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Abstract
Purpose—To compare a double-excitation combined arterial-spin labeling/blood-oxygenation
level dependent (ASL/BOLD) functional imaging method to a double-echo method. ASL provides
a useful complement to standard BOLD functional imaging, to map effects of cerebral
hemodynamics. Whole-brain imaging is necessary to properly characterize large functional
networks. A challenge of whole-brain ASL/BOLD is that images for ASL functional contrast must
be acquired before significant longitudinal relaxation of the inverted spins occurs; however a
longer TE is required for optimal BOLD functional contrast, lengthening the acquisition time.
Thus, existing combined ASL/BOLD studies have only partial-brain coverage.

Materials and Methods—The proposed method allows acquisition of images for ASL contrast
within a short period after the ASL labeling pulse and post-inversion delay, then subsequent
acquisition of images with longer TE for BOLD contrast. The technique is demonstrated using a
narrative comprehension task in 35 normal children, and the double-excitation method is
empirically compared to the double-echo method in 7 normal adults.

Results—Compared to a double-echo sequence, simulations show the double-excitation method
improves ASL contrast-to-noise ratio (CNR) (~50 %) in later-acquired slices with minimal (< 1
%) reduction in BOLD CNR in earlier-acquired slices if reduced excitation flip angles for the ASL
acquisitions are used. Empirical results from adult data are in agreement with the simulations.
Group analyses from the narrative comprehension task also show greater inter-subject sensitivity
in BOLD versus ASL.

Conclusion—Our method simultaneously optimizes ASL and BOLD acquisitions for CNR
while economizing acquisition time.
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Introduction
Observed changes in BOLD activity associated with age during development are the result
of developmental changes in hemodynamics as well as neuronal activity (1). This confound
is of particular concern for functional MRI studies of brain development, where
neurocognitive changes may occur simultaneously with neurophysiological changes in
cerebral perfusion. Indeed, this issue could influence future research involving the “child
connectome” – the developing structural and functional connectivity underlying the
development of higher-order cognitive function (2). Developmental changes in
hemodynamics must be dissociated from neurocognitive development to properly interpret
data from intrinsic-connectivity (resting-state) as well as task-based BOLD fMRI studies
investigating functional connectivity.

A possible solution could be a “calibrated fMRI” technique, involving either a hypercapnic
or hyperoxic challenge (3), which allows a direct estimate of cerebral metabolic rate of
oxygen (CMRO2) by accounting for signal effects due to changes in blood flow. However
such measurements may not be practical or feasible, especially in pediatric populations.
Alternatively, one could rely exclusively on functional contrast or connectivity found from
arterial spin labeling (ASL) techniques, which focus on cerebral perfusion, since perfusion
has been shown to be linearly related to CMRO2 (4). However, the coupling constant
between blood flow and CMRO2 likely varies significantly over the developmental period,
making developmental inferences difficult. Moreover, functional ASL provides significantly
less intra-subject CNR than standard BOLD (5, 6) unless the stimulation paradigm is very
long. Moreover, the shortest TR possible with ASL is more than twice as long as in standard
BOLD, because of the additional time allocated to labeling and the need to obtain both
labeled and control images.

Alternatively, one could acquire ASL perfusion contrast and BOLD contrast simultaneously.
These acquisitions can be designed as single-excitation single-echo, single-excitation
double-echo, or double-excitation, depending on the number of excitation pulses per slice
and the number of echoes per slice following the ASL labeling pulse. In the single-excitation
single-echo approach, the same acquisition is used both for BOLD and ASL contrast. This
results in a tradeoff between BOLD and ASL contrast depending on the TE. Short TE,
optimal for ASL acquisitions, is sub-optimal for BOLD contrast but using a longer TE to
increase BOLD weighting, reduces the ASL contrast-to-noise (CNR) due to increased
attenuation of the baseline signal. Double-echo techniques (7–9) are therefore an attractive
alternative. This approach allows a short-TE acquisition for ASL contrast (first echo)
followed by a second echo with a TE optimized for BOLD contrast. With this method,
however, each slice takes twice as long to acquire. Because of the additional time spent per
slice, the method suffers from reduced ASL CNR for later-acquired slices as compared to
the single-echo approach, since the labeled spins will have had more time for longitudinal
relaxation. As a result, the number of slices one can acquire per time point before the label
clears out from the brain is reduced by half (the single-echo single-excitation approach with
a longer TE also suffers from this limitation, although to a lesser extent).

A different approach is a double-excitation strategy (Figure 1) which allows for
simultaneous optimization of both ASL and BOLD CNR. The first excitation is used to
collect the ASL slices at a short TE, and the second excitation occurs immediately
afterwards in order to collect the BOLD slices at a longer TE. In this configuration the ASL
slices can be acquired as fast as possible after the labeling pulse and inflow delay to
maximize contrast from the label. This approach has been utilized in a few previous studies
(e.g. (10–12)) although none of them permitted whole-brain coverage. Kastrup et al. (10)
acquired a single slice using a flow-sensitive alternating inversion recovery (FAIR) labeling
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technique. St. Lawrence et al. (12) used a pulsed labeling technique with attenuating the
static signal in arterial spin tagging (ASSIST) background suppression (13). This strategy
necessitated a long 180-degree pulse in between clusters of slices for the ASL acquisitions
in order to maintain suppression of the background signal, again reducing the CNR available
at the later-acquired slices. Stefanovic et al. (11) also used a similar technique, limiting the
number of slices acquired to 6.

The limited number of slices and therefore, brain coverage, is of particular importance for
studies involving brain connectivity mapping. Both task-based and intrinsic-connectivity
fMRI studies have revealed networks covering the entire reach of the brain, even from the
earliest periods in development (14–18). Therefore, while partial-brain coverage is useful for
elucidating local relationships between neuronal function and hemodynamics (e.g. (11))
whole-brain coverage is essential to properly characterize the development and complex
interplay of functional brain networks. However, until now the considerations outlined
above have limited combined ASL/BOLD imaging to partial brain coverage (typically
between 6 to 12 slices are acquired) rendering it a novel curiosity for a few specialists but
limiting its value in brain connectivity mapping. Here we introduce a new method for
simultaneous ASL/BOLD functional imaging that yields full brain coverage with adequate
spatial and temporal resolution for whole brain mapping. The method we have implemented
utilizes standard hardware configuration delivered by the manufacturer with RF body coil
for transmission and 32-channel head coil for echo detection with SENSE reconstruction.
Limitations related to a pulsed labeling strategy are overcome by utilizing either continuous
(CASL) or pseudo-continuous (pCASL) labeling. pCASL labeling may be performed using
the body coil without the need for separate hardware (e.g. a separate neck coil) as utilized
for CASL.

A possible drawback of the double-excitation strategy could be reduced CNR available for
the BOLD acquisitions because of partial saturation from the excitation pulses of the
preceding ASL acquisition. However, functional ASL CNR is lower overall and thus it is
advantageous to trade off BOLD CNR for ASL CNR. Moreover, for typical voxel sizes (e.g.
4 × 4 × 4 mm) physiological noise dominates over thermal noise (19), which will lessen the
overall CNR reduction from the reduced effective TR (in this paper, we use the term
“effective TR” to refer to the period of time available for recovery of longitudinal
magnetization, and “actual TR” to refer to the actual repetition time). Following the
approach of (19) which demonstrated minimal CNR reduction in BOLD acquisitions for
excitation flip angles much below the Ernst angle, we also investigate the potential of
lessening the BOLD CNR reduction by reducing the excitation flip angles for the ASL
acquisitions. In a multi-slice sequence, the time between the ASL and BOLD acquisitions
and hence the effective TR will be shorter in the first-acquired slices, since the BOLD
acquisitions have a longer TE and therefore longer slice acquisition time.

Methods
ASL/BOLD Theory and Simulations

We simulated the ASL and BOLD signals obtained using three different methods: 1) the
proposed (double-excitation) technique, 2) a single-excitation single-echo acquisition, and 3)
a double-echo acquisition. This allows comparison between the SNR and CNR of the
proposed acquisition scheme in relation to the other two. Simulations using a continuous
ASL (CASL) sequence were performed using IDL (Exelis, Boulder, CO). The signal change
due to application of the CASL tagging pulse was estimated using a theoretical model
derived from a general kinetic model (20) as
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[1]

where ; λ = blood-brain partition coefficient; f = cerebral blood flow;
w = post-inversion delay; τ = labeling duration; R1a = arterial R1; α = labeling efficiency,
R1app = apparent tissue R1; δ = tissue transit time; δa = arterial transit time. This model does
not assume all spins have flowed into the voxel or that all spins have traversed from the
arterial compartment into the tissue compartment. This model however does assume a single
transit time for all spins; differences in signal change between a single transit time model
and a distributed transit time model have been shown to be negligible (21).

The temporal SNR (tSNR) is a function both of physiological and thermal noise (19).
Thermal noise is independent of MR signal strength, while physiological noise is
proportional to MR signal strength. tSNR is related to image SNR (19) by

[2]

where λ is the proportionality constant between physiological noise (σp) and MR signal
strength (SS): σp = λ SS. Image SNR is only a function of thermal noise and will be linearly

related to MR signal strength:  where SNR0 is the SNR for a baseline signal
strength (SS0) and SS is the actual signal strength, which will be attenuated from SS0 by
factors such as varying flip angle or varying effective TR.

Parameter values chosen for the simulation are either typical literature values or typical
values used for implementation of the sequence at 3T and are listed in Table 1 (22–24). For
the ASL acquisitions, labeling efficiencies of 0.8 and above are routinely achieved on a
Philips Achieva 3T system using a pCASL labeling technique. A value of 700 ms for post-
inversion delay was chosen (21) as a compromise between maximizing ASL functional
contrast due to increased CBF while minimizing spurious contrast due to decreased transit
time during functional activation. As the approximate time of peak ASL CNR occurs when
the post-inversion delay is equal to the arterial transit time, using this value is only slightly
sub-optimal for the first slices.

For our simulated double-excitation or double-echo scans we used the following parameters
as typical values for use of the sequence at 3T: TEASL = 11 ms; TEBOLD = 35 ms; TA (time
to acquire a slice) = TE + 7 ms; # slices acquired = 30; TR = minimum, T2* = 40 ms. For
the simulated single-excitation single-echo scan, the echo time was allowed to vary; we used
echo times of 15 ms, 20 ms, 25 ms, and 30 ms.

For the estimation of BOLD tSNR, we used published values (19) of λ = .0092, SNR0 = 866
(resulting in tSNR0 of approximately 100) for gray matter at 3 T for an echo time of 30 ms
and voxel resolution of 3.75 × 3.75 × 4 mm. For the estimation of ASL tSNR (with a shorter
TE), we used the data of (25) to estimate an appropriate value for λ (which is TE-

dependent). The physiological noise σP is expressed as  where σB is related
to the physiological fluctuation in R2

* and is thus TE dependent, while σNB is related to
contributions with no TE dependency. Using the published values of
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[3]

where σ0 is the thermal noise and S is the mean signal, we computed σP = 0.314 and λ = σP/
S = 0.0059. For the single-excitation single-echo sequences, as σB varies approximately
linearly in the range from TE = 10 ms to TE = 30 ms, the value of σB was estimated via
linear interpolation and λ computed as above (values listed in Table 1).

Image SNR was adjusted from SNR0 for the effective TR (e.g. available relaxation time
from previous excitation pulse) and for the difference in TE (SNR0 was given for TE = 30
ms). tSNR was calculated as in Eq. (2), using the appropriate values of image SNR and λ.

To estimate BOLD CNR, we used a typical value at 3T for BOLD signal increase over
baseline of 2% at TE = 35 ms and thus BOLD CNR was estimated as

[4]

where for the single-excitation single-echo sequences which use shorter TEs,
BOLDCONTRAST was adjusted from the 2% value used at TE = 35 ms.

To estimate ASL CNR, the following procedure was used. The functional contrast in ASL is
given by

[5]

where fASL and bASL are the ASL acquisitions occurring during the functional and
baseline conditions, respectively. The CNRs of the functional and baseline conditions are:

[6]

where tSNR represents the temporal SNR of the ASL images (assuming this does not vary
significantly between baseline and functional acquisitions).

The fractional signal difference between label and control acquisitions is given by Eq. (1)
and is linearly proportional to CBF. For the difference between the functional and the
baseline condition, we used a typical value of CBF increase of 50% over baseline, and thus

[7]

[8]

The ASL CNR is therefore given by
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[9]

where ΔM/M0 is given from Eq. (1), using the CBF value for the baseline condition (the
factor of square root of 2 in the denominator is due to the overall contrast being the
difference between functional and baseline).

We computed the BOLD CNR and the ASL CNR for the double-excitation, the double-
echo, and the single-excitation single-echo sequences for the parameters above as a function
of slice number. For the single-excitation single-echo sequence, we varied the TE, using
values used of 15 ms, 20 ms, 25 ms, and 30 ms. We also computed maximum CNR per unit
square root of time, as the different strategies allow for different minimum TRs (listed in
Table 1).

Additional Simulations—For the double-excitation sequence, we also investigated the
effect of reducing the excitation flip angle for the ASL acquisitions; we varied the flip angle
from 90 degrees to 30 degrees in increments of 10 degrees. We also simulated the effect of
physiological noise reduction via techniques such as cardiac and respiratory cycle
monitoring (26), assuming that such techniques are capable of reducing physiological noise
to approximately 40% of its pre-correction magnitude.

ASL/BOLD fMRI Experiments in Human Subjects
Narrative Comprehension Task in Children—The double-excitation technique
described above was implemented on a Philips 3T Achieva system. Gradient-echo EPI
imaging parameters were: TEASL = 11 ms; TEBOLD = 32 ms; # slices acquired = 24; TR =
4000 ms; EPI matrix = 64 × 64; in-plane resolution = 3.75 mm × 3.75 mm; slice thickness =
5 mm. A balanced pCASL sequence was used with: label duration = 1500 ms; post-
inversion delay = 700 ms; mean B1 = 1 μT; pulse duration = 500 μs; time between pulses =
1500 μs; max gradient = 0.6 mT/m; mean gradient = 0.1 mT/m. For this study, the excitation
flip angle for the ASL acquisitions was 90 degrees.

Participants were 35 typically-developing healthy children ages 5–18 years performing a
narrative comprehension task. The study was approved by the local Institutional Review
Board (IRB); informed consent and assent (where appropriate) were obtained from a parent/
guardian and the participant, respectively.

The narrative comprehension task uses a 64-second alternating block design in which a
different story, read by an adult female speaker, is presented during each active block. Each
story was designed by a speech-language pathologist to be appropriate for young children.
During the control blocks, to control for sublexical auditory processing, broadband noise in
the frequency range of speech is presented in a gradual sweep across frequencies (500–4000
Hz). The duration of each sweep varies from 0.5 to 4 seconds. Five 64-second active blocks
and five 64-second control blocks are presented in an alternating sequence for a total scan
time of 10 min. 40 sec. This comparison between naturalistic speech and non-speech
auditory processing is designed to engage multiple aspects of language processing while
controlling for purely auditory stimulation.

Data was post-processed using routines written in IDL (Exelis, Boulder, CO) incorporated
into the LONI post-processing pipeline (UCLA) (27, 28). The ASL (short TE) and BOLD
(long TE) images were separated and post-processed separately. Data was motion-corrected
using a pyramid iterative algorithm (29), sequentially using each of the acquired volumes as
the reference. Using an intensity-based cost function (30) as the metric of comparison the
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optimal reference volume for motion correction was then selected. After motion correction,
data were transformed into the MNI space using a non-linear transformation derived from
the T1-weighted anatomical image, a pediatric template (31) and the coregistration routine
available in SPM8 (Wellcome Dept. of Cognitive Neurology, London, UK). Data were
spatially filtered using a Gaussian filter with σ = 7 mm. BOLD functional activation was
computed using a general linear model (GLM) with design matrix including task condition
as the regressor of interest; linear and quadratic drift terms, parameters from the motion
correction, and whether the image was acquired during the label or control pCASL tagging
condition were included as covariates of no interest. For the ASL data, as is typically done,
surround subtraction (32, 33) was performed prior to the GLM on both the data and the
design matrix. ASL functional activation was computed using a GLM and a similar design
matrix as for the BOLD analysis but with a pCASL tagging condition by task interaction as
the regressor of interest and no drift terms included as covariates.

For the second-level (group) analysis, a one-sample t-test was used. A Monte Carlo
simulation was used to find an intensity (t ≥3.25) and spatial-extent threshold (50 contiguous
voxels) corresponding to a significance value of p < 0.01 with family-wise error correction.
We made a comparison of overall within-group sensitivity between the ASL and BOLD
images acquired using our double excitation experiment. The mean Z-score for all voxels
with significant group activation for both the BOLD analysis and the ASL analysis was
computed for all participants. To account for the expected greater intra-subject BOLD
sensitivity (5, 6) leading to higher Z-scores for the BOLD analysis, we normalized the Z-
scores for each analysis to unity mean and compared the variances, after regressing out age
and sex.

Estimation of Physiological Noise Parameter at TE = 11 ms—A slight discrepancy
between the physiological noise parameter at TE = 11 ms estimated by Kruger et al. (25) and
our sequence as actually implemented is expected for two reasons (34). First we used a 32-
channel coil, as opposed to a single channel transmit-receive. In addition we used parallel
imaging with an acceleration factor of 2 (which is necessary to reduce the total readout time
to achieve a TE as short as 11 ms). However, (34) have shown minimal dependence of λ on
number of coil elements, and on parallel imaging with a low (2) acceleration factor at the
lower spatial resolution we are using here. To validate the choice of physiological noise
parameter λ at TE = 11 ms empirically, we used baseline CBF data available from ASL
measurements in the same 30 children at rest. These are the same participants who also
performed the narrative processing task described above during ASL/BOLD fMRI. The
resting state ASL data can be used to compute CBF maps, including pairs of label-control
acquisitions (with no functional task). T1 maps were also computed in the same subjects
based on an inversion-recovery EPI sequence with the same voxel size, acquired during the
same session as the CBF and ASL/BOLD image data.

Scan parameters for the baseline CBF scans were identical to the narrative processing task
with the exception that there was no BOLD acquisition following the ASL acquisitions, and
the post-inversion delay was lengthened to 1500 ms. Scan parameters for the T1 maps were
also identical with the exception that the ASL labeling was omitted, and inversion-recovery
(180-degree) pulses preceded each slice: TI values used were 100, 200, 300, 500, 750, 1000,
2000, and 3000 ms. T1 maps were constructed by fitting the inversion-recovery curve using
routines written in IDL.

For estimation of λ, we used the technique similar to that of (19), detailed as follows:

1. Motion-correction of the CBF data, using the technique detailed in the previous
section;
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2. Visual inspection of the data for residual motion artifacts which would artifactually
reduce the calculated tSNR and inflate the value of λ: two datasets with apparent
visual motion were rejected;

3. Restricting analysis to voxels in gray matter by using only voxels with 1.2 s < T1 <
1.5 s;

4. Estimation of image noise by selection of an ROI far away from the head,
computing the spatial standard deviation, and multiplying by a factor of

 (35) to account for the non-Gaussianity of the magnitude
signal; noise estimates were averaged across all volumes;

5. Estimate of average image signal by averaging the signal across all gray matter
voxels and across all acquired volumes, computed separately for labeled and
control acquisitions;

6. Computation of spatial SNR as mean image signal/image noise (i.e. (5)/(4);

7. Estimation of temporal SNR for each voxel, after linear and quadratic de-trending,
as signal mean divided by standard deviation, computed separately for labeled and
control acquisitions;

8. Computation of tSNR as the mean over all voxels and over all acquisitions (labeled
or control);

9. Computation of λ by solving Eq. (2).

In SENSE reconstruction (unlike sum-of-squares reconstruction without parallel
acceleration) the real and imaginary data from each coil are linearly summed separately
(with weighting factors from the unfolding matrix) and afterwards the image magnitude is
computed. Therefore, estimation of SNR via use of background signal, as we are doing in
step 4), is subject to some bias and should not be performed if the goal of such
measurements is to compare coils or pulse sequences (36). However, the amount of such
bias is not very large for the technique of estimating spatial standard deviation, which
overestimates SNR by approximately only 17%, as found empirically (36), and thus we
deem it sufficiently accurate for our purposes of estimating the physiological noise constant
λ, which is not sensitive to slight misestimation of SNR when SNR ≫ tSNR.

Empirical Comparison of Double-Excitation versus Double-Echo Sequence—
The narrative comprehension paradigm was also performed by a cohort of 7 normal adults
(1 M, 6 F, age = 39.3 ± 13.6 years). IRB approval was also obtained for this study and
informed consent obtained from all participants. The paradigm was also implemented using
the double-echo acquisition technique with the same TEs and TR as used for the double-
excitation approach. For the double-excitation approach, the excitation flip angle used for
the ASL acquisitions was 60 degrees. Technique order was counterbalanced across
participants.

FMRI data processing was carried out using FSL (FMRIB’s Software Library,
www.fmrib.ox.ac.uk/fsl). Data were first motion corrected using MCFLIRT (37). The
timeseries were high pass filtered at a period of 128 seconds and 6 mm isotropic spatial
smoothing was applied. The general linear model was set up for use with unsubtracted ASL
data using the approach described by Mumford et al. (38). This approach was used to enable
a more accurate comparison between BOLD and ASL CNR. There are three primary
regressors in the design matrix: 1.) An alternating control/tag regressor to represent the
baseline ASL signal, 2.) A BOLD task regressor created by convolving the block design
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with a gamma variate hemodynamic response function, and 3.) An ASL task regressor
formed as the modulation of regressors 1 and 2. The six motion correction timecourses
output by MCFLIRT were included as nuisance regressors in the design. Time-series
statistical analysis was carried out using FILM with local autocorrelation correction (39).
Affine registration of the functional volumes to the subject’s T1 structural image was
followed by a nonlinear warping to MNI space using symmetric diffeomorphic image
registration as implemented in the Advanced Normalization Tools (ANTs) software package
(40).

Empirical comparison between the double-excitation and the double-echo sequence was
performed as follows. A fixed-effects analysis was performed in order to define ROIs for
each technique (double-excitation versus double-echo). Regions were deemed significant at
T > 4, 100 contiguous voxels for ASL; T > 8, 100 contiguous voxels for BOLD. The ROIs
were defined as the union of all voxels meeting significance for either technique. The
average T-score in the ROI was computed for each participant. Results were compared using
a paired t-test; in addition, the percentage loss in CNR of the worse-performing technique
was estimated as

[10]

Results
Theoretical Simulations

Comparisons of the double-excitation vs. the double-echo and single-excitation single-echo
techniques for ASL CNR and CNR per unit time as a function of slice number are plotted in
Figure 2. Our results clearly show that the advantage in double-excitation approach is that it
preserves the ASL CNR remaining in the brain in the later slices much better than the other
acquisition schemes. At the 24th slice, the ASL CNR obtained using the double-excitation
method shows an almost 50% improvement over that obtained using the double-excitation
method (Figure 2, top). The double-excitation method also out-performs all the single-
excitation single-echo methods. Accounting for the differences in minimum TR between the
sequences (Figure 2, bottom), the double-excitation sequence outperforms all the other
sequences except for the single-excitation single-echo with TE = 15ms (for which
performance is comparable), and the first five slices in the double-echo sequence. However,
the ASL CNR per unit time still shows a 40% improvement over the double-echo method at
the 24th slice, and only suffers approximately a 7% reduction in CNR per unit time for the
first slice acquired.

Comparisons of the double-excitation vs. the double-echo and single-excitation single-echo
techniques for BOLD CNR and CNR per unit time are plotted in Figure 3 as a function of
slice number. In the earlier slices, the double-excitation sequence suffers some CNR loss
(~7%) as a result of the reduced effective TR (which is more pronounced in the earlier-
acquired slices) as compared to the double-echo sequence (Figure 3, top). Both the double-
excitation and the double-echo sequences clearly outperform the single-excitation single-
echo sequences due to the longer TE. Accounting for the differences in minimum TR
between the sequences (Figure 3, bottom), the double-excitation sequence suffers an
approximately 13% reduction in CNR per unit time (in the earliest slices) compared to the
double-echo sequence, but overall outperforms all the single-excitation single-echo
sequences.
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The effect of reducing the ASL excitation flip angle is plotted in Figure 4. A minimal
reduction in ASL CNR is seen even for reducing the flip angle to 30 degrees (Figure 4, top;
intermediate values of flip angle not plotted), due to the very weak dependence of CNR on
flip angle in the regime where physiological noise dominates (19). However, approximately
a 10% relative improvement in BOLD CNR is available (Figure 4, bottom) when the flip
angle is reduced to 60 degrees, with minimal improvements obtained from reducing the flip
angle further.

The effect of physiological noise reduction to 40% of pre-correction magnitude, in
agreement with published values (26), using an ASL excitation flip angle of 60 degrees, is
plotted in Figure 5. The relative performance of the sequences is very similar for ASL
(Figure 5, top); for BOLD (Figure 5, bottom), the double-excitation sequence performs
slightly worse, although the reduction in BOLD CNR as compared to the double-echo
sequence still only ranges between 3%–6%.

Narrative Comprehension Task (Child Study)
The group BOLD and group ASL activation patterns (Figure 6) both show activation in
superior and middle temporal gyrus (BA 21/22) bilaterally, as shown previously for a
BOLD-only version of this task in normal children (17, 41). Z-scores (averaged over all
voxels with significant group activation for both tasks) were 1.28 +/− 0.73 for the BOLD
data and 0.644 +/− 0.67 for the ASL data. Normalizing to unity mean yielded an inter-
subject variance of 1.08 for the ASL data and 0.33 for the BOLD data. This difference is
significant (F(34,34) = 3.32, p < 0.001). In order to remove the effect the age range and sex
distribution of our subject population might have on the BOLD and ASL signals, we
regressed out age and sex and recomputed the variances. In this case the inter-subject
variance was 0.99 for the ASL data and 0.29 for the BOLD data; this difference is also
significant (F(32,32) = 3.36, p < 0.001). These results indicate significantly less inter-group
variability and thus greater sensitivity for within-group analyses in the BOLD data.

Estimation of Physiological Noise Parameter at TE = 11 ms
Results (Table 2) show our results of λ = .00596 ± 0.0023 in good agreement with our
assumed theoretical value of λ = .0059. The physiological noise constant was higher (λ = .
00617 ± 0.0023) during the control acquisitions than during the labeled acquisitions (λ = .
00579 ± 0.0023) and this result was statistically significant (p < 0.01, paired t-test). As
would be expected, the image SNR was higher during the control acquisition (p < 0.001,
paired t-test), while the temporal SNR was lower (p < 0.001, paired t-test), as there is more
signal during the control acquisitions from blood, a major contributor to physiological noise.

Empirical Comparison of Double-Excitation vs. Double-Echo Method (Adult Study)
Qualitatively, results look quite similar for the narrative comprehension task for the two
techniques for BOLD (Figure 7, top); however, there was much less activation detected with
ASL using the double-echo technique (Figure 7, bottom). Average T-scores for each
technique along with the CNR loss for the worse technique are listed in Table 3. A
statistically significant difference was seen with ASL (paired t-test; T = 4.82, p < 0.003). For
BOLD, the CNR loss is very insignificant at one percent or less, as expected from the
simulation results. The ASL CNR loss for the double-echo technique (at around 40%) is
somewhat larger than expected from the simulation (for slices acquired midway through the
acquisition). However, in practice the CNR loss would be expected to be larger since the
actual time needed for slice acquisition for the double-echo technique was greater than the
value of TE + 7 ms assumed in the simulations. Complete agreement between experimental
results and the simulations is also not expected due to differences in parameters such as
tissue transit time, arterial transit time, and physiological noise constant.
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Discussion
A technique that simultaneously acquires ASL and BOLD with full-brain coverage using
standard RF hardware has immediate applications for studies of brain development in
children as well as for studying the developing child connectome. Future work will use this
method to map growth trajectories of specific cognitive functions, with the goal to
understand the relationship between developmental changes in perfusion and changes in
neuronal activity associated with neurocognitive development. It is clearly necessary to
image the whole brain in order to be able to understand the dynamics within and between
brain networks and their impact on the developing brain, as is being investigated in the adult
“Human Connectome” project, and to investigate the complex relationship between blood
flow dynamics and neuronal function. In addition, this technique may also be useful in
disease conditions where cerebral bloodflow is atypical, such as stroke or cardiac disease.

The simulation results clearly show that the proposed double-excitation technique results in
improved ASL functional contrast in whole-brain simultaneous BOLD/ASL acquisitions
compared to previously described methods such as a double-echo method. By the time the
24th slice is acquired using a double-echo method, significant longitudinal recovery has
occurred, resulting in only about 66% of the CNR remaining for ASL as compared to the
double-excitation method. While, theoretically, the CNR available for the BOLD acquisition
will be reduced as the effective TR is decreased, our simulations show that this cost is not
great (only around 7%) and can be reduced even further (to only 1%) by using reduced
excitation flip angles for the ASL acquisitions, with minimal cost in terms of ASL CNR.

In practice, our method may even provide slightly greater improvements in ASL CNR and
smaller reductions in BOLD CNR compared to the double-echo sequence. Our simulations
did not take into account that for the double-echo sequence to acquire all the necessary data
in the available time, it might be necessary to either increase acquisition bandwidth, or resort
to partial k-space techniques, either of which will reduce the actual CNR. In fact, in actual
practice we were not able to acquire slices as fast for the double-echo technique as was
assumed in the simulations, for the same acquisition parameters as used for the double-
excitation technique.

A different potential approach for simultaneous ASL/BOLD whole-brain imaging is to
employ the single-excitation single-echo technique. However, our results show this strategy
to be suboptimal, as using a single TE necessitates a compromise between BOLD CNR and
ASL CNR. Physiological noise effects significantly reduce ASL CNR if a longer TE is used
since the physiological noise constant λ increases with TE. This technique does benefit from
a shorter minimum TR, and similar ASL CNR per unit time is available using TE = 15 ms
compared to the double-excitation approach (Figure 3, bottom); however, using this short
TE results in a large reduction in BOLD CNR per unit time. Moreover, there may be
practical limitations to this approach in pediatric populations and when pCASL labeling is
accomplished using a body coil. The minimum TRs for the single-excitation single-echo
sequences with TE = 15 ms and TE = 20 ms are under 3 seconds, and SAR limitations may
render this short of a TR (with over half the time in each TR used for labeling) unfeasible in
practice.

Our simulations also demonstrate the benefit of using reduced excitation flip angles for the
ASL acquisitions. Our approach takes advantage of the fact that the physiological noise
dominates the thermal noise for EPI acquisitions at these voxel sizes and TEs. This fact has
also been used to show that minimal reduction in CNR for BOLD fMRI occurs when
excitation flip angles much less than the Ernst angle are used (19). Imaging at a lower flip
angle may provide advantages such as enhanced tissue contrast and reduced inflow effects.
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Similarly, our approach reduces the excitation flip angles for the ASL acquisition, with
minimal cost in terms of ASL CNR. This provides more longitudinal magnetization
available for the BOLD scans.

We note however that the effect of changing the effective TR is not identical to that of
changing the flip angle. Unlike fully-relaxed spins sampled with a reduced flip angle, the
proportion of signal coming from the blood will change if the effective TR is changed, since
the T1 of the blood (which is the major contributor to the physiological noise) is different
from the T1 of the surrounding gray matter. This will result in a non-linear relationship
between signal magnitude and physiological noise. However, the T1 of both arterial (20) and
of venous blood (42), approximately 1600 ms, is slightly longer than the T1 of gray matter
at 3 Tesla (43), approximately 1300 ms. This effect will make the amount of physiological
noise lower than what would be predicted by the linear relationship used in our simulations.
Thus, our simulations represent a lower bound of the actual BOLD CNR from the double-
excitation sequence.

Our empirical estimation of the physiological noise parameter at TE = 11 ms of λ = 0.0062
during the control acquisitions and λ = 0.0058 during the labeled acquisitions yields good
agreement with the results of (25), supporting our choice to use these published literature
values in our CNR simulations. Our estimation is not intended to be a rigorous calculation of
this parameter, as the estimation of the signal noise using SENSE reconstruction has some
bias associated with it. Our results, however, show that the literature values of physiological
noise constants, typically obtained with single-channel coils or using sum-of-squares
reconstruction with multi-channel coils (19, 25), are applicable to parallel imaging
sequences, at least at larger voxel sizes, supporting the previous results of (34).

Results from the empirical comparison of the double-echo versus the double-excitation
sequence (the adult study) agree nicely with our simulations. The results clearly show the
loss of ASL signal using the double-echo technique, due to the time delay in acquiring those
slices. Also in accordance with the simulations, minimal BOLD CNR loss results from using
the double-excitation technique. Greater intra-subject BOLD CNR (~2–3 X) compared to
ASL CNR, in agreement with previous studies (5, 6), was also shown. This observation is
subject to the caveat that BOLD CNR is not directly comparable to ASL CNR: the BOLD
signal is highly autocorrelated due to the 1/f nature of the noise while the ASL control-label
pairs approach statistical independence (5). On the other hand with our implementation of
the double excitation method there are half as many control-label pairs available to compute
functional ASL activation compared to total number of acquisitions used to compute
functional BOLD activation. In practice, results will depend on the baseline CBF and CBF
change from baseline for ASL contrast, and a range of additional factors including CMRO2
and hematocrit for BOLD contrast, which will vary across populations and cortical regions.

Contrary to what has been suggested in a few previous reports (5, 6), however, we found
significantly greater sensitivity for within-group BOLD analyses compared to ASL in the
child study. This discrepancy is likely related to methodology, sample size, and possibly
activation paradigm. Aguirre (5) found greater group activation with ASL with a sample size
of N = 10 in the visual cortex using a visual stimulation paradigm; however, a random-
effects statistical test was not employed, limiting generalizability. Moreover, this study used
a sub-optimal BOLD scan protocol (TE = 22 ms at 1.5 Tesla) resulting in a BOLD CNR of
approximately half of its optimal value. One study (6), using an optimized BOLD protocol,
reported greater group activation with ASL, with a sample size of N = 6 adults in the motor
cortex using a finger tapping paradigm, but only for task paradigms with greater than 4
minutes alternating on-off task periods. Our study involves a larger sample size of children
(N = 35) and involves a different type of task (narrative processing) and activated region
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(superior temporal gyrus). Whether our results will generalize to different populations, tasks,
and cortical regions is a subject for future research. Nevertheless, these results demonstrate
the importance of optimizing combined ASL/BOLD acquisitions for ASL contrast.

A possible drawback of the proposed technique is that it is likely to increase inflow effects
(44) for the BOLD acquisition in the first slices, due to the decreased effective TR. While
inflow effects have the desirable property of increasing overall contrast in BOLD scans, they
have the undesirable property that they are located primarily in large arteries and draining
veins, away from the sites of neuronal activation. This effect however is likely not of major
concern for the voxel sizes typically used on whole-brain ASL/BOLD (~4 × 4 × 4 mm).
Moreover, inflow effects for gradient-echo EPI sequences appear to primarily affect the
shape and latency of the hemodynamic response function (HRF), as opposed to activation
magnitude (45). Nevertheless, if inflow effects are a concern, they can be significantly
reduced by lowering the flip angle of the excitation pulses for the BOLD acquisitions, as
previously proposed for BOLD-only acquisitions (19), and is a subject for future research.

Additionally, while our ASL acquisitions did not employ crusher gradients to null signal
from the arteries and confine it to arterioles and capillaries, such gradients may be deployed
if confinement of contrast to the brain parenchyma is desired, with the tradeoff of reduced
CNR. Note that ASL contrast is primarily present on the arterial side and in the capillaries,
as contrast in the veins is severely reduced due to the short T1 of blood. An alternative
strategy to localize contrast to the brain parenchyma is to increase the post-inversion delay
such that all spins will have diffused into the tissue compartment; this also comes at the cost
of reduced CNR and also of increased TR.

We note that our implementation is not specific to 2D multislice acquisitions, and a possible
alternative is a 3-D technique such as single-shot 3-D GRASE (46) or a stack of spirals 3D
acquisition (47). As originally proposed, the 3-D GRASE acquisition uses a repeated short
(> ~20 ms) 2-D EPI readout for each kz, with refocusing RF pulses between each readout.
Like our proposed double-excitation sequence, acquisitions are kept as close to the tagging
pulse as possible for optimal ASL contrast. The 3D GRASE acquisition is not optimal for
BOLD since the contrast is predominantly T2, not T2*, weighted. However, a T2*-weighted
3-D acquisition such as 3-D PRESTO (48, 49) could follow the GRASE acquisition for
optimized BOLD contrast. Similar to what was done in the multislice 2D case, BOLD CNR
can be improved by reduction of the ASL excitation flip angle (in order to preserve
longitudinal magnetization for the BOLD scan). Readout acquisition time can be shortened
via parallel imaging and/or partial k-space techniques (possibly in both phase encoding
directions). Comparison of 3-D to multislice acquisition will likely depend on available
hardware and a detailed comparison of the two techniques is beyond the scope of this paper.

In conclusion, the ASL/BOLD functional imaging method proposed here will allow nearly
simultaneous acquisition of perfusion-weighted and BOLD-weighted functional maps from
the same task. We are currently undertaking a large scale study using this method in children
ranging in age from birth to 18 years with the goal in mind of mapping developmental
trajectories in brain activity and connectivity in this age group. However, we would like to
point out that the proposed technique greatly facilitates a broad range of other applications.
The quantitative nature of the technique can provide a stable marker of brain activity, unlike
BOLD imaging alone, which is hampered by scanner drifts and variance of the BOLD
response across subjects and scanners (5, 6, 50, 51). This technique can thus be a very
powerful for longitudinal functional MRI studies, multi-center studies or studies comparing
subject populations. Such applications could include drug studies, studies of cortical
plasticity as a result of cognitive training (52, 53), or examining brain function differences
due to psychiatric disorders.
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Figure 1.
Diagram of the proposed double-excitation sequence for simultaneous ASL/BOLD imaging
of brain activity. Grey shaded ASL labeling block indicates a control label that produces no
inversion but identical magnetization transfer effects as the pCASL inversion block.
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Figure 2.
Diagram of ASL CNR (top) and CNR per unit time (bottom) at TR = minimum as a function
of slice number for the proposed double-excitation acquisition, a double-echo acquisition,
and single-excitation single-echo acquisitions at varying TEs.
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Figure 3.
Diagram of BOLD CNR (top) and CNR per unit time (bottom) as a function of slice number
for the proposed double-excitation acquisition, a double-echo acquisition, and single-
excitation single-echo acquisitions at varying TEs.
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Figure 4.
Diagram of ASL CNR (top) and BOLD CNR (bottom) for the double-excitation acquisition
as a function of slice number, using different excitation flip angles for the ASL acquisitions
(excitation flip angle for the BOLD acquisitions remains at 90 degrees).
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Figure 5.
Diagram of ASL CNR (top) and BOLD CNR (bottom) as a function of slice number for the
double-excitation acquisition, a double-echo acquisition, and single-excitation single-echo
acquisitions at varying TEs, assuming that techniques for physiological noise reduction are
successful in reducing the physiological noise to 40% of its pre-correction magnitude.
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Figure 6.
Group functional activation (Left: ASL activation; Right: BOLD activation) from a cohort
of 35 normal children ages 5–18 performing a narrative comprehension task using the
double-excitation acquisition technique, demonstrating greater inter-group sensitivity in
BOLD compared to ASL. All regions are significant at FWE corrected p < 0.01. Images in
radiologic orientation (Slice locations: Z = −47 mm to Z = +48 mm, MNI coordinate space).
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Figure 7.
Results (fixed-effects analysis) from a cohort of 7 normal adults performing a narrative
comprehension task, comparing the double-excitation acquisition technique to the double-
excitation acquisition technique, showing minimal differences in BOLD sensitivity, but
large differences in ASL sensitivity. Images in radiologic orientation (Slice locations: Z =
−4 mm to Z = +18 mm, MNI coordinate space).
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Table 1

Parameter values used for the simulations. References are given for parameters taken from the literature.

δa (arterial transit time) 500 ms (24)

δ (tissue transit time) 1500 ms (23)

τ (labeling duration) 1500 ms (Typical value in our laboratory)

w (post-inversion delay) 700 ms (21)

CBF (baseline) 60 ml/(100g min) (20)

CBF (increase over baseline) 50% (20)

BOLD signal (increase over baseline) 2% at TE = 35 ms (Typical value in our laboratory)
Corresponds to ΔR2* = 0.566 s−1

λ (blood-brain partition coefficient) 0.9 ml blood/g brain

α (labeling efficiency) 0.8 (Typical value in our laboratory)

T1a (T1 of arterial blood) 1660 ms (22)

T1app (apparent T1 in gray matter) 1300 ms (43)

T2* of gray matter at 3 Tesla 40 ms (43)

# slices 30

TE Double-Excitation: 11 ms for ASL, 35 ms for BOLD
Double-Echo: 11 ms for ASL, 35 ms for BOLD
Single-Excitation Single-Echo: 15 ms, 20 ms, 25 ms, 30 ms

Time to Acquire Each Slice TE + 7 ms

TR Double-Excitation: 3958 ms
Double-Echo: 3418 ms
Single-Excitation Single-Echo: 2838 ms, 2983 ms 3128 ms, 3273 ms

SNR0 (Image SNR at TE = 30 ms) 866 (19)

λ (physiological noise constant at TE = 30–35 ms) 0.0092 (19, 25)

λ (physiological noise constant at TE = 25 ms) 0.0083 (25)

λ (physiological noise constant at TE = 20 ms) 0.0075 (25)

λ (physiological noise constant at TE = 15 ms) 0.0067 (25)

λ (physiological noise constant at TE = 10–11 0.0059 (25)
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Table 3

Empirical comparison of double-excitation acquisition technique to double-echo technique: Average T-scores
and CNR loss for the worse-performing technique for ASL and BOLD contrasts for the narrative
comprehension task in a cohort of 7 normal adults, across the ROIs shown in Figure 7. P-values obtained
using paired t-test.

Contrast T-Score (Mean ± SEM), Double-
Excitation

T-Score (Mean ± SEM), Double-Echo p CNR Loss, % (Mean ± SEM)

ASL 2.75 ± 0.38 1.66 ± 0.43 .003 42.51 ± 8.25

BOLD 4.44 ± 0.86 4.57 ± 0.82 n.s. 0.54 ± 16.03
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