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Towards quantification of blood-flow changes during cognitive task
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Multi-slice perfusion-based functional magnetic resonance imaging (p-
fMRI) is demonstrated with a color—word Stroop task as an
established cognitive paradigm. Continuous arterial spin labeling
(CASL) of the blood in the left common carotid artery was applied
for all repetitions of the functional run in a quasi-continuous fashion,
i.e., it was interrupted only during image acquisition. For comparison,
blood oxygen level dependent (BOLD) contrast was detected using
conventional gradient-recalled echo (GE) echo planar imaging (EPI).
Positive activations in BOLD imaging appeared in p-fMRI as negative
signal changes corresponding to an enhanced transport of inverted
water spins into the region of interest, i.e., increased cerebral blood
flow (CBF). Regional differences between the localization of activations
and the sensitivity of p-fMRI and BOLD-fMRI were observed as, for
example, in the inferior frontal sulcus and in the intraparietal sulcus.
Quantification of CBF changes during cognitive task activation was
performed on a multi-subject basis and yielded CBF increases of the
order of 20—-30%.
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Introduction

In the last decade, perfusion imaging using magnetic resonance
imaging (MRI) techniques with water as an endogenous tracer has
been a topic of growing research. From early on, the perfusion
contrast created by magnetically labeling of the blood or the tissue
was also employed for mapping task-related brain activity (Edel-
man et al., 1994; Kwong et al., 1992). However, due to its higher
sensitivity, the blood oxygen level dependent (BOLD) contrast
became the standard tool for functional MRI (fMRI). Despite this
fact, interest in perfusion-based fMRI (p-fMRI) remained high.
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Expected improvements in the localization of activation due to the
capillary/tissue origin of the perfusion contrast, and in the
quantification of functional signal changes were the attracting
arguments (Buxton et al., 1998; Siewert et al., 1996; Yang et al.,
1998; Ye et al., 1997). Techniques were developed to increase the
number of slices, to reduce the transit-time sensitivity, and to
improve the time resolution in p-fMRI (Alsop and Detre, 1998;
Calamante et al., 1999; Pekar et al., 1996; Zhang et al., 1995). It
was shown that p-fMRI has some additional advantages for multi-
subject studies or at low task frequencies (Wang et al., 2003).
However, except for a single-slice study employing a working-
memory task (Ye et al., 1998), all published studies were limited to
primary cortical areas, such as the visual or the motor cortex.

The aim of the present work was to detect more subtle
functional changes of cerebral blood flow (CBF) related to a
cognitive task in different areas of the human brain. For this
purpose, a continuous arterial spin labeling (CASL) approach with
separate labeling and imaging coils was employed (Zaharchuk et
al., 1999). With this technique, all blood entering the brain through
one common carotid artery (CCA) is labeled by adiabatic spin
inversion. It eliminates unwanted magnetization-transfer effects
and allows for an easy implementation of multi-slice perfusion
imaging with arbitrary slice orientation. Quantitative mapping of
CBF changes in the primary motor cortex by use of this technique
was shown recently (Mildner et al., 2003). This study had utilized a
post-label delay (PLD) of the order of the maximum transit time to
reduce the transit-time dependence of the CASL signal change
(Alsop and Detre, 1996). If short PLDs are employed, functional
changes of the transit time additionally contribute to the CASL
signal change upon stimulation (Gonzalez-At et al., 2000;
Hernandez-Garcia et al., 2004). In the latter study, a dual-coil
setup with a sampling interval of the order of the arterial transit
time was employed to map CBF changes in the primary motor
cortex during finger tapping.

The approach used in the current work was designed especially
for cognitive p-fMRI studies with the need of acquiring enough
slices to cover several cortical areas. A total of eight slices allowed
averaging of the single-subject results to achieve sufficient
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sensitivity for the detection of rather subtle CBF changes during
cognitive task activation. CASL was applied during all repetitions
of the functional run, whereas the acquisition of control images
was performed in a short separate scan. An adapted single-trial
version of the color—word Stroop interference task (Stroop, 1935)
was employed for cognitive task activation. This experiment is
known to produce robust activations in the lateral prefrontal, the
fronto-median, and parietal cortices and has previously been
studied with both gradient-echo (GE) (Zysset et al., 2001) and
spin-echo (SE) BOLD-based fMRI (Norris et al., 2002). In the
current study, p-fMRI was applied to map and quantify CBF
changes in several well-separated brain areas and to compare the
results to GE-BOLD-fMRI.

Methods
MRI procedures

All experiments were performed using a 3-T whole-body
scanner (MedSpec 30/100, Bruker BioSpin, Ettlingen, Germany).
For image acquisition, a helmet resonator of 24-cm diameter and
13-cm length (Merkle and Driesel, 2003) was used, and for CASL,
a circular surface coil of 6-cm diameter was used, both under
pulse-program control. The labeling coil was placed over the left
CCA of the subject. Active detuning of the radiofrequency (RF)
coils was not required because a distance of more than 17 cm
between the center of the labeling coil and the bottom of the helmet
resonator was sufficient to guarantee that couplings between both
resonance circuits were insignificant. Compared to previous
experiments (Mildner et al., 2003), the labeling procedure was
slightly altered by increasing the distance between the surface coil
and the skin, and by using higher RF labeling power. This leads to
an improved homogeneity of the RF magnetic field By in the
region of the CCA without exceeding the local specific absorption
rate (SAR). In the present design, this was achieved by a 9-mm-
thick insulation of the coil winding. The gradient strength, needed
to fulfill the adiabatic condition, was adjusted to 2 mT m~'. The
labeling efficiency, o, was estimated by simulations of the
adiabatic inversion process (Trampel et al., 2004) under consid-
eration of an experimental velocity profile in the CCA recorded for
the whole cardiac cycle (Méller et al., 1996). The obtained value of
o =~ 85% was subsequently used for flow quantification, cf.
Appendix A.

During the functional paradigm, labeling was applied quasi-
continuously, i.e., interrupted only during the acquisition of
images. In particular, control images without labeling were not
acquired during the same functional run (Mildner et al., 2003). The
labeling power was approximately 1.2 W applied for the initial 2.5
s within each repetition time interval of TR = 3 s. Eight slices were
acquired sequentially from superior to inferior (FOV = 19.2 cm,
voxel size 3 mm X 3 mm X 5 mm, interslice distance 6 mm)
during the final 500 ms of the TR interval. The slice angulations
were adjusted individually for each subject in order to cover the
locations of the expected activations (e.g., the inferior frontal
junction). For imaging, an SE echo planar imaging (EPI) sequence
with a 64 x 36 acquisition matrix was used (acquisition bandwidth
100 kHz; echo time, TE = 13 ms; echo position at 11.1%). Crusher
gradients with a strength of 21 mT m~!, a duration of 1 ms, and a
separation of 6.4 ms were used in order to spoil unwanted

magnetization. This corresponds to a b factor of 0.2 s mm 2.

Image reconstruction was performed by the half-Fourier recon-
struction technique described by Jesmanowicz et al. (1998), which
was adapted to a 64 x 64 matrix with 4 overscan lines.

Some specific properties of the current CASL implementation
which have an impact on the local sensitivity require further
consideration: (i) CBF investigations are limited to the vascular
territory of the left CCA due to the position of the labeling coil. (ii)
Local differences in the transit time and the presence of intra-
luminal spins may affect the signal intensity. (iii) Due to a
substantial B; gradient along the symmetry axis of the helmet
resonator (Merkle and Driesel, 2003), the signal-to-noise ratio
(SNR) is reduced for deeper brain structures, which limits the
coverage of the experiment. To account for the combined influence
of these effects on the local sensitivity, a baseline experiment
consisting of 80 repetitions was recorded in the resting state before
the start of the functional paradigm. During this baseline scan,
eight repetitions without CASL were followed by eight repetitions
with CASL. All imaging and timing parameters were identical to
those applied in p-fMRI (see above). The statistical analysis (z
scores) of the baseline scan yielded a map of the sensitivity for
each slice, i.e., the extent to which the signal in each voxel was
affected by the application of CASL. These maps are subsequently
referred to as label-maps and were used as a mask in the further
evaluation of the functional experiments.

In addition to p-fMRI, functional control measurements without
the application of the labeling RF were performed under otherwise
identical conditions using the identical paradigm. These experi-
ments are subsequently referred to as no-label fMRI (nl-fMRI), and
were required in order to remove the perturbing influence of
BOLD effects (see below).

For comparison to conventional activation maps, GE-BOLD-
fMRI was performed using a 64 x 64 EPI sequence
(acquisition bandwidth 100 kHz, echo position at 50%, TR =
2 s, TE = 30 ms). Again, the identical paradigm was used for
these experiments.

Subjects

Written informed consent was obtained from all 16 volunteers
(7 male, 9 female, age 22—32 years; mean age 25.5 years) prior to
the scanning session. All subjects were right handed, had normal or
corrected to normal vision, normal color vision, and were native
German speakers. No subject had a history of neurological, major
medical, or psychiatric disorders; none was taking medication at
the time of measurement.

fMRI procedures

For task activation, a color—word matching Stroop task
(Stroop, 1935; Zysset et al., 2001) was used. The task was
presented using a blocked design and has previously been
described in detail (Zysset et al., 2001). Briefly, in the Stroop
task, the subject has to determine whether the color of symbols
presented in the top row matches the color—word in the bottom
row (printed in black). Half of the trials resulted in ‘YES’
responses (right index finger) and the remaining half in ‘NO’
responses (right middle finger). Visual stimuli were presented with
an LCD projector onto a translucent screen positioned inside the
magnet bore behind the subject’s head. The screen was viewed
using a mirror. Responses and reaction times were collected using a
keypad.
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In each functional run, 20 blocks including 16 trials of 1.5 s
length, resulting in a block length of 24 s, were presented. Between
each block, a resting baseline of 12 s was introduced. Subjects
completed 320 trials per functional run. Eight subjects were
observed in a combined session consisting of two functional runs
with p-fMRI and another two with nl-fMRI. The order of the
functional runs was randomized across the subjects. Standard GE-
BOLD-fMRI was performed in another eight subjects for
comparison.

fMRI data analysis

The data processing was performed using the software package
LIPSIA (Lohmann et al., 2001), which contains tools for
preprocessing, co-registration, statistical evaluation, and visual-
ization of fMRI data. Functional data were corrected for motion
using a matching metric based on linear correlation. To correct for
the temporal offset between the slices acquired in one scan, a
cubic—spline interpolation was applied. Further, a temporal high-
pass filter with a cutoff frequency of 1/144 Hz was used for
baseline correction of the signal, and a spatial Gaussian filter with
o = 0.8 (5.65-mm full width at half maximum [FWHM]) was
applied.

To align the functional data slices with a 3D stereotactic
coordinate reference system, a rigid linear registration with six
degrees of freedom (3 rotational, 3 translational) was performed.
A T,-weighted 3D reference data set (MP-RAGE, cf. Mugler
and Brookeman, 1990) had been acquired for each subject
during a previous scanning session. This volume data set with
an isotropic resolution of 1 mm was standardized to the
Talairach stereotactic space (Talairach and Tournox, 1988).
The rotational and translational parameters were obtained on
the basis of 2D T,-weighted anatomical images, which were
aligned with the functional slices and acquired with a modified
driven equilibrium Fourier transform (MDEFT) sequence (Nor-
ris, 2000). The rotational and translational parameters were
subsequently transformed by linear scaling to a standard Talairach
size. The resulting parameters were then used to transform the
functional slices using trilinear interpolation, so that the resulting
functional slices were aligned with the stereotactic coordinate
system.

The nl-fMRI time courses of all subjects were group-averaged in
the stereotactic coordinate system for each voxel. Before statistical
evaluation of each individual p-fMRI data set, the group-averaged
nl-fMRI time course was subtracted in each voxel from the p-fMRI
time course, in order to remove the remaining BOLD sensitivity of
the imaging sequence. The statistical evaluation was based on a
least-squares estimation using the general linear model for serially
autocorrelated observations (Friston, 1994; Friston et al., 1998). The
design matrix was generated with a box-car function, convolved
with the hemodynamic response function. The model equation,
including the observation data, the design matrix, and the error term,
was convolved with a Gaussian kernel of dispersion of 4-s FWHM to
deal with the temporal autocorrelation (Worsley and Friston, 1995).
In the following, contrast-images between specified conditions were
generated for each subject. The contrast between the different
conditions was calculated using the ¢ statistic. Subsequently, 7 values
were transformed to z scores. As noted before, each individual
functional data set was aligned with the standard stereotactic
reference space, so that a group analysis based on the contrast-
images could be performed. A group analysis was performed with a
Gaussian test by averaging individual z maps and multiplying each z
value with the square root of the number of subjects N (Bosch,
2000). The resulting statistical maps were masked with the group-
averaged label-map at a threshold of P < 0.001, so that for all
contrasts, only activations are reported which were affected by
CASL. The signal change in the label-map or in the p-fMRI map was
obtained by the difference of the averaged signals from label/no-
label periods or Stroop/resting periods, respectively. The CBF
change was calculated from these two quantities based on existing
theory for the CASL signal change as detailed in Appendix A.

Results

The top row of Fig. 1 shows sections of the label-map created
by the dual-coil CASL experiment averaged over eight subjects. It
indicates that perfusion contrast is created mostly in the labeled
left hemisphere of the brain with some overflow into the right
hemisphere. The label-map indicates a uniform perfusion contrast

for the medial and lateral cortices. The sensitivity decreases for
regions close to the boundary of the statistically significant
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Fig. 1. Group-averaged map of percentage CASL signal change in the resting state (label-map, top) and activation map of nl-fMRI during the Stroop task
contrasted against baseline (bottom) and mapped onto an individual brain. Maps are thresholded at z = 3.09 (P < 0.001; uncorrected). Shown are views at x =

—11 (left), x = —49 (middle), and z = 50 (right).
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regions, especially for regions at the upper edge of the tilted slice
package within the parietal cortex. This can be attributed to the
slightly different angulations of the slice packages for the
individual subjects, which results in less statistical power in brain
regions which were not covered in all single-subject experiments.
Transit-time differences between the various brain regions may
also contribute to this variability.

The bottom row of Fig. 1 shows sections of the nl-fMRI map
obtained with the Stroop task. This map indicates that, despite its
short TE, the SE-EPI sequence does not suppress the influence of
BOLD effects completely. The remaining BOLD sensitivity varies
substantially throughout the brain. The strongest nl-fMRI signals
were detected in the anterior fronto-median wall, the lateral
parietal, and the anterior fronto-lateral cortex.

Fig. 2 shows activation maps obtained for the Stroop task with
GE-BOLD-fMRI and with p-fMRI (after the removal of residual
BOLD contributions, cf. Methods). Three sections were chosen
showing the main activations (i.e., sections through the peaks of
the main activations of the p-fMRI map): two sagittal views of the
medial cortex and the lateral cortex, and one axial view. GE-
BOLD signal changes were detected mainly in the left (i.e., the
labeled) hemisphere of the brain as expected (Zysset et al., 2001).
Table 1 gives coordinates of the most significant activations
(positive signal changes with BOLD fMRI and negative signal
changes with p-fMRI). These coordinates refer to the local
maximum (or minimum) of the corresponding contrast in the
given brain area. If no values are given, p-fMRI exhibited no local
minimum. The activated areas in p-fMRI are rather small
compared to the wide-ranging positive GE-BOLD activations. A
good agreement between the localization of activations observed
with both contrasts was found for the regions of the pre-
supplementary motor area (pSMA), the primary motor cortex
(M1) and, to a lesser extent, in the area of the inferior frontal
sulcus (IFS), cf. Fig. 2. However, in the intraparietal sulcus (SIP)
and the frontal eye field (FEF), strong GE-BOLD activations were
not detectable with p-fMRI.

Time courses of the GE-BOLD- and p-fMRI during a single
trial of the Stroop task are given in Fig. 3. A ratio between the
temporal contrast-to-noise ratios of p-fMRI and GE-BOLD-fMRI
of about 2:7 can be derived. Nevertheless, some features of the
GE-BOLD response can be identified in the p-fMRI data, such as

an overshoot at the beginning of the Stroop period in M1. Table 1
gives the signal changes for each contrast, i.e., the relative
difference of the mean signals during the Stroop task and rest. In
the last two columns of Table 1, the CASL signal change in the
label-map and the calculated percentage CBF change during the
Stroop task are given.

Discussion

The separate acquisition of the label-map (i.e., of the CASL/
control experiment in the resting state) provides the possibility to
assign most of the acquisition time to the mapping of the small
functional CBF changes. The label-map reflects the ability to
detect blood-flow changes in different brain regions, because the
CASL signal changes upon activation are directly proportional to
the CASL signal change in the resting state (Mildner et al., 2003).
Consistently, activations in p-fMRI did not reach significance for
the areas with the lowest CASL signal change in the label-map
(see Table 1). Separate acquisition of the label-map preserves the
possibility to quantify CBF changes. However, a potential source
of error might be a change in the baseline CBF between the
acquisition of the label-map and the functional part of the session.
In our type of experiments or more generally in cognitive studies
with multi-subject averaging, this potential error will be reduced
by randomly alternating the acquisition of the label-map,
acquiring it either at the beginning or at the end of each
individual session.

The acquisition of the nl-fMRI map (i.e., a measure of the
remaining BOLD sensitivity of the imaging sequence) and the
subtraction of the group-averaged nl-fMRI time course from each
individual p-fMRI data set were required to improve the detection
of small CBF changes due to the Stroop task. BOLD signal
changes reduce the sensitivity of p-fMRI, because the correspond-
ing signal changes upon activation are of opposite sign. For our
SE-EPI sequence with TE = 13 ms, the remaining BOLD signals
are most likely due to intravascular contributions (Ugurbil et al.,
1999), which were not eliminated by the crusher gradients of the
sequence.

It is tempting to explain the spatial shifts among activations
detected with GE-BOLD-fMRI and p-fMRI in the IFS (Fig. 2;

+13.0

[z]

+3.09

-2.33

Fig. 2. Activation maps obtained with GE-BOLD-fMRI (top) and p-fMRI (bottom) for the Stroop task contrasted against baseline. The maps represent the
average over all subjects and are mapped onto an individual brain. GE-BOLD and p-fMRI maps are thresholded at z = 3.09 (P < 0.001) and z = 2.33 (P <
0.005), respectively. Shown are views at x = —11 (left), x = —49 (middle), and z = 50 (right).
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Table 1

Talairach-coordinates at the local maxima of the most prominent activations

Area GE-BOLD p-tMRI Signal change [%] ACBF [%]
X y z X y z BOLD p-tMRI Label-map

FEF —26 -9 44 0.30 —0.40

IFS —41 0 30 —49 18 29 0.63 —0.18 —0.87 21

Ml -35 -25 52 —40 -19 56 0.45 —0.15 —0.58 26

SIP —41 —42 41 0.53 —0.55

PSMA -7 5 49 —-10 2 53 0.64 —0.17 —0.63 27

The last four columns contain the percentage signal changes of GE-BOLD, p-fMRI, and the label-map as well as the percentage CBF change in the given brain

areas. In the empty fields, no significant local minimum of p-fMRI was found.

middle column) by different anatomical origins: GE-BOLD-
fMRI is expected to stem from the venous compartment
(Ugurbil et al., 1999), whereas p-fMRI has its origin on the
capillary/arterial side of the vascular tree (Calamante et al.,
1999). However, we currently cannot exclude the possibility that
this spatial shift and the failure to detect p-fMRI activations in
the FEF and SIP might still be due to confounding BOLD
contributions.

Improvements of the current p-fMRI experiment will be
achievable under several aspects. Labeling of both carotid arteries,
an improved coverage of the imaging coil, and active detuning of
the labeling coil are straightforward steps towards whole-brain
coverage (Talagala et al., 2004; Zaharchuk et al., 1999). An even
stronger main magnetic field (leading to a prolonged longitudinal
relaxation time in the arteries, 7';,) would reduce losses of the label
during the transit, and thereby, on top of an overall improved SNR
of the images, increase the sensitivity. Imaging sequences with
even shorter TE’s (e.g., by utilizing spiral k-space trajectories) or
stronger flow-weighting would further decrease the perturbing
influence of remaining BOLD signals, which is the main limitation
of the current method. This might render the acquisition of nl-fMRI
maps dispensable.

In theory, the optimum sensitivity of p-fMRI at given TR
(i.e., the maximum CASL signal change) is obtained for true-
continuous labeling (TCL, ie., labeling even during image
acquisition). The CASL signal change for TCL can be computed
with Eq. (A4) (see Appendix A) under conditions of w — 0 and
7 — TR. Considering this upper limit as a reference point (i.e.,
100% efficiency), we may now evaluate the efficiency of the
quasi-continuous labeling (QCL) experiment applied in the
current study. Using the experimental parameters summarized
in Appendix A, we obtain an efficiency of 86%. This
corresponds roughly to the ratio of the labeling period 7 and
TR, which was 0.83 in our study. In terms of sensitivity, the
above result might make TCL dispensable. However, in QCL,
only the interval TR—1 can be used for image acquisition, which
restricts the applicability of the method to studies with a
relatively small number of slices. Functional perfusion imaging
with whole-brain coverage, which is more appropriate for typical
cognitive studies, might indeed benefit from a TCL approach.
This could be achieved for example by use of a separate labeling
gradient as suggested elsewhere (Trampel et al., 2002).

CBF-based studies particularly benefit from a high spatial
resolution (Pfeuffer et al., 2002), because partial volume effects
reduce the effective percentage signal changes in case of relatively
low spatial resolution. CBF changes of the order of 20% require
the detection of signal changes of less than 0.2%. This is currently
below the detection limit of single-subject data, just as it is in

conventional BOLD-based fMRI. Therefore, similar to cognitive
BOLD studies, which have an even higher contrast-to-noise ratio,
multi-subject averaging will be required for cognitive p-fMRI
studies. Problems such as a spatial blurring due to the non-perfect
registration of single-subject data on a “standard” brain may
therefore diminish the effective spatial resolution also in cognitive
p-fMRI studies. The extent to which this problem affects the
specificity of p-fMRI activations and the optimum spatial
resolution for cognitive p-fMRI studies have to be explored in
forthcoming studies.

The possibility to quantify CBF changes is an important
advantage of p-fMRI over conventional BOLD-based fMRI.
With the presented p-fMRI experiment, quantitative information
on CBF changes was obtained in various cortical areas. The
percentage CBF change during activation is the quotient of the
p-fMRI signal change (after removal of residual BOLD
contributions) and the CASL signal change in the resting state
(as given by the label-map). It should be noted that the CBF
change in a certain brain region obtained by this method is
independent from the absolute value of the arterial transit time
and also from the amount of intravascular signal contributions in
this region. However, due to potential functional changes in the
transit times, the CBF changes reported in Table 1 may be
slightly overestimated, cf. Appendix A. In the IFS, task-related
CBF changes have not yet been determined. However, for the
primary cortices, such as M1, a selection of data is available.
The 26% CBF change in M1 upon pressing the Yes/No button
during the Stroop task can be associated with CBF changes in
M1 of the order of 60—100% observed during more demanding
finger-tapping tasks (Hernandez-Garcia et al., 2004; Mildner et
al., 2003). Although such differences seem reasonable, more data
are required to interpret the CBF changes as “degree of
activation”.

Summary

Functional perfusion imaging by use of CASL at the human
common carotid artery was applied to a cognitive paradigm that
produces activations in a number of brain regions. CASL was
applied quasi-continuously during the functional runs while the
label-map necessary for quantification was recorded in a separate
short scan. Residual BOLD contributions of the imaging sequence
were found to be the main difficulty of the current setup. After the
removal of residual BOLD contributions, p-fMRI was capable of
reproducing most of the GE-BOLD-fMRI activations as signal
changes of opposite sign. The localization of the centers of
activations found with p-fMRI agreed reasonably with those from
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Fig. 3. Time courses of GE-BOLD-fMRI and p-fMRI averaged over a
single trial of the Stroop task at the locations as given in Table 1. The
shaded area indicates the duration of the stimulus.

GE-BOLD-fMRI. CBF increases during the Stroop task of an order
of 20-30% were obtained.

Acknowledgments

The authors would like to thank Prof. D. Yves von Cramon for
helpful discussions regarding the context of the manuscript. We
thank Manfred Weder for technical assistance and Mandy
Naumann, Anke Mempel, Simone Wipper, and Annett Wiedemann
for experimental support.

Appendix A

Under the assumption of negligible MT effects (which is
fulfilled for the dual-coil setup), the following equation was
derived for the CASL signal change in the resting state (Wang
et al., 2002):

A e 2n T exp(— o/ T {1 — exp((0 7~ w)/Ti0)

+ Tia(exp((0 — 64) /Tia) — 1)}

1 1
with — = A +£ defining the effective longitudinal
le 1 A
relaxation time. (A1)

T) and T, are the longitudinal relaxation times of brain
tissue and arterial blood, respectively, § is the tissue transit
time, d, the arterial transit time, f the blood flow, w the post-
label delay, T the length of the labeling period, o the inversion
efficiency at the carotid artery, and N the brain—blood partition
coefficient. Eq. (A1) is the specific expression of the theory for
the conditions 6 <7 + w and w < §, (Wang et al., 2002). Both
conditions are fulfilled for p-fMRI using labeling periods of 7 =
2.5 s and short post-label delays. In human volunteers, values
of 1930 ms and 1600 ms were obtained for & and 4,
respectively (Mildner et al., 2005).

For convenience, Eq. (A1) can be expressed by the following
formula using the dimensionless quantity x:

AM X .
S o =o{ T (-1 £ ) +er} i

T
x:71f, g = —20exp( —6/T),

d—1T—w
@1 :T’ and
Tla
g= T](SXP ((6 = 6a)/Tha) — 1). (A2)

For quasi-continuous labeling and relatively long transit times as
present in this work, label from the previous repetition arrives during
the next repetition and increases the CASL signal change when
compared to a hypothetic experiment with infinite TR. To include this
effect in the theory, we assume a 90° excitation pulse and the
conditionsd <T7+w <TRandT + w — 8 > & — §,. Eq. (A3)
gives the result for the CASL signal change in the case of finite
TR:

A ons = af 1 (1= exp(o(1-+2) + explin(1-+)
— exp(pa(1 +x))) +g*x}
with (PZZ(S_TR_W, o) = — TR
T, ‘ T,

and g* — % (exp(6 — 82)/Tra) — 1)(1 — exp( — TR/Tia)).

(A3)
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Note that the special case of true-continuous labeling (i.e.,
labeling is not interrupted for image acquisition) is characterized
by the conditions w — 0 and T — TR, which yields

AM
YA (%) true—cASL (A4)

—o{ 1 (- explos(i + )+ g

An increased CASL signal change of level x can be expanded
to first order by a Taylor series around the baseline level x,
because x, xo << 1 is fulfilled as shown below. This yields

AM AM
V(X)CASL = ﬁ(x(])CASL
3
<|+ Z( — 1)'exp(¢;(1 +x0)) (1 + (/)Loxg))
=
+g*+
(1+x0)2 o
+qo
4 e [ 1+ Z —I)CXP(‘P,o(l-"Xo +g*xo
JrTTa i=1
- TT_TXO (eXP((/’z,o(l +x0)) — exp(; o(1 +x0))
X (x = x0) +0(x3) AS

Quantities indexed by zero represent their values at baseline
level xo. O(x>) contains all terms of third order in x or x,. The
quantity A was introduced in order to estimate the influence of
transit-time changes and is defined by 6 — do = —4 (x — x). A
linear dependence between the blood flow (and hence, x) and
transit-time changes is probably a simplification but should be
justified for small deviations from baseline. The difference
between & and d, was assumed to stay constant under activation
which yields an unchanged factor g*.

In the following, we calculate the quotient O of the p-fMRI
signal change and the CASL signal change (label-map). This
quotient is given by (Mildner et al., 2003):

AM AM
YA (X)cast — 2 (x0)casL A6

AM
A (*0)cast (1 + A (x())CASL>

After insertion of Egs. (A3) and (AS) into Eq. (A6) and
neglection of terms quadratic or higher in x,, the following
expression is finally obtained:

0= <E+R1xo){x7xo} :D{X*xo}
E + Ryxp R) X0

3
with E=1+g* + Z (= 1)'exp(e;0(1 +x0)),
i=1

3
Ry =2g*+ > (= 1)'p;0exp(¢;o(1 +x0))

i=1

A

+T—M{E - % (exp(@20(1 +x0)) — exp(e (1 +x0)))}

and R, = g* + E + qoE>. (A7)

To obtain the true relative CBF change, O must be divided by
the dimensionless quantity D. As an example, we compute this
term for a resting CBF level of 73 ml/min/100 g (Mildner et al.,
2005) without and with functional changes in the transit times.

Using values of TR=3s,7; = 1.3, T, = 1.5s, N = 0.9 ml/g,
0p, 04, and T as above, « = 85% and w = 250 ms, we obtain
X0 — 0018, Q1.0 — *063, ®20 = 7102, ©3.0 = 7231,g* =
0.25, g0 = —0.47, E = 0.98, and R, = 0.77. Without functional
changes of the transit time (4 = 0), R, and D have the values 0.68
and 0.998, respectively. In this case, Q would represent an error
of only —0.2%.

In order to include the effect of changing transit time, the
quantity 4 has to be estimated. For this purpose, we use data from
a recent finger-tapping study (Hernandez-Garcia et al., 2004),
which reported an arterial transit-time change of 150 ms and
a signal increase of 83%, both averaged over five subjects.
The relative blood-flow increase obtained from this signal
increase is about 66%. The quantity 4 can be estimated by

= 150 ms/0.66/xo = 12.9 s. With this value, our above calcula-
tion yields R; = 10.82 and D = 1.18. Effects from transit-time
changes due to activation might therefore lead to an overestimation
of the relative CBF change of the order of 18%.
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