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Abstract

Resting-state, low frequency (< 0.08 Hz) fluctuations of blood oxygenation level dependent (BOLD)
magnetic resonance signal have been shown to exhibit high correlation among functionally connected
regions. However, correlations of cerebral blood flow (CBF) fluctuations during the resting state
have not been extensively studied. The main challenges of using arterial spin labeling perfusion
magnetic resonance imaging to detect CBF fluctuations are low sensitivity, low temporal resolution,
and contamination from BOLD. This work demonstrates CBF-based quantitative functional
connectivity mapping by combining continuous arterial spin labeling (CASL) with a neck labeling
coil and a multi-channel receiver coil to achieve high perfusion sensitivity. In order to reduce BOLD
contamination, the CBF signal was extracted from the CASL signal time course by high frequency
filtering. This processing strategy is compatible with sinc interpolation for reducing the timing
mismatch between control and label images and has the flexibility of choosing an optimal filter cutoff
frequency to minimize BOLD fluctuations. Most subjects studied showed high CBF correlation in
bilateral sensorimotor areas with good suppression of BOLD contamination. Root-mean-square CBF
fluctuation contributing to bilateral correlation was estimated to be 29% + 19% (N = 13) of the
baseline perfusion, while BOLD fluctuation was 0.26% + 0.14% of the mean intensity (at 3T and
12.5 ms echo time).
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Introduction

Blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI)
has been widely used to study task dependent neural activity in the brain (for reviews see
Hennig et al., 2003; Matthews and Jezzard, 2004). Interestingly, even when a subject does not
perform any explicit task, i.e., during the “rest” state, highly correlated small signals at low
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frequency (< 0.08 Hz) can be observed in functionally connected regions such as the bilateral
motor areas (Biswal et al., 1995). The correlated areas revealed by this spontaneous fluctuation
are similar to those in task-dependent activation maps and have been observed in regions
including sensorimotor (Biswal et al., 1995; Cordes et al., 2000; Xiong et al., 1999), visual
(Cordes et al., 2000; Lowe et al., 1998), auditory (Cordes et al., 2000), language (Cordes et al.,
2000; Hampson et al., 2002), and subcortical areas like thalamus (Cordes et al., 2002) and
hippocampus (Rombouts et al., 2003). Moreover, large-scale, organized networks can be
identified using resting-state signal fluctuations (De Luca et al., 2006; Salvador et al., 2005).
It has also been suggested that correlated resting signal fluctuations among certain areas
represent the “default mode” network of the brain function (Fox et al., 2005; Fransson, 2005;
Greicius et al., 2003; Gusnard and Raichle, 2001; Raichle et al., 2001). Further, recent studies
have demonstrated large amplitude spatially correlated BOLD signal fluctuations during
extended rest and early sleep stages that are comparable to signal levels evoked by visual
stimulation (Fukunaga et al., 2006b, Horovitz et al., 2007). These studies suggest that resting-
state activity continues during early sleep and does not require active cognitive processes.

Functional connectivity studies using MRI have been almost exclusively performed by
measuring the fluctuations in the BOLD-weighted signal. BOLD signal fluctuations represent
combined changes in blood oxygenation, cerebral blood volume, cerebral blood flow (CBF)
and metabolic rate of oxygen (Buxton et al., 2004). The magnitude of BOLD fluctuation is
also dependent on MRI specific parameters, such as magnetic field strength and echo time
(TE). In contrast, functional connectivity mapping based on CBF can provide a quantitative
estimate of the fluctuations in terms of a single physiological parameter. Furthermore, similar
to task activation studies, CBF based experiments may provide better localization of
functionally connected regions than BOLD (Duong et al., 2001; Luh et al., 2000). Knowledge
of CBF and BOLD fluctuations in the resting state will also allow the metabolic contribution
to these fluctuations to be assessed (Fukunaga et al., 2006a) and oxygen consumption to be
estimated as in task related functional studies (Chiarelli et al., 2007; Davis et al., 1998; Hoge
etal., 1999; Kim et al., 1999).

CBF changes can be measured non-invasively by arterial spin labeling (ASL) MRI (for reviews
see Barbier et al., 2001; Golay et al., 2004; Koretsky et al., 2004). The main challenges for
using ASL to observe resting-state CBF fluctuations are the low sensitivity, low temporal
resolution, and possible contamination from BOLD fluctuations. In ASL, perfusion sensitive
MRI data is generated by inverting (labeling) the blood water magnetization in the proximal
arteries prior to image acquisition. Perfusion maps are then created by subtracting ‘label’
images acquired with ASL from ‘control’ images acquired without ASL. The ASL signal in
the human brain due to steady-state perfusion is on the order of 1% of the baseline MRI signal
level, and the resting-state fluctuations are expected to cause only an additional fractional
change. Therefore, reliable detection of changes in the perfusion signal requires high signal-
to-noise ratio (SNR).

Quantitative ASL fMRI studies require acquisition of control and label images in an interleaved
manner. This leads to low temporal resolution, with at least 4 — 8 s needed to acquire a single
flow sensitive image. This can cause insufficient sampling of the low-frequency fluctuations.
In addition, low temporal resolution also makes the perfusion images more sensitive to signal
variations caused by gross head movement and physiological motion. Indeed, physiological
noise due to respiratory and cardiac motion (Kruger and Glover, 2001) that are aliased to low
frequency range when the image repetition time (TR) is not short enough have been suspected
to contribute to the observed resting-state signal correlations (Lund, 2001). Although recent
studies have shown that low-frequency signal fluctuations do not change with TR, and thus
signal correlations are not caused by aliased physiological noise (Beckmann et al., 2005;
Kiviniemi et al., 2005), their effects could be significant in ASL data (Restom et al., 2006).
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Another complication is that ASL images are typically acquired using gradient-echo echo-
planar imaging (EPI), which has significant T,"-weighting (BOLD) in each image. Since the
control and label images are acquired at different times, the ASL time series is also modulated
by the resting-state BOLD fluctuations. Without proper processing, signal changes due to
BOLD fluctuations could be a significant confound in the pair-wise subtracted perfusion time
series. Sinc interpolation can be used to correct for the timing difference between the control
and label image sets and hence suppress BOLD contaminations (Aguirre et al., 2002, Liu and
Wong, 2005). BOLD weighting can also be minimized by suppressing static tissue signal
(Duyn et al., 2001; Ye et al., 2000). Because of timing requirements for signal nulling, this
method is more appropriate when using a few 2D slices (St Lawrence et al., 2005) or single-
shot 3D acquisitions. Although the use of shortest possible TE also helps to reduce BOLD
related signal changes without compromising the flow sensitivity, some BOLD fluctuations
will remain and contaminate the resting-state CBF signal.

To date, resting-state connectivity studies based on CBF fluctuations have been limited. The
first study to demonstrate flow-weighted synchronous low-frequency signal variations used
the flow alternating inversion recovery (FAIR) ASL method, and was restricted to a single
slice (Biswal et al., 1997). In that work, the resting-state perfusion signal time course was
generated by pair-wise subtraction of ASL time series followed by low-pass filtering. Although
extraction of perfusion signal in this manner is appropriate when using very short TR, at low
temporal resolution, it is not optimal and can leave a significant contribution from BOLD
fluctuations. A more recent study reported detection of resting-state networks using perfusion
fluctuations (De Luca et al., 2006). Although multiple slices were acquired in this study, it is
not clear how the contribution from BOLD fluctuations was minimized. In another recent study,
flow sensitive imaging with background suppression was employed to measure flow
fluctuations during extended rest and early sleep states (Fukunaga et al., 2006a).

The purpose of this study was to develop a strategy to detect resting-state functional
connectivity based on CBF with reduced contamination by BOLD effects and to characterize
the CBF fluctuations responsible for connectivity between the sensorimotor areas. In this work,
multi-slice flow sensitive images were acquired using continuous ASL (CASL) with a separate
neck labeling coil (Garraux et al., 2005; Silva et al., 1995; Talagala et al., 2004b; Zaharchuk
et al., 1999). A close fitting array receiver coil was used to provide significant gains in
sensitivity (de Zwart et al., 2004; Talagala et al., 2004a; Wang et al., 2005). Some of the
sensitivity gained was sacrificed to increase the temporal resolution via reduction of the
labeling and post-labeling delay times. Furthermore, high-pass filtering of the ASL time course
was employed to extract the CBF signal fluctuations with minimum BOLD contamination.
The results show that correlated perfusion oscillations in the resting state between the
sensorimotor areas can be reliably identified and quantified using CASL at 3 Tesla. Preliminary
account of this work has previously appeared in abstract form (Chuang et al, 2006).

Frequency analysis of the ASL time series provides insight into how to separate the CBF and
BOLD fluctuations in the resting-state data. The tissue ASL signal time course with interleaved
control and label images can be formulated as

1—-cos(m-n .
S(n)=My-[B—k-F(n)- +)] X e_Rl(”) TE, .

where n is the scan number (control and label images correspond to even and odd values of

n, respectively), F(n) is CBF, R>(") is the effective transverse relaxation rate, TE is the echo
time, and Mg is the equilibrium magnetization. g represents the signal recovery during the
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repetition time TR, given by 1 — e R1'TR where R; is the longitudinal relaxation rate of tissue.

For CASL studies, <=2¢ AR (1 —¢ RIT) /ARy \where « is the labeling efficiency, &
is the arterial blood transit time, Rq, is the longitudinal relaxation rate of blood, w is the post
labeling delay time, 7 is the labeling duration, and A is the brain/blood partition coefficient. A
similar expression for k can be derived for pulsed ASL studies.

InEq(L), the term e %2"7E s the BOL D weighting in the image. Separating & (") into constant
and time varying parts and expanding the exponential time varying term as a power series, the
BOLD weighting in the image can be written as By (1+AB(n)), where By is the time invariant
BOLD weighting and AB(n) is the fractional BOLD fluctuation. Similarly, the perfusion can
be expressed as F(n) = Fo (L+AF(n)), where Fq is the steady-state perfusion and AF(n) is the
fractional perfusion fluctuation. Then, Eq(1) becomes:

—cos (- n)

1
S(m)=My-[B-k-Fo(1+AF (n)) - —————1- Bo(1+AB(n)).

S (n) ~

2 (2)

The dominant fluctuating terms in Eq(2) can be identified by considering order of magnitude
estimates of each term. The AB(n) term without perfusion, representing the resting-state BOLD
fluctuation, is the largest. Typically, in a resting-state experiment, AB(n) will be smaller than
the signal change observed in traditional task activation studies, and thus this term will be less
than 1% of the baseline signal, MfBg. The contribution from this term needs to be minimized
in perfusion based resting-state studies. The next dominant terms involve the perfusion
fluctuation, AF(n), which are independent of AB(n). AF(n) is expected to be on the order of
several tenths of the baseline perfusion, Fg. Since the signal change due to ASL, kF, is ~1%
of the equilibrium signal, the pure AF(n) terms will be about few tenths of a percent of the
baseline signal and thus about a factor of 2-3 smaller than the pure BOLD term, AB(n). Other
fluctuating terms in Eq(2) are mixtures of CBF and BOLD fluctuations. Of these, the term
involving the product kFgAB(n) represents the BOLD fluctuations of the steady-state perfusion
signal. From the above discussion, it follows that this term and all the other CBF and BOLD
interacting terms are on the order of few hundredth of a percent of the baseline signal. Since
these mixed terms are much smaller than the pure CBF and BOLD fluctuations, these terms
can be neglected, and Eq(2) can be approximated as

k- k- Fo k-

AF (n) +

Fo
(1+AF (n)) cos (1 - n)]

Fo +BAB (n)
" 2 ®)

MyBolB - 2
In the above equation, different terms fall into two frequency ranges. The first four terms,
representing baseline signal modified by steady-state perfusion and fluctuating BOLD and
perfusion components, are in the low frequency range. The last term, which represents the
steady-state and fluctuating perfusion components, is modulated by the cosine term. Therefore,
the contribution from this term appears in the high frequency range. Fig. 1 shows the spectra
of ASL time courses simulated using Eq(2) assuming that CBF and BOLD fluctuations (AF
(n) and AB(n)) occur at a single (Fig. 1a) and multiple frequencies (Fig. 1b). The frequency
peaks seen in Fig. 1a correspond to the pure BOLD and perfusion terms represented in Eq(3).
The other mixed terms are too small to be visualized in the displayed scale. It can be seen that,
while both CBF and BOLD oscillations are present in the low frequency range, only CBF
components appear in the high frequency range. In practice, the fluctuations of CBF and BOLD
will occur at multiple frequencies, and they will overlap in the low frequency range. As long
as the frequency ranges of CBF and BOLD fluctuations are less than half of the Nyquist

1

frequency, i.e. 4TR, the high frequency end of the spectrum will be dominated by CBF
components. Therefore, if the TR is short enough to avoid overlapping of low and high
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frequency components (e.g. Fig. 1b), the perfusion signal can be extracted by filtering the ASL
time course.

In this study, a high-pass filter was used to extract the high-frequency modulated perfusion
components, and the filtered signal was demodulated to low frequency by multiplying by cos
(=n). Equivalently, the ASL time course could have been demodulated and then low-pass
filtered to isolate the perfusion components without BOLD effects. If the bandwidths of the

1

fluctuating BOLD and CBF components are less than 4TR, the cutoff frequency of the high-
1

pass filter can be chosen as 47R Hz. In the case of wider bandwidths, causing partial overlap

of low and high frequency components in Eq(3), the cutoff frequency of the high-pass filter

can be increased to maximally suppress the low frequency BOLD components.

The results of different methods for processing the ASL time course to isolate the perfusion
signal are shown in Figs. 1c and 1d. It is seen that high-pass filtering effectively removes the
undesired fluctuating BOLD component (Fig. 1c). However, at this temporal resolution (TR
= 3.2s) pair-wise subtraction and low-pass filtering leaves a significant fluctuating BOLD
component (Fig. 1d). The amplitude of this contaminating BOLD component is dependent on
the frequency of the BOLD fluctuation relative to the sampling frequency (1/TR): being
smallest at low frequencies and increasing with frequency up to the cutoff frequency of the
low-pass filter. In contrast, the high-pass filtering approach (Fig. 1c) can eliminate the
fluctuating BOLD components at all frequencies up to the high-pass cutoff frequency. It should
1

be noted that high-pass filtering (Fig. 1c) with frequency cutoff at 4TR Hz and demodulation
will produce results similar to sinc interpolation of the ASL time course to create time matched
control and label images followed by subtraction (Liu and Wong, 2005).

After high-pass filtering and demodulation, the perfusion signal without BOLD contamination
derived from Eq(3) is

k
S’(n)—Mo'Bo'E'F()(HAF(H))- @

S'(n) can be subjected to traditional pixel-wise correlation analysis to generate functional
connectivity maps based on resting-state perfusion fluctuations, AF(n). It should be noted that
the use of a filter to suppress BOLD fluctuations causes noise in S’(n) to be reduced but
correlated with the autocorrelation function determined by the characteristics of the filter. The
temporal correlation of S'(n) will cause correlation coefficients in the functional connectivity
maps to be higher than normal. This is common to all ASL processing methods based on
interpolation or filtering. Steady-state perfusion (Fg) maps, with SNR similar to that produced
by pair-wise subtraction and averaging, can be created by averaging of S'(n). The same
processing can also be applied to perfusion-based fMRI studies with band-limited task design.

Subjects and tasks

Seventeen healthy subjects (6 males/eleven females) aged between 22 and 56 years (mean age
32 years) were recruited from the NIH database of volunteers. The research protocol was
approved by the NINDS Institutional Review Board. Informed consent was obtained from all
subjects. For each subject, resting-state and task activation data were collected. During the
resting-state experiment, the subject was instructed to close their eyes, lie still, and keep awake
without performing any specific task. This experiment lasted for about 11 min and was repeated
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2 times: one with ASL (CBF and BOLD sensitive) and one without ASL (BOLD sensitive).
Three of the subjects underwent both kinds of scans twice to evaluate the reproducibility in
the same session. One subject was recruited again after 3 weeks to test the between-session
reproducibility.

At the end of each scanning session, a sequential finger movement experiment was performed
to localize the motor area. A block design paradigm, consisting of a 54-s rest period alternated
with 54-s movement period and repeated for 5 times, was used. During the movement period,
the subjects performed sequential finger-thumb opposition using the dominant hand. The
movements were triggered by numbers (1-4 representing each finger) displayed on a screen at
a rate of 2Hz. During the rest period, a fixation cross was displayed on the screen. The
instructions were displayed on the projection screen using Presentation software
(Neurobehavioral Systems, Inc., Albany, CA).

Data acquisition

Imaging was performed on a 3 Tesla whole-body MRI system (GE Healthcare, Milwaukee,
WI). Studies were conducted using a 16-channel receive-only brain coil (Nova Medical, Inc.,
Wakefield, MA) with a custom-designed 16-channel digital receiver system (Bodurka et al.,
2004; de Zwart et al., 2004) or the GE commercial 16-channel receiver system. In all cases,
the body RF coil was used for excitation. The hardware used to obtain CASL data was described
previously (Talagala et al., 2004b). In brief, a custom-made surface coil, consisting of two
rectangular loops (6.6 cm x 4.5 cm), was placed on the neck of the subject to label the blood
flowing in the right and left carotid and vertebral arteries. The labeling coil was connected to
an external RF channel controlled by the scanner. The RF frequency applied to the labeling
coil was offset by 16—-20 kHz from center frequency according to the distance from the magnet
iso-center to the labeling coil and the gradient strength (0.3 G/cm) during the labeling period.
During the labeling period, the labeling coil was tuned, and the receiver coils and the body coil
were detuned. During image acquisition, the labeling coil was detuned while the receiver coils
and the body coil were tuned during signal reception and RF transmission, respectively.

Resting-state data were acquired under two different conditions in separate runs. First, CBF
and BOLD sensitive resting-state runs were collected using CASL with interleaved control and
label images. For the label images, 1.7 W of labeling RF power was applied to the neck labeling
coil continuously for 2 s and followed by a 0.9-s post labeling delay and 300 ms of image
acquisition. The control images were acquired by inverting the labeling gradient during the 2
s labeling period. Second, a resting-state run, sensitive only to BOLD fluctuations, was
acquired by turning off the labeling RF power to the neck coil while the other experimental
parameters remained the same as for the resting-state CASL runs. During the image acquisition
periods in both CASL and BOLD runs, 7 axial slices with a thickness of 3 mm, a gap of 2 mm,
field-of-view of 24 cm and a matrix size of 64 x 64 covering the sensorimotor area were
obtained using gradient-echo EPI with TR = 3.2 s, TE = 12.5 ms, and sensitivity encoding
(SENSE) acceleration factor of 2. Two hundred image volumes were collected in 10 min 40
sec.

During the finger movement task, CASL data were acquired with alternating control and label
images. In this run, the labeling period was 3.0 s and the post labeling delay was 1.2 s. Other
imaging parameters were the same as for the resting-state runs except for TR =4.5s.

Foam padding was used to minimize head movement. Respiratory and cardiac waveforms were
monitored in all the subjects by a respiratory belt and a photoplethysmograph, respectively, of
the scanner, and recorded by a PC using software developed in-house.
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Data processing

Data processing was performed by software running on Matlab (MathWorks Inc, Natick, MA).
To reduce gross head movement and to align the CASL and BOLD data, all the CASL (resting
state and finger tapping) and BOLD images acquired in the same session were concatenated

to form a long time series and realigned to their mean image in two passes using SPM2 (Friston
KJ, 1995). Data from 4 subjects (2 males, 2 females) showed significant head movement (> 1
pixel), and hence were discarded from further analysis. Realigned data were then subjected to
retrospective image-based physiological noise correction (Chuang and Chen, 2001; Glover et
al., 2000) to remove signal fluctuation due to respiratory and cardiac effects. In this procedure,
time-series images were reordered into a unit respiratory/cardiac cycle based on the recorded
respiratory/cardiac waveforms. The trend of the signal change within the respiratory/cardiac

cycle was then fitted using a 2"d order Fourier series and the fitted trend was subtracted from
each pixel time series. Because of the intensity differences, the control and label images in the
CASL data were subjected to physiological noise correction separately (Restom et al., 2006).

Perfusion signal components in the resting-state CASL signal time course were extracted using
a 5™ order Chebyshev type I high-pass filter with cutoff at 0.08 Hz covering the reported range
of the resting-state BOLD fluctuations (Biswal et al., 1995; Lowe et al., 1998). The filtered
time course was then demodulated by multiplying by cos(zn). CASL data processed in this
manner will be referred to as “high-pass CASL”.

To evaluate the effectiveness of high-pass filtering in suppressing BOLD fluctuations, the
resting-state BOLD data were also processed the same way as the resting-state CASL data.
BOLD data processed in this manner will be referred to as “high-pass BOLD”. Since resting-
state BOLD data are not modulated by flow sensitive spin labeling, high-pass filtering should
remove all fluctuating signal components as long as BOLD fluctuations are band limited to
0.08 Hz. Therefore, high-pass BOLD data are not expected to produce any correlated areas in
the functional connectivity maps. In addition, the resting-state BOLD data were also processed
in the traditional way to produce BOLD-based functional connectivity maps using a high-pass
filter cutoff at 0.003 Hz to remove the baseline drift. These results will be referred to as
“standard BOLD”. Since the SNR was sufficiently high, no spatial smoothing was used either
in CASL or BOLD data to avoid reduction in resolution.

Functional connectivity was detected by correlation analysis of resting-state data. A region of
interest (ROI) in the sensorimotor area was defined as the voxels identified in the activation
maps of the finger movement data (see below). The average time course within this reference
ROl was correlated with the individual time courses of all the pixels in the brain. The correlation
coefficient (CC) maps were thresholded at a CC = 0.4 (uncorrected p < 0.0001 for high-pass
filtered data) or higher with a cluster size of at least 4 pixels. The p-value for high-pass filtered
data, which accounted for temporal correlation, was determined using simulations. The same
ROI location and the CC threshold were used for the resting state CASL and BOLD data within
each subject.

The motion corrected and realigned CASL data acquired during the finger movement task were
analyzed by cross-correlation of the pair-wise difference (control — label) image series with a
boxcar function representing the finger movement paradigm. The resulting statistical maps
were thresholded at CC = 0.3 (uncorrected p < 0.02) with a cluster size of 4 pixels to identify
activated pixels. The average CBF change of the activated pixels in the sensorimotor area was
calculated as the ratio of the difference image intensity during the task and rest periods. The
control images without subtraction were also processed similarly to obtain the average BOLD
signal change due to the finger movement task.

Neuroimage. Author manuscript; available in PMC 2009 May 1.
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For quantitative comparisons, the dominant frequencies that contribute to resting-state
connectivity were identified by spectral analysis of the CC (Cordes et al., 2000) between the
ROI time courses in the left and right sensorimotor areas. In this analysis, the CC is expressed
using the discrete inverse Fourier coefficients of the time courses and a correlation coefficient
spectrum that represents the frequency specific correlation coefficient (ccg) is derived. CC
spectra from each data set (high-pass CASL, high-pass BOLD and standard BOLD) were
calculated using the average time courses from the reference ROI time and the pixels in the
contralateral sensorimotor cortex identified in the high-pass CASL connectivity map. The
major frequencies that contribute to correlation were identified by thresholding the CC spectra
at mean + 2 x standard deviation (STD) of the cc; of the high-pass BOLD CC spectrum
(frequency range 0.08-0.15 Hz). This threshold was typically between ccs = 0.01 and 0.02 for
different subjects. The frequencies surviving this ccs threshold in the reference ROl time course
were extracted by a frequency-domain filter and inverse Fourier transformed to time domain.
The root-mean-square (RMS) amplitudes of the time domain signals, representing the
integrated amplitude of the major frequencies, were calculated. The amplitudes of extracted
time domain signals of high-pass CASL and high-pass BOLD data, normalized respectively
by the intensities of control and original images, were compared to evaluate the level of BOLD
fluctuation remaining after high-pass filtering. To estimate the CBF and BOLD fluctuation
amplitudes related to functional connectivity, the extracted time domain signals from high-
pass CASL and standard BOLD data were normalized by the baseline CBF and original image
intensity, respectively.

The within-session reproducibility of the connectivity maps was measured by a similarity index
(SI) given by,
B > (C1-C2)
VX (CT-CH Y (C2-C2) (6)

where C1 and C2 are the un-thresholded correlation maps of the 15t and the 2" runs,
respectively, reformatted to one dimension. Equation 5 calculates the normalized inner product
of two vectors which can be regarded as the spatial correlation between the two connectivity
maps (van Gelderen et al., 2005). The same procedure was also applied to calculate the
similarity between the BOLD and CBF connectivity maps.

Typical CASL and BOLD resting-state data from a volunteer is shown in Fig. 2. Inspection of
the unprocessed signal time courses from an ROI in the motor area (the green region in Fig.
2c) shows that the time course of CASL data contains a high frequency oscillation due to the
intensity modulation caused by alternate acquisition of arterial spin label and control images,
while the time course of BOLD data shows a slow fluctuation (Fig. 2a). This can be seen more
clearly in the magnitude spectra of the time courses calculated by discrete Fourier transform.
The frequency domain representations of both time courses show that the spectral energy of
BOLD fluctuations is confined to the low frequency range from 0.01 to 0.04 Hz (Fig. 2b).
However, in addition to the low frequencies, the high frequency range of the CASL spectrum
contains a main peak at the modulating frequency, which corresponds to the steady-state CBF,
and sideband frequencies around 0.14 Hz, which correspond to CBF fluctuations. Since the
fluctuating components of BOLD and CBF signals are well separated in the frequency domain,
BOLD contamination in the CBF signal can be suppressed by high-pass filtering of CASL
data. Fig. 2c shows the functional connectivity maps created by correlating the ROI time course
from the left motor area with time courses of all the pixels in the brain. The CBF fluctuations
isolated with high-pass CASL data exhibit strong correlation between the left sensorimotor
area and the right sensorimotor and supplementary motor areas (Fig. 2c left). As expected,
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standard BOLD data also show bilateral correlation due to low frequency fluctuations in the
BOLD weighted signal (Fig 2c, 2" from the left). This bilateral correlation is absent in the
high-pass BOLD data (Fig. 2c, 34 from the left), while it is still present in the pair-wise
subtracted and low-pass filtered BOLD data (Fig. 2c right). In agreement with the simulations
(Figs. 1c and 1d), observation of residual correlations in the pair-wise subtracted BOLD data
but not in high-pass BOLD data indicates that high-pass filtering is an effective approach for
suppressing BOLD fluctuations in CBF-based connectivity maps.

Fig. 3 shows multi-slice functional connectivity results from another subject. The spectra of
the ROI time-courses show well separated BOLD and CBF fluctuations (Fig. 3a). The
functional connectivity maps show high correlation between the left and the right sensorimotor
areas across several slices in the high-pass CASL (Fig. 3b top row) and standard BOLD (Fig.
3b middle row) data. No bilateral correlation is seen in the high-pass BOLD data (Fig. 3b
bottom row) indicating that contribution of BOLD fluctuations in the CBF-based connectivity
maps (Fig. 3b top row) is minimal.

The BOLD signal fluctuation remaining after high-pass filter processing was evaluated by
comparing the time domain RMS signal amplitude of frequencies contributing to bilateral
correlation in the high-frequency range (> 0.08 Hz). Fig. 4 shows the percent RMS amplitudes
of high-pass CASL and high-pass BOLD data from all subjects. The RMS amplitude of the
selected frequencies in high-pass CASL (0.104% * 0.038%, mean + STD, N = 13) is
significantly higher than that in high-pass BOLD (0.061% + 0.028%, p < 0.001, two-tail paired
t-test). The RMS signal amplitude in high-pass CASL represents the fluctuation level of CBF
while that in high-pass BOLD represents the residual BOLD fluctuations, along with some
contribution from noise in both cases. Significantly lower RMS signal in high-pass BOLD data
indicates that BOLD fluctuations can be effectively suppressed by high-pass filtering.
However, one subject showed similar RMS signal amplitudes in high-pass CASL and high-
pass BOLD data. This is attributed to the presence of high-frequency BOLD fluctuations that
extended beyond the specified filter cutoff frequency (0.08 Hz). Inspection of BOLD spectra
of this subject revealed a higher signal power in the high frequency range (0.08 — 0.15 Hz) but
not discrete peaks.

CBF connectivity maps were found to be reproducible across different runs in the same session
(Fig. 5). The similarity indices of within-session connectivity maps for the three subjects were
0.79, 0.88, and 0.77. Note that this index is not affected by the CC thresholds used for the
images in Fig. 5 because it was calculated from unthresholded correlation maps. The between-
session maps obtained in one subject examined 3 weeks apart were similar. Due to limited
number of slices, the data obtained 3 weeks apart could not be reliably registered, and thus,
the similarity index between the connectivity maps could not be calculated. The spectral
distribution of the dominant CBF peaks was found to be very similar in both the within- and
between-session tests. The within-session functional connectivity maps created from standard
BOLD were also found to be highly reproducible with similarity indices of 0.81, 0.93, and 0.85
in the three subjects.

Most subjects showed reasonable agreement between CBF and BOLD connectivity maps in
the sensorimotor area (Fig. 6). The similarity index between unthresholded correlation maps
of CASL and BOLD data was 0.56 £ 0.11 (mean £ STD, N = 13). The overlapping region
between thresholded CBF and BOLD connectivity maps in all the slices was 55% + 20% of
the area of the CBF maps.

Table 1 shows the estimated CBF and BOLD fluctuation amplitudes giving rise to correlation
between left and right sensorimotor areas. The average RMS CBF fluctuation was 29% + 19%
(mean £ STD, N = 13) and the RMS BOLD fluctuation was 0.26% + 0.14%. The RMS CBF
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and BOLD fluctuations that include all frequency components were 51% + 37% and 0.34% %
0.13%, respectively. In comparison, the average signal change during the finger movement
task was 73% * 17% for CBF and 0.53% = 0.14% for BOLD (N = 9). The peak frequencies
of the CBF and BOLD fluctuations were different in all cases. The average peak frequencies
of CBF and BOLD were 0.026 + 0.018 Hz and 0.017 + 0.008 Hz, respectively.

Discussion

In this work, we have demonstrated that resting-state functional connectivity can be reliably
detected using perfusion MRI. Current results also confirm earlier reports on correlated CBF
fluctuations in the bilateral sensorimotor areas (Biswal et al., 1997). High perfusion sensitivity
achieved by combining multi-channel receiver coils and CASL with a separate neck labeling
coil generated reproducible CBF-based functional connectivity maps across multiple slices
covering the sensorimotor cortex. Furthermore, a filter-based processing strategy was shown
to be effective in extracting the CBF signal from CASL time course while suppressing BOLD
fluctuations. This processing method is based on the fact that perfusion signal is frequency
shifted by turning the labeling on/off in the ASL image time series. Frequency domain analysis
of the ASL signal time course according to the on-off labeling frequency has previously been
used in dynamic ASL studies (Barbier et al., 1999). CBF-based functional connectivity in the
bilateral sensorimotor areas was observed with good within-session reproducibility. The study
also provided an estimate of the magnitude of dominant CBF fluctuating components in the
resting state.

In most ASL imaging, perfusion information is obtained by pair-wise subtraction. While this
would be appropriate for measuring steady-state perfusion, it is not suitable for dynamic studies
such as perfusion-based functional connectivity mapping and fMRI. This is due to the fact that
control and label ASL images, which are acquired at different times, may contain different
BOLD weighting and pair-wise subtraction leaves a residual BOLD contribution that may vary
with time. Subtraction with sinc interpolation has been suggested to be an optimal method for
block-design ASL fMRI (Liu and Wong, 2005). Indeed, when the signal bandwidth due to task
related changes is less than half of the Nyquist frequency, sinc interpolation is ideal for
compensating the signal variation caused by the timing mismatch between control and label
images. In block design studies this condition is easily satisfied, since several control/label
image pairs are normally acquired during each experimental condition block. However, when
the signal bandwidth exceeds that limit, the sampling requirement for sinc interpolation is not
satisfied, and this approach can lead to erroneous results. This case may be encountered more
often in resting-state and event-related experiments. Therefore, care should be taken when
processing resting-state ASL data especially when the TR is not short compared to the time
scale of the relevant physiological processes. In the current study, this problem was addressed
by employing a filter-based processing strategy. As shown before, sinc subtraction of ASL
data is equivalent to applying an ideal low-pass filter to demodulated data with filter cutoff
frequency at half the Nyquist frequency (Liu and Wong, 2005). However, direct filtering of
ASL time course offers the flexibility of choosing the optimal cutoff frequency and therefore,
provides a more general approach to reduce BOLD contamination in resting-state ASL studies.

In this study, the efficacy of high-pass filtering in suppressing BOLD fluctuations was
evaluated by acquiring another run of data with identical imaging parameters but without
labeling RF power. Thus this data is only sensitive to BOLD fluctuations. High-pass filtering
successfully suppressed bilateral sensorimotor correlation in these BOLD data sets. Further,
the RMS signal in the high-pass BOLD data was found to be significantly lower than that of
high-pass CASL data indicating that high-pass filtering is an effective approach to control
BOLD contamination in perfusion based resting state studies. This method becomes less
effective in subjects with strong BOLD fluctuations extending close to the Nyquist frequency,
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which is 0.156 Hz in the current study. In general, CASL data series with higher temporal
resolution (shorter TR) will provide better separation of BOLD and CBF fluctuations.

Respiration and cardiac pulsation induced signal variations are usually suspected to contribute
to the observed signal correlation in the resting-state studies when the TR is not short
(Bhattacharyya and Lowe, 2004; Lund, 2001). In this work we used image-based retrospective
correction to reduce physiological noise (Chuang and Chen, 2001; Glover et al., 2000).
However, variations in heart rate, respiratory rate and volume may still contribute to signal
fluctuations. A recent study found that default-mode network became more restricted when
subjects were cued to breathe at a constant rate and depth (Birn et al., 2006). BOLD signal
fluctuations has also recently been found to correlate with low frequency variations of the heart
rate (Shmueli et al., 2007).

Good correspondence was observed between the CBF and BOLD functional connectivity
maps. BOLD maps generally showed strong interhemispheric correlation, although the TE
used in this study was not optimized for BOLD contrast. The correlation between the
sensorimotor area and the supplementary motor area reported in previous BOLD studies
(Salvador et al., 2005; Xiong et al., 1999) and CBF studies using positron emission tomography
(Young et al., 2003) was also found in some of our CBF and BOLD results.

A useful feature of CBF-based functional connectivity mapping is its quantitative nature. In
the current study, spectral analysis of CC was used to identify the frequencies that contributed
to the bilateral correlation, and the signal changes more related to connectivity was identified.
The RMS CBF change that contributed to the bilateral motor correlation was 29% of the steady-
state perfusion, and the BOLD change was 0.26% of the mean signal intensity (at TE = 12.5
ms). The corresponding amplitudes of CBF and BOLD fluctuations that included all frequency
components were 51% and 0.34%, respectively. Assuming a linear increase in BOLD
fluctuations with TE and a measured average steady-state perfusion signal of 1.05% of the
baseline signal, the ratio of the observed BOLD to perfusion fluctuations that include all
frequency components at TE = 35 ms is 1.78. This BOLD-perfusion fluctuation ratio is close
to the value of 1.57 reported recently (Fukunaga et al., 2006a).

In this study, both the resting-state CBF and BOLD fluctuation amplitudes contributing to
bilateral correlation in the motor area were found to be ~40% of the task activation signal.
Inclusion of all the frequency components in the time course caused the RMS amplitude of
resting-state CBF and BOLD fluctuation to be ~60% of the task activation. This value is,
however, higher than that found in a previous study which reported that resting-state BOLD
signal to be about 1/3 of the task activation without frequency discrimination (Peltier and Noll,
2002).

A limitation of the present study is the restricted brain coverage due to short image acquisition
time. The reduced number of useable slices after motion correction and spatial normalization
also made group analysis of data not practical. In future studies, the slice coverage in perfusion
based resting state studies can be improved by using 3D acquisitions without sacrificing
temporal resolution. Inaddition, background suppression pulses could be used with 3D imaging
to further decrease BOLD contribution in CBF connectivity maps. Recent literature indicate
that perfusion studies with whole-brain coverage can be obtained with reasonable resolution
and imaging duration using various 3D acquisition schemes (Fernandez-Seara et al., 2005;
Gunther et al., 2005; Talagala et al., 2006). Another drawback in the present study is the use
of short post labeling delay times in an effort to minimize the TR. In cases where this post
labeling delay may not be long enough to minimize the arterial transit time effect (Alsop and
Detre, 1996), some arterial signal may have contributed to the CBF images. In future studies,
a shorter labeling time and a longer post labeling delay may be used to minimize this effect
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without significant effect on the perfusion sensitivity and temporal resolution. Bipolar
gradients can also be used to dephase the signal in larger vessels (Ye etal., 1997). This approach
may also allow use of shorter post labeling delays leading to higher temporal resolution.

Conclusion

This study demonstrates that correlated CBF oscillations across different brain regions can be
reliably identified at 3 Tesla by combination of CASL with a neck labeling coil and parallel
imaging with multi-channel receive-only brain surface coil arrays. High-pass filtering of the
ASL signal allowed CBF oscillations to be isolated with reduced BOLD contamination. This
processing method is consistent with sinc subtraction, but has flexibility of choosing an optimal
filter cutoff frequency to minimize BOLD fluctuations. Combining these techniques with 3D
imaging will allow CBF-based functional connectivity mapping throughout the brain in the
future.
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Magnitude spectra of simulated ASL signals assuming (a) CBF fluctuation (ACBF) at 0.03 Hz
and BOLD fluctuation (ABOLD) at 0.045 Hz, (b) ACBF and ABOLD both at multiple
frequencies with bandwidths < 0.08 Hz. The CBF and BOLD oscillations can be seen in low
frequency range while only CBF fluctuations exist in high frequency range. The magnitude
spectra of the signal in (a) processed by (c) the proposed high-pass filtering and demodulation
method and (d) pair-wise subtraction and low-pass filtering at 0.064 Hz. The 0.064 Hz cutoff
frequency was chosen to maintain the same sampling bandwidth to filter cutoff ratio used
previously (Biswal et al., 1997). It can be seen that significant BOLD signal remained when
using pair-wise subtraction and low-pass filtering. In this simulation, the magnitudes of CBF
and BOLD fluctuations were assumed as 30% and 0.9%, respectively, with 1% signal change
due to labelingand TR =3.2 s.
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Fig. 2.

The (a) time courses and (b) spectra of unfiltered resting-state CASL and BOLD data from an
ROI in the left motor area (the green region in c). (c) Correlation maps showing functional
connectivity obtained using high-pass CASL data (left; high-pass filter cutoff 0.08 Hz),
standard BOLD data (2" from the left; high-pass filter cutoff 0.003 Hz), high-pass BOLD data
(3" from the left; filter cutoff 0.08 Hz), and pair-wise subtracted (with low-pass filter at 0.064
Hz) BOLD data (right). Except for standard BOLD, the thresholded statistical maps are
overlaid on the average image after filtering or subtraction. The thresholded map for standard
BOLD is overlaid on averaged raw image without filtering. High correlation can be observed
between bilateral sensorimotor areas in the high-pass CASL data and standard BOLD data.
The presence of bilateral correlation in the pair-wise subtracted BOLD data, but not in the high-
pass BOLD data, indicates the effectiveness of high-pass filtering in suppressing BOLD
fluctuations in CBF-based connectivity maps.
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Fig. 3.

(a) Unfiltered resting state CASL and BOLD spectra from the motor ROI (indicated in (b))
shows well separated BOLD (< 0.08 Hz) and CBF (> 0.08 Hz) fluctuations in frequency
domain. (b) Multi-slice functional connectivity maps obtained with high-pass CASL (top),
standard BOLD (middle), and high-pass BOLD (bottom) data using a motor ROI (the green
region) time course for correlation. High correlation can be found between bilateral
sensorimotor areas across several slices in the high-pass CASL and standard BOLD data, but
not in the high-pass BOLD data.
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Fig. 4.

Percent RMS amplitudes of selected frequencies in the motor ROIs in high-pass CASL and
high-pass BOLD data for 13 subjects. The frequencies were selected by applying an ccs
threshold (between 0.01 — 0.02) to the CC spectrum. RMS signal in high-pass CASL is
significantly higher (p < 0.001, two-tail paired t-test) than high-pass BOLD data.
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Fig. 5.

Separate acquisitions of CBF-based functional connectivity maps obtained within the same
session. Three adjacent slices from each run are shown. The maps were highly reproducible
(similarity index of unthresholded maps = 0.88) across different runs. A lower CC threshold
was used to display the functionally connected regions in the second run.
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Fig. 6.

Composite functional connectivity maps showing BOLD (red), CBF (green), and the BOLD/
CBF overlap (yellow) areas in 3 subjects (from left to right). The CC threshold was the same
for all data within each subject, but different among subjects (from left to right CC = 0.47, 0.5,
and 0.6).
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