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Simultaneous Assessment of Flow and BOLD
Signalsin Resting-State Functional Connectivity
M aps
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We have recently demonstrated using functional magnetic resonance imaging the presence of synchronous low-
frequency fluctuations of signal intensities from the resting human brain that have a high degree of temporal
correlation (p<0.0001) both within and across the sensorimotor cortex. A statistically significant overlap between
the resting-state functional connectivity map and the task-activation map due to bilateral finger tapping was
obtained. Similar results have been obtained in the auditory and visual cortex. Because the pulse sequence used
for collecting data was sensitive to blood flow and blood oxygenation, these low-frequency fluctuations of signal
intensity may have arisen from variations of both. The objective of this study was simultaneously to determine
the contribution of the blood oxygenation level signal and the flow signal to physiological fluctuations in the
resting brain using the flow-sensitive alter nating inver sion recovery pulse sequence. In all subjects, the functional
connectivity maps obtained from BOLD had a greater coincidence with task-activation maps than the
corresponding functional connectivity maps obtained from blood-flow signals at the same level of statistical
significance. Results of this study suggest that while variations in blood flow might contribute to functional
connectivity maps, BOL D signals play a dominant rolein the mechanism that givesriseto functional connectivity
in theresting human brain. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

It has been observed by various groups that signa
intensities in atime course of functional magnetic resonance
imaging (FMRI) images in a resting human brain vary by
about 1-2% over the mean.’™ Frequency bands correspond-
ing to the fundamental cardiac and respiration rates along
with higher harmonics have been observed. In addition, low
frequencies (<0.1 Hz) have been observed.® After filtering
the high-frequency components including the respiration
and the cardiac rates, a statistically significiant temporal
correlation within the sensorimotor cortex, both ipsilaterally
and contralaterally, was obtained during the resting-state.
Only a few pixel time courses outside the sensorimotor
cortex exhibited significant temporal correlation with sen-
sorimotor pixel time courses. A substantial overlap between
resting-state functional connectivity maps and task-activa-
tion maps during bilateral finger tapping was observed.®
Similar results have been obtained in the visual and the
auditory cortex.>® These results have been replicated and
extended by a second research group.®

L ow-frequency fluctuationsin the cortex originating from
blood flow and oxygenation have been observed in animal
models using a variety of techniques, including laser
Doppler flowmetry (LDF),***? fluoro-reflectometry®*** and
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polarographic measurement of brain tissue PO, with micro
electrodes.” " Previous reports have suggested that syn-
chronous fluctuations may be a general cortica
phenomenon representing the functional connection of
cortical areas.’®

Although temporal correlation between functionally
related regions of the brain has been demonstrated, the
mechanisms underlying the observations are not completely
understood. It is currently believed that these low-frequency
fluctuations play an important role in maintaining an
optimal balance between blood flow and oxygenation
consumption. In this study, we used the flow-sensitive
alternating inversion recovery (FAIR) pulse sequence'®®
for simultaneous assessment of the contributions of blood
flow and blood oxygenation to resting-state functional
connectivity maps.

EXPERIMENTAL

Imaging using FAIR

Experiments were performed using a 3 T/60 Bruker scanner
and a home built three-axis balanced-torque head gradient
coil with an endcapped birdcage RF transmit—receive coil.
In al experiments, the RF power deposition and field
switching rate were kept below levels specified by the US
Food and Drug Administration. All functional MRI (fMRI)
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Figure 1. FAIR is a pulsed arterial spin-labeling technique that
alternates between slice-selective and nonslice-selective inver-
sion. All images are obtained using the same imaging slice. The
nonslice selective images are BOLD weighted. The slice selec-
tive images are BOLD plus flow weighted.

Slice Selective
Inversion

data including both task-activation and resting-state experi-
ments were collected using the FAIR pulse sequence.®?
Because this method has been described in detail elsewhere,
it isonly briefly reviewed here.

FAIR is a pulsed arterial spin labelling technique that
uses endogenous water as a tracer by alternating between
dlice-selective and non dlice-selective inversion, as shown
in Fig. 1. After the inversion, atime delay before the image
is collected allows blood to move into the imaging dice.
The blood that moves in during slice selective inversion is
fresh and enhances the signal, while blood that moves in
during nondlice-selective inversion is inverted blood and
does not change the signal. The even numbered nonslice-
selective images are blood oxygenation level (BOLD)
weighted. All odd numbered images in the image sequence
are dice-selective BOLD plus flow weighted. Subtracting
every odd numbered image from the succeeding even-
numbered image results in a time series of images that is
flow weighted.

Human subjects

Four subjects (three males and one female) between 14 and
29 years of age with no known neurological disorders, head
trauma, contraindication to MR, or medication were
scanned. The subjects were informed about the nature of the
experiment and asked to sign consent forms. They were
self-identified as right-handed. The subjects were told that
they would be required to perform bilateral finger tapping at
a self-paced rate, but were not given specific information
about timing. Plastic earphones with air-conducting tubing
were used to deliver instructions.

Data acquisition

Sessions started with the acquisition of high resolution
anatomic images in axial and saggital planes with the fast
spin-echo (FSE) pulse sequence, with TR=500 ms,
TE=10ms, FOV=24 cm, and matrix size=256x 256. On
the basis of these images, an axial plane-of section passing
through the motor cortex was defined for each volunteer,
and resting-state as well as task-activation time courses of
240 FAIR images were acquired using a TR=2000 ms,
TE=40ms, and dlice-selective inversion width=14 mm.
Other imaging parameters were FOV=24cm, matrix
size=64x 64, and dice thickness=7 mm. The Tl value was
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1400 ms, which suppresses the signal at 3 T from the CSF
and blood.

The first FAIR scan was in the nonstimulus (resting)
condition while the subjects were naive to the succeeding
tasks. They were instructed to close their eyes and refrain
from any cognitive, sensory, or motor activity. During the
second scan, subjects were instructed to perform bilateral
finger tapping for a 60 s period followed by a 60 s period of
rest for four cycles. During bilateral finger tapping, each
finger was touched with the thumb sequentialy in a self-
paced manner.

Data analysis

Each resting-state time-course data set was broken into two
data sub-sets: the first contained even numbered images that
were nonglice-selective BOLD weighted, and the second
was formed by subtracting every odd numbered image from
the succeeding image, resulting in flow-weighted images.
Although the TR of the FAIR sequence was 2000 ms, the
effective sampling rate was 0.25 Hz since every other image
was processed for BOLD and flow. This results in a
frequency bandwidth of 0.125 Hz. A low-pass filter with a
cut-off frequency at 0.1Hz was used to reduce the
respiratory frequency and other high frequency components
of the signal. Some portion of the cardiac component must
in principle be aliased and should appear in the low-
frequency range. Since the cardiac frequencies are expected
to be present throughout the cortex, all pairwise correlations
of pixel time-courses would be affected similarly and the
patterns of correlations would be unaffected. In our studies
of physiological fluctuations the effects of aliasing have
been a concern, but thus far have not been detected.

Task-activation data sets were processed in a similar
fashion, resulting in BOLD-weighted and flow-weighted
subsets. An ideal box-car waveform corresponding to the
stimulus presentation was cross-correlated with every pixel
time-course on a pixel-by-pixel basis for both subsets. A
activation correlation-coefficient (acc) threshold of 0.5 after
the Bonferroni correction corresponds to a statistical
significance of p<0.001. It was used to detect both task-
induced BOLD signal changes and flow signal changes. All
pixels that passed this threshold were considered activated
and belonging to the motor cortex.

The BOLD task-activation map was used to analyze the
BOLD resting-state data subset, and the flow task-activation
and resting-state data were analyzed similarly. Consider for
example the BOLD data. For each subject, the number of
pixelsin the left motor cortex that passed the acc threshold,
n,, was determined; and similarly for the right motor cortex
N. The number of pixelsin other brain tissue (ny) was also
determined. The maps of the activated pixels were super-
imposed onto the anatomic images to determine the location
of the sensorimotor cortices. The corresponding pixels from
the resting-state BOL D time-series were selected and cross-
correlated with every other time-course in the BOLD
resting-state image series on a pixel-by-pixel basis.

Activated and corresponding resting-state time-course
data sets were selected for standard parametric statistics.
Time and frequency analysis were performed on the data
sets. The mean and standard deviation of each of the data
sets were calculated. The Fourier transforms of all time
courses were also calculated.

The method of analysis of pixel time courses from resting
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brain used in this paper is based on an earlier paper of ours.’
This method calculates an optimum coincidence between
the task-activation map and resting-state functional con-
nectivity map along with the resting correlation coefficient
(rcc). The pairwise correlation coefficient (PCC) matrix is
formed by cross-correlating every pixel time course (say n)
with every other pixel (n) in the brain, resulting in a matrix
dimensionality of nxn. Let

n=ng+n_+nNg D

where n=mean number of pixels in the brain, hy=mean
number of pixels in the right motor cortex, n .=mean
number of pixels in the left motor cortex, and ny=mean
number of pixels in the brain outisde the motor cortex.
Submatrices of dimensionality ng x n; and n_ x n, were used
toinvestigate ipsilateral correlation. Submatrices ngx n, and
n_ X N are redundant; they contain contralateral correlation
information. Submatrices ng x Ny and n, x Ny, were studied to
detect possible correlations involving the sensorimotor
system with other regions that were not identified during
task acquisition. All diagonal entries on the PCC matrix are
unity (i.e. correlation of a pixel time course with itself) and
were excluded from the statistics. The PCC matrix is
symmetric and only the lower diagona terms (non-
redundant) were used for statistical analyses.

By choosing an appropriate resting correlation coefficient
(rcc), an image can be formed by cross-correlating the time
course of any pixel within the sensorimotor cortex with all
other time courses. The degree of correspondence of this
image with the image formed by task activation is
dependent on the choice of the rcc threshold. This idea of
adjusting the rcc for best fit between a pair of images can be
extended to the PCC matrix. There are ng+n, rows, using a
pixel time-course within the sensorimotor cortex as one
member of the correlation pair, corresponding to ng+n;
possible images. The rcc threshold that yields the best
possible fit of these images, taken together as a group, to the
task-activation map is determined by adjusting it to
maximize the spatial coincidence coefficient, SCC, which
we definein eg. (2):

&CZE_ N + Nrr + 2n g )
3\n2+n, N+ngo 20N

Here n,, isthe number of off-diagonal entriesin the n_ xn_
submatrix above the rce threshold, and similarly for ngg, N
and ngo. Well-delineated maxima in SCC were observed in
data from all subjects with a representative rcc threshold
value of 0.3, corresponding to a statistical significance
p<0.05. The definition in eg. (2) assures that the value of
SCC lies between zero and one.

This method leads to an unambiguous determination of
the rcc threshold. Measures of ipsilateral task-rest coinci-
dence are then given by egs (3) and (4):

N
CC + 5 3
t (n2+n.o) 3
Nrr
LCrt+ 5~ 4
"R (N&+Ngo) )
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and for contralateral connectivity by

2n g
(2n Nz +n o+ Ngo)

No Nro
= 2 )+ -2
SCCro (%m) <nOnR> ©

The SCC valuesin egs (3)—5) lie between zero and one and
can be expressed as percentages. Terms SCC,,, SCCxr and
SCC . are nearly the same as the terms n, /0, Nre/N and
n.&/n, introduced by Biswal et al.®> They differ only by the
exclusion of diagonal self-correlation unity values from the
statistics. Terms n, o and ngy penaize the statistics when
resting correlation coefficients from pixels in the ‘other’
brain tissue pass the rcc threshold. The purpose of this
analytical approach isto arrive at an objective procedure for
setting the rcc threshold for the best correspondence of
brain regions activated by the task with brain regions
defined by spatial correlation of physiological fluctuations.
Equation (6) is a measure of the extent of correlated pixel
time courses in other tissue. It is mathematically identical to
the term (n_o+Ngo)/No Used by Biswal et al.® but the
notation is changed to accommodate the introduction of the
PCC matrix.

This entire process was repeated using flow-weighted
task-activated and resting-state data.

CC r=LCx = 5)

RESULTS

Figure 2(a) shows a representative low-pass filtered time
course from a pixel identified as lying within the primary
motor cortex of a subject during bilateral finger tapping. An
activation correlation-coefficient (acc) threshold of 0.5 was
used for identifying activated pixels. BOLD- and FLOW-
weighted signal variations during task activation are shown
horizontally adjacent. Typical signal intensities varied by
about 5 and 6%. Representative numbers of activated pixels
within and outside the sensorimotor cortex are ng=25,
n, =25 and n,=1000. Similar numbers were aso found in
the flow weighted task-activation map.

During resting acquisitions, the signal intensity varied by
about 1-2% of baseline. It was seen that the flow-weighted
signal variations during rest had a greater standard deviation
than the corresponding BOLD-weighted signal variations.
Representative resting-state pixel time-course from the
motor cortex obtained with BOLD-weighting and flow-
weighting are shown in Fig. 2(b). Fourier anaysis
performed on these two time-course plots indicated a
dominant low-frequency fluctuation centered at around
0.06 Hz in both. The magnitude of the low-frequency
fluctuation obtained with BOLD weighting was of higher
magnitude than with flow weighting (Fig. 2(c).

Table 1 shows the spatia coincidence coefficient (SCC)
data from the sensorimotor cortex for BOLD- and flow-
weighing data from all four subjects. The rcc threshold
values varied from 0.31 to 0.44 for BOLD and 0.28 to 0.37
for flow over the four subjects. For every subject, the rcc
value was greater for BOLD data than for flow. The
percentage of activated pixels in the left hemisphere that
had significantly correlated synchronous fluctuations during
rest ranged from 63 to 84% for the BOL D-weighted images
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Figure 2. Pixel time-course signal intensity changes from a
representative pixel in the motor cortex: (1) task activation; (b)
resting state. Fourier transform magnitudes of resting-state time
courses are shown in (c).

and 33 to 53% for flow-weighted images. Similarly in the
right cortex, SCC ranged between 66 and 81% and 29 and
51% in the BOLD-weighted and flow-weighted images,
respectively. The ipsilateral spatial coincidence coefficients
(SCC,, and SCCgg) were about the same with BOLD-
weighted data showing much higher coincidence of
resting-state maps with task-activation maps than was
obtained with flow-weighted data Across hemispheres
SCC_, the percentages ranged from 43 to 54% and 17 to
41% for BOLD- and flow-weighted data, respectively.

The higher values of rcc and for SCC, SCCgrg, and
SCC,  for BOLD relative to flow coupled with lower values
for SCC, o (Which arises from stray pixels) leads to the
conclusion that BOLD weighting is preferred for functional
connectivity maps.

Figure 3(a) and (b) show task-activated images from
subject no. 4 during bilateral finger tapping using BOLD

and flow weighting. The corresponding resting-state func-
tional connectivity maps are shown in Fig. 3(c) and (d).
Close correspondence between Fig. 3(@) and (¢) was
observed. However, the SCC was much less between (b)
and (d). It can be seenin Fig. 3(d) that the resting-state flow-
weighted functional connectivity map is greatly altered and
that many pixel time courses from regions outside the
sensorimotor cortex pass the rcc.

DISCUSSION

In our earlier studies demonstrating resting-state functional
connectivity maps in the sensorimotor cortex, a T,*-
weighted EPI pulse sequence with TR of 250 ms was used,
resulting in time-course data sets that were 16 times larger
than in the present study. As a result, the signal-to-noise
ratio (SNR) was greater. The detected signa variations
were, however, sensitive to both blood flow and oxy-
genation, and the relative contributions from each of the two
components was hot determined. The present study demon-
strates the presence of BOLD- and flow-weighted
synchronous low-frequency signal intensity variationsin the
sensorimotor cortex of the human brain during rest.
Synchronous low-frequency fluctuations were observed
both within and across associated regions of the sensor-
imotor cortex. It was demonstrated, comparing BOLD- and
flow-weighted maps, that BOLD weighting results in
substantially superior resting-state functional connectivity
maps. While flow-weighted signals are correlated, the
connectivity maps show less coincidence with task-activa
tion maps and exhibit more stray pixels.

In an earlier study we demonstrated that respiratory
hypercapnia reversibly suspends synchronous low-fre-
guency fluctuations® The low-frequency fluctuations
observed in MR in the sensorimotor cortex (and other
functionally related regions of the human brain) are similar
in nature to fluctuations observed using LDF in the rat
cortex; these fluctuations were thought to be secondary to
fluctuations in neuronal activity. In the present study we
have demonstrated that the BOLD-weighted variations in
signal intensity play a dominant role in the formation of
resting-state functional connectivity maps, showing that
these maps are not formed due to vasomotion as has been
recently suggested by Mitra et al.?? This lends further
support to our hypothesis that the fluctuations are neuronal
in nature.

The spatial width of the slice-selectiveinversion recovery
slab used in this study was about two times greater than the

Table 1. Correlation coefficient data from resting brain

Threshold Ssce, SCCig SCCy SCCro
Subject Weighting (rec) (%) (%) (%) (%)
1 BOLD 0.44 67 68 52 2.7
Flow 0.37 42 47 23 3.4
2 BOLD 0.31 63 66 43 3.1
Flow 0.28 33 29 17 4.3
3 BOLD 0.41 71 69 49 1.9
Flow 0.37 39 38 28 2.8
4 BOLD 0.33 84 81 54 23
Flow 0.31 53 51 41 3.5
Average BOLD 0.37+0.06 71.2+9.1 71.0x6.7 52.0+8.8 25+0.4
Flow 0.33+0.05 41.7+8.4 41.3+9.8 27.3+10.2 3.5x0.4

© 1997 John Wiley & Sons, Ltd.
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BOLD

FLOW

Figure 3. Comparison of maps obtained using the FAIR pulse sequence during task-activation and resting-
state FMRI. Thresholds are indicated. Close correspondence between BOLD-weighted task-activation map
(a) and BOLD-weighted resting-state functional connectivity map (c) was observed. However, the
coincidence between the flow-weighted task-activation map (b) and resting-state functional connectivity

map (d) was much less. See text for details.

width of the imaging slice (14 vs 7 mm) and was not as well
defined since there were no RF lobes. It is possible that the
use of very well-matched inversion and imaging slices
would result in improved flow-weighted functional con-
nectivity maps. One can also imagine a modified FAIR
sequence in which the selective and nonselective pulses
were replaced by two slice-selective inversion pulses of
different spatial width. Such a sequence could be expected
to give information on flow effects involving vessels of
differing size and orientation.

BOLD-weighted functional connectivity maps obtained
here were superior relative to flow-weighted maps, but the
acquisition time was relatively long because of the use of a
TR value of 2000 ms. BOLD weighting arises from two
effects in the present study—the long TR and the use of a
nonselective inversion recovery pulse. Inversion recovery
pulse sequences can be written with shorter TR values, and
thisis a possible direction for future studies.

The Tl values of CSF and of blood are similar and signals
from both fluids were suppressed by the Tl value used here.
Although suppression of flow-weighting effects has been
demonstrated to be clearly desirable, it is possible that the

© 1997 John Wiley & Sons, Ltd.

improved functional connectivity maps obtained in the
present work arise in part from the suppression of BOLD
signals from CSF that are associated with draining veins.

The functional significance of these observations remains
to be competely explained. Synchronous low-frequency
fluctuations have been observed in anima models using a
number of different techniques. It has been suggested by
Bressler'® that temporal signals in synchrony might play an
important role in determining cortical output involving
functionally related regions.

It is very unlikely that the resting-state functional
connectivity maps arise from imagined finger tapping, not
only because subjects were naive to the task, but also
because we have demonstrated in other studies that
functional connectivity between functionally related regions
is a general phenomenon. In addition, previous studies on
imagined motor tasks have reported activation in the SMA
but not in the primary motor areas, in contrast to our
results.

This study is preliminary in nature. A small number of
volunteers has been studied. Not all controls have been
performed. A systematic error or artifact of respiratory,
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cardiac or other cyclic physiological phenomenais excluded
since the synchronous fluctuations are not distributed over
the entire dice. Because of the low signal-to-noise ratio in
theresting acquisition, use of high field scannerssuchas3 T
aswell as use of relatively large voxels are advantageous.
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