
An immediate concern arises about the use of methods b)
and c) because of the existence of correlation within and
between functionally related regions during rest. The
correlation coefficient cc can be written

oy* o,
cc=——,
g, f g,
where o is the reference vector and oy is the experimen-
tal vector including response that is time locked to the
task as well as physiological fluctuations and system
noise. If physiological fluctuations contribute not only to
oy, but also to @, as in method b) and c), and if these
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fluctuations are correlated as discussed here, the value of
cc will be increased relative to use of a baxcar or other
synthesized waveform. Comparison of results using dif-
ferent reference vectors may present an opportunity for
more detailed investigation of FMRI response.

Correlation of fluctuations across the entire brain using
a whole-volume RF head coil as described here is obvi-
ously desirable, but improved data quality can be ob-
tained in restricted superficial regions of cortex using
surface coils. A recommended direction for future re-
search on brain fluctuations would be the use of both
whole volume and surface coils in concert.

Concepts of anatomical, functional, and effective con-
nectivity have been developed in recent years in a con-
text of electrophysiology (14, 15) and positron emission
tomography (16). Functional connectivity was defined in
ref. 16 as the temporal correlation of a neurophysiologi-
cal index measured in different brain areas. This report
demonstrates that functionally related brain regions ex-
hibit correlation of low frequency fluctuations in the
resting state as detected by echo-planar MRI It is con-
cluded that low frequency fluctuation of blood flow and
oxygenation is indeed a neurophysiological index.
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