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In the pulsed arterial spin labeling (ASL) techniques EPISTAR, 
PICORE, and FAIR, subtraction of two images in which inflow- 
ing blood is first tagged and then not tagged yields a qualita- 
tive map of perfusion. An important reason this map is not 
quantitative is that there is a spatially varying delay in the 
transit of blood from the tagging region to the imaging slice 
that cannot be measured from a single subtraction. We intro- 
duce here two modifications of pulsed ASL (QUIPSS and 
QUIPSS II) that avoid this problem by applying additional sat- 
uration pulses to control the time duration of the tagged 
bolus, rendering the technique relatively insensitive to transit 
delays and improving the quantitation of perfusion. 
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INTRODUCTION 

Quantitative noninvasive imaging of perfusion is a goal 
of several existing imaging techniques, including radio- 
tracer techniques such as positron emission tomography 
and single photon emission computed tomography and 
MRI-based arterial spin labeling (ASL) techniques. Po- 
tential applications of these techniques include evalua- 
tion of resting perfusion for diagnosis of vascular dis- 
eases such as stroke and functional mapping of the brain 
(1-3). In the MRI-based techniques, arterial blood is mag- 
netically tagged by inversion, and the flow of tagged 
blood into the imaging slice is measured. Unlike radio- 
tracer techniques, injection of external agents is not re- 
quired, higher spatial resolution is achievable, and coreg- 
istration with high-resolution anatomical MRI data is 
straightforward. 

MRI methods can be subdivided into continuous ASL 
techniques, which continuously invert blood flowing 
into a slice (4, 5), and pulsed ASL techniques, which 
periodically invert a block of arterial blood and measure 
the arrival of that blood into the imaging slice. Examples 
of pulsed ASL techniques include EPISTAR (6), PICORE 
(7, 8), and flow-sensitive inversion recovery. The latter 
was introduced by Kwong et al. (3) and later referred to as 
FAIR (9). For both continuous and pulsed ASL, an im- 
portant source of systematic error in the quantitation of 
perfusion is the delay between the application of the tag 
and the arrival of tagged blood into the imaging slice. 
This delay creates a spatially variable amount of TI decay 
of the tagged blood upon arrival into the imaging slice (8, 
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10,11) and can strongly affect the amount of tagged blood 
that has been delivered at the time of image acquisition. 
Because this delay in  humans is on the same order as T,, 
it can significantly affect the calculated perfusion. Pulsed 
ASL techniques allow one to measure the spatial distri- 
bution of delay times and correct for them in perfusion 
calculations. In these techniques, a series of measure- 
ments are taken alternately with and without the inver- 
sion tag and for a series of different delay times (TIs) after 
the inversion tag. Pairwise subtraction of images with 
and without the inversion tag gives a perfusion-related 
signal. To calculate perfusion using these techniques, we 
use a kinetic model of tagged blood simultaneously flow- 
ing into the slice and decaying (7,8), whereas others have 
modeled the inflow process as a perturbation of the ap- 
parent TI decay of the static tissue (4, 5, 9, 12). Because 
the delay time is not known a priori, a minimum of two 
subtractions at different TIs (four images) are required to 
estimate both the delay and the perfusion in each voxel. 
Although several studies have reported quantitative ce- 
rebral blood flow (CBF) values using pulsed ASL (9, 12,  
13), in these, the transit delay is assumed to be zero. 

We describe here two modifications of pulsed ASL 
that, in principle, allow for elimination of the effects of 
this variable transit delay using a single subtraction of 
two images and refer to these techniques as QUIPSS 
(Quantitative Imaging of Perfusion using a Single Sub- 
traction) and QUIPSS 11. We have previously reported 
preliminary data on these techniques in abstract form 
(10, 14). 

THEORY 

In pulsed ASL, arterial blood is tagged proximal to the 
imaging slice by inversion, and sequential images are 
acquired in which blood is alternately inverted and not 
inverted. We refer to these as tag and control states, 
respectively. Subtraction of tag from control images then 
leaves a difference signal AMthat can be expressed as (8, 
15, 16) 

f < S t  
6 t < t < 6 t + T  [ I ]  
6 t + T < t  

where f i s  the CBF in (ml of blood)/(ml of tissue)/min, St 
is the transit delay from the application of the tag to the 
first arrival of tagged blood in the imaging slice, T is the 
time width of the tag, MOB is the relaxed magnetization of 
arterial blood, T I B  and T,, are the TI values of arterial 
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blood and brain parenchyma, respectively, T,, is the 
time after application of the tag at which the tagged water 
exchanges into brain tissue, and A is the brain:blood 
partition coefficient of water. It should be noted that the 
definition of perfusion used here is slightly different 
from the definition of perfusion as measured using radio- 
labeled microspheres. The MRI-based measurement nat- 
urally measures the volume of blood delivered to a vol- 
ume of space per unit time, whereas microspheres 
measure the volume of blood delivered per unit weight of 
tissue per unit time. 

The terms At - S t )  in the second line and fr in the third 
line are simply the volume of blood that has entered a 
voxel. The exponential term accounts for the TI decay of 
the tagged blood, and the factor of 2 is present because 
the difference in magnetization between inverted and 
noninverted blood is 2M0,. The factor q is a correction 
term that accounts for two effects: a shift in the TI decay 
of the tag due to exchange of tagged magnetization from 
blood into brain tissue, and clearance of the tag by out- 
flow. Both of these effects are relatively small, and in 
practice, q is close to unity (typically 0.85-1.0). These 
effects are discussed in more detail elsewhere (8, 15-17). 
The raw difference signal 4M, although proportional to f, 
does not provide sufficient data to construct a perfusion 
map, primarily because S t  and rare  not known. MOB and 
T I B  are spatially invariant constants that can be esti- 
mated either from imaging measurements or assumed 
from literature values and simply scale the perfusion 
measurement. The parameters S t  and ‘r are both depen- 
dent on vessel geometry and the distribution of flow 
velocities. We have previously estimated that in normal 
volunteers both are typically on the order of 700 ms for a 
10-cm tag and a 1-cm gap from tag to imaging slice but 
that St can vary across a single slice from approximately 
400 ms to over 1200 ms (18, 19). 

We describe here two modifications of the basic pulsed 
ASL experiment that are both aimed at eliminating the 
dependence of 4M on S t  and r and, although they seem 
nearly identical in implementation, have very different 
properties. 

QUIPSS (I) 

In QUIPSS, a saturation pulse is applied to the imaging 
slice at time TI, after the application of the tag (Fig. 1). 
Because this pulse is applied for both the tag and control 
images, it effectively removes any contribution to the 
difference signal of blood that arrives before TI,. The 
image is acquired at time TI,, after a delay of 4TI = TI, - 
TI, from the time of the saturation pulse. Thus, only 
tagged blood that enters the imaging slice between TI, 
and TI, contribute to the difference signal. If 

TI, > S t  
TI, < 6 t  + T 

then tagged blood is entering the slice for the entire time 
4T1, and the difference signal is given by 

AM(T1,) = 2MnBffiTIe-T1Z’T1B 
[31 

* q(TiB, Ti<, T,,, f y  TI,). 

Under these circumstances, the terms S t  and T do not 
appear at all, having been replaced by the pulse sequence 
parameter 4T1, greatly simplifying the calculation off. 

QUIPSS I1 

QUIPSS I1 is identical to QUIPSS, except that the satura- 
tion pulse is applied to the tagging region rather than the 
imaging slice (Fig. 1). In this case, the only tagged blood 
that contributes to the signal is that which leaves the 
tagging region in the time TI, after the tag, producing a 
tagged bolus of sharply defined time width TI,. If 

TI, < r 
TI, > TI, + S t  

then a tagged bolus of time duration TI, leaves the tag- 
ging region and enters the imaging slice before image 
acquisition. In this case, the difference signal is given by 

AM(T1,) = 2MOBfrI, e-’rln’rla q( TIB , T,, , TFx, f ,  A, TI2). [51 

Again, S t  and r do not appear, but the difference signal is 
now proportional to the pulse sequence parameter TI,. 

Thus, if the conditions on TI, and TI, are met (Eqs. [2] 
and [4]), then the difference signal is independent of both 
6t and r, and f can be calculated from a single subtraction. 
The non-QUIPSS alternative for quantitative measure- 
ment of perfusion is to acquire difference images at two 
or more values of TI and fit the data for both f and S t ,  
according to Eq. [I]. For longer values of TI, r must be 
estimated from the data as well. 

Because MOB and TIB  are spatially invariant and q is a 
small correction term, f dominates the spatial distribu- 
tion of AM, and the subtracted image is itself a quantita- 
tive map of the relative perfusion across the slice. If MOB 
and TIB  are known, then an absolute scale can be placed 
on the perfusion image. 

METHODS 

The pulse sequence for QUIPSS is shown in Fig. 2. In this 
study, PICORE (7, 8) tagging is used, although we have 
also used both EPISTAR and FAIR tagging with nearly 
identical results. In PICORE, the tag condition uses a 
slab-selective inversion proximal to the imaging slice, 
and the control condition uses the same RF pulse as the 
tag, but in the absence of gradients, and at the same 
resonance offset relative to the imaging slice as the tag. 
The inversion pulse is immediately preceded by an in- 
plane saturation pulse to improve the subtraction of 
static tissue between the two tagging conditions (6). This 
pulse minimizes the interaction between the slab-selec- 
tive inversion tag and the static tissue in the imaging 
slice. 

Imaging was performed on a GE SIGNA 1.5 T system 
(General Electric Medical Systems, Milwaukee, WI) fitted 
with local head gradient and RF coils of our own design 
(20-22). Single-shot blipped echo-planar imaging (EPI) 
was used at 64 x 64 resolution, with FOV = 24 cm, and 
slice thickness = 8 mm. For inversion, a 15-ms adiabatic 
hyperbolic secant pulse (23) was used with parameters p 
= 10 and p = 800 spl. A 10-cm inversion was used for 
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INVERSION AFTER ACQUIRE 
TAG SATURATION IMAGE 

FIG. 1. Schematic representations of QUIPSS and QUIPSS 11. Black represents blood that is 
inverted in the tag state but not in the control state, and gray represents tagged blood as it 
distributes into brain tissue. In both QUIPSS and QUIPSS I I ,  a slab of blood proximal to the imaging 
plane is tagged (left column). In QUIPSS, the imaging plane is saturated at time TI,, after which 
tagged blood immediately begins to enter the slice (middle column). If the conditions of Eq. [2] are 
met, then tagged blood continues to enter the slice until the image is acquired at time TI, (right 
column). In QUIPSS 11, the tagging region is saturated at time TI,, ensuring that an amount of blood 
equal to Tl,f has left the tagging region (middle column). If the tagged blood reaches the imaging 
slice (Eq. [4]) by time TI,, then the difference image collected at time TI, should be proportional to 
Tl,f (right column). 

the tag, leaving a 1-cm gap between the distal edge of the 
tagging region and the proximal edge of the imaging slice. 
This gap was found to be necessary to obtain good sub- 
traction of static tissue (24), even in the presence of the 
in-plane presaturation pulse. Using direct integration of 
the Bloch equations, including relaxation and flow ef- 
fects, we calculate that the inversion efficiency of this 
pulse is >97% for flow from 0-100 cm/s. Other imaging 
parameters were: TE = 25 ms for gradient-recalled EPI 
and 45 ms for spin-echo EPI; TR = 2000 ms; and TI,/TI, 
were typically 600 ms/1200 ms. One hundred images (50 
tag-control pairs) were acquired and averaged for each 
perfusion map, for an imaging time of 3 min 20 s. The 
saturation at TI, was performed using 90° Hanning win- 
dowed sinc pulses with 16 zero crossings. For more 
complete saturation, two such pulses were applied con- 
secutively, separated, and followed by 4-ms spoiling gra- 
dients. 

For multislice imaging, QUIPSS I1 was used, and mul- 
tiple slice locations were imaged in rapid succession 
after one tag or control pulse. QUIPSS (I) is not amenable 
to multislice imaging because it requires saturation of the 
imaging slice without perturbation of more proximal tis- 
sues, and it is not possible to satisfy this condition for 
multiple slices. In QUIPSS 11, however, the saturation 

pulse only controls the time 
duration of the tag as it leaves 
the tagging region, and the de- 
livery of this tag to multiple 
slices does not affect quantita- 
tion. Contiguous slices were 
acquired sequentially using 
gradient-recalled EPI at ap- 
proximately 80-ms intervals, 
starting with the most proxi- 
mal slice location. Using this 
order of slice acquisition, 
more distal slices that natu- 
rally have a longer transit de- 
lay 6t are imaged later, and Eq. 
[4] is more likely to be satis- 
fied. With this proximal-to- 
distal slice order, there is the 
possibility that acquisition of 
the proximal slices will inter- 
fere with tagged blood that 
will be delivered to more dis- 
tal slices. However, for this to 
occur, tagged blood would 
have to be flowing at a velocity 
that is greater than the propa- 
gation velocity of the slice ac- 
quisitions. In this study, this 
velocity is 10 cm/s. Whereas 
blood in large arteries cer- 
tainly travels at higher veloci- 
ties, blood that is within a few 
centimeters of its target capil- 
lary bed is not likely to be trav- 
eling this fast. Based on mea- 
sured transit times using ASL, 
we have estimated the average 

Y 

flow velocity in the range 1-3 cm proximal to the imag- 
ing slice to be approximately 7 cmis (data not shown). 
Furthermore, if blood is traveling faster than 10 cm/s, it 
should arrive at the imaging slice well before typical 
values of TI, (1200-1600 ms), thus avoiding this artifact. 

To determine the absolute scale of the perfusion map, 
both the signal from fully TI relaxed blood (MOB) and the 
TIB must be known. In this study, TIB was assumed to be 
1300 ms, and MOB was estimated by imaging as follows. 
Because the EPI images have low spatial resolution, it 
was not possible to accurately measure signal from blood 
directly in those images. In a proton density weighted, 
high-resolution, gradient-echo conventional image (TE = 
5 ms, TR = 1000 ms, a = loo),  the measured ratio R of 
proton density of blood in the saggital sinus to that of 
white matter was 1.06. In a single-shot EPI image (TR = 
m), the signal Mow,,, from white matter was measured. 
The fully T, relaxed signal from blood was then taken to 
be MOB = RMo,~(1’T2wm~1’T2B)TE, where assumed values 
of T,,,, and TzB were 80 ms and 200 ms, respectively. 

In calculating the signal-to-noise ratio (SNR) of the per- 
fusion measurements, the signal is defined as the measured 
difference signal, and the noise is defined as the standard 
error of the time domain perfusion signal after pairwise 
subtraction, but before averaging. Rather than taking, for 
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FIG. 2. Pulse sequence for QUIPSS/QUIPSS II. RF pulses (from left) are: (1) in-plane presaturation 
(sinc); (2) inversion tag or control (hyperbolic secant); (3-4) double saturation (two sequential sinc 
pulses) in imaging plane (QUIPSS) or tagging region (QUIPSS 11); (5) 90" excitation pulse (sinc); (6) 
180" refocusing pulse (sinc, optional). Bipolar gradient pulse shown shaded on the slice select axis 
is a flow/diffusion-weighting pulse that is sometimes used to dephase intravascular signat. Image 
acquisition is single-shot blipped EPI. 

white matter ROIs versus AT1 
and TI, are shown in Fig. 4. 
The ROIs used for gray matter 
and white matter were derived 
from anatomical T,-weighted 
fast low angle shot (FLASH) 
images using simple intensity 
thresholds and are shown in 
Fig. 4. For the gray matter ROI, 
average measured perfusion 
values for {ATI/TI,] = 600 ms 
was 30.0 t- 9.1 ln1/100 ml/min 
for QUIPSS and 65.8 2 9.0 ml/ 
100 ml/min for QUIPSS 11. 
This rather large difference be- 
tween QUIPSS and QLJIPSS I1 
signals is probably largely an 
underestimation of perfusion 
in QUIPSS. In QUIPSS, it is 
assumed that only tagged 
blood is entering each voxel 
for the entire time AT1 (Eq. 
[Z]). This assumption is not 
likely to be fulfilled for two 
reasons. First, because the dis- 
persion of transit times across 
an imaging slice is known to 
be large (18, 19), it is difficult 

example, a region of interest (ROI) in gray matter versus an 
ROI outside of the head, this includes within the noise both 
thermal noise and physiological fluctuations, giving a real- 
istic measure of the sensitivity of the technique. 

RESULTS 

Difference images for QUIPSS and QUIPSS II are shown in 
Fig. 3 as a function of AT1 for QUIPSS and TI, for QUIPSS 
11, for fixed TI, = 1200 ms. The obvious qualitative differ- 
ence between QUIPSS and 
QUIPSS I1 is that the QUIPSS 
signal seems less spatially ho- 
mogeneous. This is due to the 
fact that QLJIPSS measures 
tagged blood that enters the im- 
aging slice in the period AT1 im- 
mediately preceding image ac- 
quisition and is, therefore, 
relatively sensitive to artifacts 
from intravascular tagged 
blood. QUIPSS I1 measures a 
bolus of tagged blood that 
leaves the tagging area rela- 
tively early and has more time 
to distribute into smaller ves- 
sels and brain tissue. 

For QUIPSS, AM should be 
proportional to ATI, whereas 
for QUIPSS 11, AM should be 
proportional to TI,, provided 
that Eqs. 121 and 141 are satis- 
fied. Plots of the average per- 
fusion in large gray matter and 

to find a window in time ATI, during whic:h tagged blood 
is flowing into every voxel in an imaging slice, even if 
flow in each vessel can be approximated by plug flow. 
Second, it is assumed in QUIPSS, but not QUIPSS 11, that 
tagged blood enters the slice as a rectangular bolus, thus 
leading to a linear increase in difference signal over the 
time period. This is only true for plug flow, and in the 
presence of laminar or turbulent flow, the tagged bolus 
will be spread in time, leading to a decrease in the rate of 
inflow of tagged blood and an underestimation of CBF. 

FIG. 3. Difference images (control, tag) for QUIPSS at AT1 = (200,400,600,800) m s  (top row), and 
QUIPSS I1 at TI, = (200,400,600,800) m s  (bottom row). TI, was fixed at 1200 ms for both QUIPSS 
and QUIPSS 11. 
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FIG. 4. Average difference signal over gray matter and white matter ROls for images of Fig. 3. 
QUIPSS signal is shown versus ATI, and the QUIPSS II signal is shown versus TI,, the timing 
parameters to which these techniques are ideally proportional. Error bars represent noise mea- 
sured as described in the text. In the image is shown a map of the gray matter and white matter 
ROls used for this measurement (from left to right): the FLASH anatomical image from which the 
ROls were derived by simple threshoiding; gray matter ROI (shown in gray) and white matter ROI 
(shown in white); a representative image from the QUIPSS II series of Fig. 3. 

The gray:white perfusion ratio is 2.35 for QUIPSS and 
3.04 for QUIPSS 11. Although these ratios are consistent 
with previous measurements, in our measurements, they 
are probably significantly lowered due to partial volume 
effects. The average gray matter perfusion is lowered by 
partial voluming with white matter, whereas the white 
matter perfusion is high for the same reason. In fact, for 
small ROls in gray and white matter, the typical ratio is 
iii the range 4-8, and qualitatively, it is usually difficult 
to discern the difference between white matter and noise 
(or cerebrospinal fluid). The perfusion signal that is seen 

in portions of the lateral ven- 
tricles is a consistent finding 
and is probably choroid 
plexus. 

Difference images from a 
five-slice measurement are 
shown in Fig. 5, along with 
FLASH anatomical images at 
the same slice locations. These 
difference images are not cor- 
rected for the different 
amounts of TI decay across 
slices that are caused by se- 
quential image acquisition, as 
can be seen in the slight de- 
crease in the difference signal 
with more distal slices. Note 
that all areas of gray matter 
seen in the anatomical images 
are represented as areas of 
high perfusion, whereas the 
perfusion in white matter ar- 
eas is consistently and mark- 
edly lower. 

DISCUSSION 

For quantitation of perfusion, 
QUIPSS and QUIPSS 11, in prin- 
ciple, eliminate the problem of 
the variable transit delay be- 
tween the tag and the entry of 
blood into the slice. However, 
several additional effects can 
create systematic errors in the 
perfusion measurement. Proba- 
bly the two largest of these ef- 
fects are: the inclusion of blood 
that is flowing through the im- 
aging slice in the perfusion sig- 
nal; and exchange of tagged wa- 
ter from blood into brain tissue, 
changing the TI decay rate of 
the tag. There is still much work 
to do in the characterization of 
known sources of error, and it is 
only after these are understood 
that validation of the absolute 
numbers for CBF is useful. 

The first of these effects 
(which we will refer to as the “flow-through” effect) is 
more prevalent in QUIPSS than QUIPSS 11. In general, 
most tagged blood entering a slice is destined to perfuse 
tissues distal to the imaging slice. In QUIPSS 11, because 
of the time gap AT1 after the last tagged blood leaves the 
tagging region, there is time for this tagged arterial blood 
to flow through and exit the imaging slice before image 
acquisition. However, venous blood, which is generally 
flowing slower than arterial blood, may not have time to 
flow through the imaging slices, resulting in artifactual 
signal, as seen in the sagittal sinus and other large veins 
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divide the perfusion signal by 
the magnitude of an anatomi- 
cal image. If the anatomical 
image is cerebrospinal fluid 
suppressed and designed to 
give minimal gray-white con- 
trast, then normalizing in this 
manner gives perfusion in 
units of volume of blood deliv- 
ered per unit volume of brain 
tissue per unit time, indepen- 
dent of B, homogeneity. 

For functional MRI, ASL 
techniques generally have sev- 
eral interesting properties. Be- 
cause of the alternation be- 
tween tag and control states, 
the perfusion signal is much 

FIG. 5. Difference images from a five-slice QUIPSS l l  experiment, along with anatomical FLASH 
images from the same slices. Total imaging time was 3 min 20 s. Note that all areas of gray matter 
in anatomical images are represented as areas of high perfusion. 

in Fig. 5. Fortunately, because venous blood is generally 
accelerating as it flows and arterial blood is decelerating, 
tagged venous blood is flowing fast at the time of image 
acquisition and signal from these veins can be destroyed 
with very small flow-weighting gradients. In QUIPSS, 
tagged blood is imaged immediately after the end of the 
bolus enters the imaging slice, and much of the tag does 
not have time to flow through before image acquisition, 
leading to artifactual focal intravascular signals from 
both arteries and veins. In addition, because in QUIPSS 
the image is acquired immediately after entry of tagged 
blood into the slice, there is little time for blood that 
travels within the imaging plane to the target capillary 
bed to do so, and much of the QUIPSS signal is intravas- 
cular, regardless of TI,. 

When tagged blood water exchanges into brain tissue, 
the rate of TI decay of the tag shifts from that of blood to 
that of brain tissue. To quantify perfusion, this decay 
must be estimated. In Eqs. [I], [3], and [5], this decay is 
assumed to be at the TI of blood, but in fact, the exchange 
of tagged blood water into brain tissue occurs at a time 
that is comparable to typical values of TI, (1200-1600 
ms). In conventional (non-QUIPSS) pulsed ASL, we find 
that the apparent diffusion coefficient of the perfusion 
signal decreased markedly at values of TI of approxi- 
mately 1000 ms after the application of the tag (data not 
shown), and similar effects have been demonstrated by 
others [ 19). Because QUIPSS measures tagged water that 
recently entered the imaging slice, the QUIPSS signal is 
more likely to be primarily intravascular, whereas in 
QUIPSS 11, there is more time for exchange into tissue. 
Thus, the approximation that the decay of the tag is at the 
TI of blood introduces less error in QUIPSS than in 
QUIPSS 11. In summary, QUIPSS is more sensitive to the 
flow-through effect, whereas QUIPSS I1 is more sensitive 
to the exchange effect. 

To generate quantitative perfusion maps, we are de- 
pendent on B, homogeneity across the slice (or knowl- 
edge of the B, distribution). For most birdcage type vol- 
ume coils, B, homogeneity is very good. However, for 
most other coils, B, can vary significantly across an im- 
aging slice. An alternative method of normalization is to 

less sensitive to slow subject 
motion than the blood oxygen 

level dependent (BOLD) signal. Because the ASL signal 
comes primarily from small arteries and brain tissue, it is 
likely better localized to the site of neuronal activity than 
the BOLD signal (8, 25, 26). Unfortunately, the magni- 
tude of the perfusion signal is approximately half that of 
the BOLD signal at 1.5 T (25). For simultaneous perfusion 
and BOLD imaging, pulsed ASL has the useful property 
that when in-plane presaturation is used, the average of 
temporally adjacent tag and control images gives a BOLD 
signal, whereas the difference between tag and control 
images gives the perfusion signal and the perfusion and 
BOLD signals are cleanly separated (8). This is due to the 
relationship between the relaxation curves of the inflow- 
ing blood and the static tissue. In the tag state, the tagged 
blood follows an inversion recovery curve (M, = MOB(l - 
2e-  whereas in the control state, it is fully relaxed 
[M, = MOB). The difference signal between these states is 
proportional to flow (Eqs. [I], [3], and [5]), and indepen- 
dent of the static tissue signal (except for the exchange 
effects discussed above). However, if tag and control 
states are averaged, rather than subtracted, then the in- 
flowing blood is equivalently following a saturation re- 
covery curve ( ~ ~ ~ ( 1  - 2e-''T7~) + M,,)/z = M [ , ~ ( I  - 
e- f /TIB)) .  With in-plane presaturation, the static tissue 
follows a saturation recovery curve as well; therefore, the 
average signal (tag + control)/2 is flow independent, 
again except for the relatively small effects of exchange of 
water between blood and tissue. 

Furthermore, QUIPSS I1 provides a reliable way of 
measuring the fractional change in flow with activation 
directly from ASL data, without requiring measurement 
of a calibration factor, and without systematic errors due 
to changes in the 6t  that accompany activation. In con- 
trast, FAIR imaging at a single TI to measure fractional 
flow changes with activation (27) will suffer from a sys- 
tematic overestimation of the flow increase due to short- 
ened S t  with activation (15, 16). 

QUIPSS I1 is amenable to multislice imaging, whereas 
QUIPSS is not. In QUIPSS, it is assumed that immedi- 
ately after the saturation at TI,, tagged blood flows into 
the imaging slice. This condition can only be met for one 
slice, because the saturation of any one slice destroys 
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tagged magnetization that is destined to flow into more 
distal slices. In QUIPSS 11, the saturation at TI, only 
controls the bolus of tagged blood leaving the tagging 
region, and it is possible to allow sufficient time for this 
bolus to be delivered to a series of slices before image 
acquisition. 

QUIPSS I1 is analogous to the most recent versions of 
continuous ASL in which a flow-dependent inversion tag 
is applied, but then halted, and a delay is inserted before 
image acquisition (11). Although the tagging time is typ- 
ically longer, this can be viewed as a tagged bolus that is 
delivered to the imaging region, followed by image ac- 
quisition. In both techniques, a bolus of well-defined 
time width is generated by the tagging method, and a 
delay is introduced to allow all of the tagged blood to 
enter the imaging slices. Whereas under ideal circum- 
stances the SNR of continuous ASL is greater than that of 
pulsed ASL by a factor of e (13, 16, 28), in practice, the 
difference in SNR is much smaller for four reasons. First, 
the delay between the generation of the tag and image 
acquisition decreases this difference due to relaxation of 
the tag. Second, the delay in continuous ASL is typically 
larger because the physical gap between the tag plane 
and the most proximal image is typically larger (8, 11, 
13). Third, the inversion efficiency of pulsed ASL is 
generally higher than that of continuous ASL. Fourth, the 
optimal TR for continuous ASL is longer than that of 
pulsed ASL, decreasing the SNR per unit time. We are 
currently working on a theoretical and experimental 
analysis of these differences. 

In conclusion, we have described two modifications of 
pulsed ASL that specifically address the problem of the 
spatially dependent transit delay between the tagging re- 
gion and the imaging slice. QUIPSS has the advantage that 
it is relatively insensitive to the effects of water exchange 
into brain tissue because the signal is primarily intravascu- 
lar. However, for the same reason, it is more sensitive to 
artifactual signal from intravascular tagged blood that is 
passing through the imaging slice to perfuse more distal 
tissues. QLJIPSS I1 allows more time for distribution of 
tagged blood water into brain tissue, generating a more 
uniform (and presumably more accurate) gray matter per- 
fusion signal. Also, QUPSS I1 is amenable to a multislice 
implementation, as demonstrated here. 
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