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Quantitative imaging of perfusion using a single subtraction,
second version (QUIPSS II) is a pulsed arterial spin labeling
(ASL) technique for improving the quantitation of perfusion
imaging by minimizing two major systematic errors: the variable
transit delay from the distal edge of the tagged region to the
imaging slices, and the contamination by intravascular signal
from tagged blood that flows through the imaging slices.
However, residual errors remain due to incomplete saturation of
spins over the slab-shaped tagged region by the QUIPSS II
saturation pulse, and spatial mismatch of the distal edge of the
saturation and inversion slice profiles. By replacing the original
QUIPSS II saturation pulse with a train of thin-slice periodic
saturation pulses applied at the distal end of the tagged region,
the accuracy of perfusion quantitation is improved. Results of
single and multislice studies are reported. Magn Reson Med
41:1246–1254, 1999. r 1999 Wiley-Liss, Inc.
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MRI-based arterial spin labeling (ASL) techniques use
water in arterial blood as a freely diffusible tracer to
measure perfusion noninvasively. Potentially, quantitative
perfusion maps can be obtained that will be clinically
useful. These methods can also be used to map brain
function and to clarify functional MRI mechanisms. It is
possible that ASL contrast will provide better localization
of the sites of neuronal activity than blood oxygenation
level-dependent (BOLD) contrast (1–3).

ASL techniques can be classified as continuous (4–9)
and pulsed (10–20). In the former, the magnetization of
arterial blood is continuously inverted by constant radiofre-
quency (RF) radiation in the presence of a constant gradi-
ent as it flows across the tagging plane (21). In the latter, the
magnetization of a slab of arterial blood spins is inverted by
an adiabatic hyperbolic secant (sech) pulse (22). In both
approaches, the tag state is alternated with a control state
in which the magnetization of arterial blood is not in-
verted, and the difference signal (control–tag) is propor-
tional to perfusion. At higher field strengths, the ASL
signal-to-noise ratio (SNR) increases not only because of
higher sensitivity but also because of the longer T1 of blood
and tissue. However, continuous ASL techniques may be

compromised at field strengths higher than 1.5 T in human
brain studies by RF power deposition limits.

Quantitative imaging of perfusion using a single subtrac-
tion, second version (QUIPSS II), which is based on the
conventional pulsed ASL techniques such as echoplanar
imaging and signal targeting with alternating RF (EPISTAR;
10–12), flow-sensitive alternating inversion recovery (FAIR;
13–16), and proximal inversion with a control for off-
resonance effects (PICORE; 18,19), was introduced by
Wong et al (17–20) to minimize the systematic errors in the
quantitation of perfusion caused by the spatially varying
transit delay (dt) and the ‘‘flow-through’’ effect (19,20). In
this method a 15-lobe sinc saturation pulse is applied in
the tagged region at time TI1 after the inversion pulse and
before image acquisition. An additional advantage of
QUIPSS II is that it can be applied in multislice mode. In
the previous implementation of QUIPSS II (17–19), two
sources of residual errors occur. The first is incomplete
saturation of spins over the slab-shaped tagged region by
the QUIPSS II saturation pulse. Unlike the sech slice
profile, the slice profile of a sinc-shaped pulse is subject to
B1 inhomogeneity. For a thick axial slice as used in QUIPSS
II, through-plane B1 homogeneity is generally worse than
in-plane B1 homogeneity using a typical head RF coil.
Incomplete saturation of the spins of tagged blood leads to
overestimation of perfusion. The second source of error
arises from spatial mismatch of the distal edge of the
saturation and inversion slice profiles. The sech inversion
tagging pulse used in pulsed ASL methods results in a
highly selective inversion of magnetization with sharp
edges that the slice profile of the QUIPSS II saturation
pulse does not match.

Here we describe a method to minimize these errors. The
idea is to replace the QUIPSS II saturation pulse by a
periodic train of thin-slice saturation pulses at the distal
end of the tagged region. This method addresses both of the
sources of error of QUIPSS II. The purpose of the QUIPSS II
saturation pulse is to saturate spins that remain in the
tagged region at time TI1. Since all tagged spins must flow
through the thin-slice region using the method described
in this paper, they can be saturated by the train of thin-slice
pulses. A thin sinc slice profile has sharper edges than a
thick one and therefore has a better match to the distal edge
of the inversion profile. In addition, a thin-slice pulse has
greater B1 homogeneity over the slice thickness than a
thick-slice pulse. By applying QUIPSS II with thin-slice TI1

periodic saturation (Q2TIPS), the accuracy of perfusion
measurements is improved. Preliminary data using this
technique were previously reported in abstract form (23).
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MATERIALS AND METHODS

Q2TIPS

Images were acquired using a 3T Bruker Biospec 30/60
scanner (Bruker Medical, Karlsruhe, Germany) on normal
volunteers. A three-axis local head gradient coil fitted with
an endcapped quadrature birdcage RF coil was used.
Figure 1 shows the Q2TIPS pulse sequence and positions
of the in-plane presaturation slab, the inversion-tagged
region, the periodic saturation slice, and the imaging
slices. The PICORE tagging scheme was used, although
EPISTAR and FAIR can also be used, with a 10-cm tagged
region created by a 15-msec adiabatic sech pulse (22) with
parameters m 5 10 and b 5 800 s21 positioned with a 1-cm
gap relative to the proximal edge of the imaging slices (24).
Two in-plane presaturation pulses were applied in the
imaging slices as in PICORE and EPISTAR immediately
before the inversion pulse to improve the cancellation of
signal from static tissues between tag and control states.
Single-shot blipped EPI acquisition was used with 24-cm
FOV, 64 3 64 matrix, and 8-mm slice thickness.

The original QUIPSS II saturation pulse was replaced by
a number of thin-slice sinc pulses applied periodically
from TI1 to TI1S (TI1 stop time) at the distal end of the tagged
region. The purpose is to obtain improved saturation on
the remaining part of the tag (tagged blood still in the
tagged region at time TI1) and a better matched slice profile
at the distal edge of the tagged region. To be insensitive to
dt, only the distal edge of the inversion and saturation slice
profiles must be matched since dt is the time for the tagged
blood to reach the imaging voxels from the distal edge of
the tagged region. The tagged blood will be saturated if the
normal component of velocity of the tagged blood passing
through the periodic saturation slice is less than the

‘‘cut-off’’ velocity (Vc), which is defined by

Vc 5
Snom

Tp
5

Snom(Np 2 1)

TI1S 2 TI1
[1]

where Snom is the nominal slice thickness of the periodic
saturation pulses, Tp is the interval between successive
periodic saturation pulses, and Np is the number of peri-
odic saturation pulses.

In the previous implementation of QUIPSS II (17–19), a
15-lobe sinc pulse was used for TI1 saturation. However,
because the tagged region is usually thick (i.e., 10 cm), the
incomplete effectiveness of the QUIPSS II saturation pulse
renders part of the saturated tag visible as perfusion signal
and causes overestimation of regional cerebral blood flow
(CBF), as evidenced from the positive intercept of the
QUIPSS II signal vs. TI1 curve (17).

The longitudinal magnetization of the tagged blood spins
as a function of time in a QUIPSS II (or Q2TIPS) experi-
ment is illustrated in Fig. 2. The magnetization of tagged
spins eventually perfusing the target tissue (solid line) is
inverted at time zero and undergoes T1 relaxation with
T1 5 T1B (T1 of blood). The T1 relaxation time of the tagged
spins shifts from T1B to the T1 of tissue (T1t) when the
tagged water spins exchange with brain parenchyma water
spins in the capillary bed (open arrow). Note that the
tagged spins may exchange with tissue spins at different
times relative to the inversion pulse. During the control
state the magnetization remains fully relaxed (dashed line).
If the TI1 saturation is effective, the magnetization of the
tagged blood remaining in the tagged region at time TI1 will
be zero at time TI1 (or between TI1 and TI1S for Q2TIPS) and
will be the same for both tag and control states after TI1.
Thus, the signal from the saturated blood will be canceled

FIG. 1. a: Pulse sequence for Q2TIPS. Double in-plane presaturation pulses followed by the sech inversion tagging pulse. The gradient lobe
in gray is alternately applied for tag and control states. Periodic saturation pulses applied from TI1 to TI1S consist of a train of 90° excitation
pulses each followed by a crusher gradient. Single or multislice EPI acquisition is applied at TI2. b: Locations of the in-plane presaturation slab,
imaging slice(s), periodic saturation slice, and inversion slab used in the PICORE tagging scheme.
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in the subtraction. The difference signal DM (control 2 tag)
will be proportional to CBF, as described previously in the
kinetic model of Eqs. [2]–[5] (19,20,25,26):

DM(TI2) 5 2 M0B f TI1 e2TI2/T1B q(T1B, T1t, Tex, f, l, TI2) [2]

for TI1 , t and TI2 . TI1 1 dt [3]

and

DM(TI2) 5 2 M0B f t e2TI2/T1B q(T1B, T1t, Tex, f, l, TI2) [4]

for TI1 . t and TI2 . t 1 dt [5]

where M0B is fully relaxed magnetization of arterial blood, f
is the CBF in ml of blood/ml of issue/min, Tex is the transit
time from the distal edge of the tagged region to the
capillary bed where tagged blood water exchanges with
brain parenchyma water, l is the tissue-to-blood partition
coefficient of water, t is the time width of the tag, and q is a
correction factor that accounts for a shift in the T1 decay of
the tag due to exchange of tagged spins from blood into
brain tissue, and clearance of the tag by venous outflow.
Typically q is near unity and DM itself is a quantitative
perfusion map. If M0B and T1B are known, the absolute
perfusion can be calculated. It can be shown from Eqs. [2]
and [4] that at fixed TI2, DM is zero for TI1 5 0, increases
linearly as TI1 increases, and becomes constant for TI1 . t.

At a given value of Vc, a longer Tp value can be used,
which results in a thicker Snom (Eq. [1]) and lower RF power
deposition. However, more sinc pulse sidelobes are needed
to obtain a sharp-edge slice profile as Snom increases. For
long-duration sinc pulses, the improvement in slice profile
is limited, and saturation of fast-flowing spins may not be
effective. In addition, the slice profile of a sinc pulse is
subject to B1 inhomogeneity, an effect that increases with

increase in Snom. In the present studies, 3.2-msec three-lobe
sinc pulses were used. Saturation is generally improved
with multiple saturation pulses because the magnetization
is proportional to (cos a)Np for Np pulses where a is a local
flip angle, resulting in a wide range of a values for which
saturation is very effective. Tp was set to 25 msec. The
estimated worst-case average SAR (specific absorption
rate) was below the Food and Drug Administration (FDA)
guideline. Vc was set to 80 cm/sec, and thus Snom was 2 cm.

Q2TIPS vs. QUIPSS II

For comparison, a 12.8-msec 15-lobe sinc pulse with 10-cm
slice thickness was used as the saturation pulse for QUIPSS
II. The slice profiles of this pulse and of a 3.2-msec
three-lobe sinc pulse of 2-cm slice thickness, both with
Hamming window weighting, were simulated and mea-
sured. The slice profiles were generated by simulating the
Bloch equations with direct numerical integration for a
given RF pulse waveform and measured with a gradient-
echo sequence with a TE of 10.2 msec, TR51 sec, a 5 907,
and 256 3 256 matrix using a cylindrical phantom of
length 22 cm.

Single-shot blipped spin-echo EPI acquisition was used
with both Q2TIPS and QUIPSS II for single-slice studies
with 55.3 msec TE and 2.5 sec TR. TI2 was 1.4 sec, while TI1

was varied from 0.25 to 1 sec, and TI1S was set empirically
to 1.225 sec to saturate the remaining part of the tag. Np

ranged from 10 to 40. Typically, 120 images (60 tag/control
pairs) were acquired.

Multislice Q2TIPS

In multislice studies, five contiguous 8-mm axial slices
were acquired, inferior to superior, sequentially every 68
msec using gradient-recalled EPI with 27.2 msec TE. The
slices further away from the tagged region with longer
transit delay were acquired at longer TI2 so that Eq. [3]
would be more likely to hold (19,20). In the present
studies, TI2 was 1.4 sec for the first slice and 1.67 sec for the
last slice, while TI1 was varied from 0.3 to 0.9 sec. Other
imaging parameters were TI1S 5 1.2 sec, TR 5 2.5 sec, and
100 repetitions.

Optimization of TI1S and TR

To ensure complete saturation of the remaining part of the
tag, periodic saturation pulses can be applied until just
before image acquisition at TI2. However, Eq. [2] assumes
fully relaxed blood in the tagged region before each inver-
sion pulse. The longer the TI1S, the longer the minimum TR
value that can be used and the lower the SNR per unit time.
The optimal TI1S value should be the time when the tail of
the entire tag reaches the proximal edge of the periodic
saturation slice. To determine the optimal TI1S, TI1 was
held constant at 0.7 sec, TI2 5 1.4 sec, and TR 5 2.5 sec,
while TI1S was varied from 0.725 to 1.225 sec. For mini-
mum TR studies, TI1 was 0.7 sec, TI1S 5 1.05 sec, and TI2 5

1.4 sec while TR was varied from 1.9 to 2.7 sec. For each
data point, 100 images were acquired using single-shot

FIG. 2. Longitudinal magnetization of tagged blood as a function of
time during the tag state (solid line) and control state (dashed line) in
a QUIPSS II (or Q2TIPS) experiment. During the tag state, the
magnetization is inverted at time zero and undergoes T1 relaxation.
The T1 of the tagged spins shifts from T1B to T1t (open arrow) when
the tagged water spins exchange with brain parenchyma water spins
in the capillary bed. If the TI1 saturation is effective, the difference
signal between tag and control states at image acquisition time TI2
will be proportional to perfusion. The magnetization of the tagged
spins still in the tagged region at time TI1 will be saturated to zero
during both tag and control states and will then undergo saturation
recovery (gray line). Thus the signal from the saturated spins will be
cancelled in the subtraction.

1248 Luh et al.



blipped spin-echo EPI with a single axial slice across motor
cortex areas.

Data Processing

For each study, all raw images were first registered for bulk
motion correction using the imreg program from the AFNI
software package (27), and then averaged after pairwise
subtraction to generate the DM perfusion maps. T1 maps
were obtained in each study using inversion recovery EPI
(IR-EPI). The inversion time was varied logarithmically
from 0.03 to 18.13 sec with 15 data points and a TR of 20
sec. Gray matter (GM) and white matter (WM) regions of
interest (ROIs) were selected from the T1 maps based on T1.
Signals from pixels within ROIs were averaged from the
perfusion maps. Standard errors were calculated from the
variance of the averaged signals in ROIs from the time
series of the DM difference images.

Perfusion calculations were performed using Eq. [2] with
an assumed T1B of 1.5 sec. M0B was estimated from the WM
signal in a single-shot EPI image with infinite TR using the
signal ratio of WM to blood in the sagittal sinus from a
proton density-weighted image, and the weighting of T2/
T2* relaxation at TE (20). Assumed values of T2/T2* of WM
and blood were 80/40 and 200/100 msec, respectively. The
correction factor q in Eq. [2] was assumed to be unity. If
T1B 5 1.5 sec, T1t 5 1.3 sec, Tex 5 0.9 sec, f 5 60 ml/100
ml/min, l 5 0.9, and TI2 5 1.4 sec, then q 5 0.97 (19). The
calculated perfusion would be underestimated by 3%,
which is less than the standard error of measurements (see
results). For visual presentation, all 64 3 64 images were
bilinearly interpolated to a 256 3 256 matrix.

RESULTS

Q2TIPS vs. QUIPSS II

Figure 3 shows the slice profiles obtained by simulation
and by experimental measurements. In the simulated slice
profiles, the three-lobe sinc pulse of 2-cm thickness has a

sharper edge and better saturation at the distal end of the
tagged region. The phantom slice profile of the three-lobe
sinc pulse of 2-cm thickness closely resembles the simu-
lated profile. However, the phantom slice profile of the
15-lobe sinc pulse of 10-cm thickness is much worse than
the simulated one and varies from position to position due
to B1 inhomogeneity.

Perfusion maps averaged from raw difference images are
shown in Fig. 4a for both QUIPSS II and Q2TIPS as a
function of TI1, together with the anatomical FLASH image
and the IR-EPI image. GM pixels identified from the
anatomical and IR-EPI images show high signal intensity in
the perfusion maps. High-intensity pixels in the IR-EPI
image, presumably cerebrospinal fluid (CSF), are dark in
the perfusion maps. The averaged signals from the GM and
WM ROIs at each value of TI1 are shown in Fig. 4b. Q2TIPS
signals in GM ROIs exhibit a linear dependence on TI1, as
described in Eq. [2], while QUIPSS II signals show higher
intensity than Q2TIPS at all TI1 values and have positive
intercept at TI1 5 0. This implies incomplete effectiveness
of the QUIPSS II saturation pulse. The differences between
QUIPSS II and Q2TIPS signals are greatest at short TI1 and
approach zero as TI1 increases. For both pulse sequences,
there is reduction of the amount of tagged blood that can be
saturated as TI1 increases because of outflow of blood from
the tagged region. The differences between QUIPSS II and
Q2TIPS signals are proportional to the amount of tagged
blood that can be saturated. This suggests that most of the
tag passes through the distal edge of the tagged region for
TI1 values greater than about 0.9 sec so that the saturation
in this region, complete or not, does not change the
perfusion signals significantly. WM signals are low and
similar for both QUIPSS II and Q2TIPS at all TI1 values.
Figure 4c shows calculated CBF vs. TI1 using Eq. [2] for all
values of TI1 # 0.9 sec and using Eq. [4] for TI1 5 1 sec with
an assumed t of 0.9 sec. The standard deviation of the
calculated GM CBF of all TI1 values using Q2TIPS is 5.7%
of the mean while it is 28% for QUIPSS II.

Multislice Q2TIPS

A set of perfusion maps for five contiguous slices with
corresponding anatomical images is shown in Fig. 5 for
TI1 5 0.7 sec. All perfusion maps are on the same scale.
Lower signal intensity in more distal slices is due to longer
TI2 since the images are sequentially acquired, proximal to
distal. Q2TIPS signals of slices 1–5 from GM and WM ROIs
are shown in Fig. 6a–e as a function of TI1. GM Q2TIPS
signals exhibit a linear dependence on TI1 for TI1 , t for all
five slices and level off for TI1 . t where t is about 0.7 sec.
The calculated CBF vs. TI1 curves for all five slices are
shown in Fig. 6f with an assumed t of 0.7 sec for the last
two TI1 data points. The standard deviations of the calcu-
lated CBF of all TI1 values for slices 1–5 are 4.3, 3.2, 5.8,
3.6, and 10.4% of the means.

Optimization of TI1S and TR

Q2TIPS images at different TI1S values with TI1 5 0.7 sec
are shown in Fig. 7a along with the anatomical FLASH
image. Q2TIPS signals from GM and WM ROIs as a
function of TI1S are shown in Fig. 7b. For sufficiently long
TI1S values, Q2TIPS signals should be constant for fixed TI1

FIG. 3. Simulated and measured slice profiles of a 12.8-msec
15-lobe sinc pulse of 10-cm thickness as used in QUIPSS II and a
3.2-msec 3-lobe sinc pulse of 2-cm thickness as used in Q2TIPS,
both with Hamming window weighting, scaled to maximum satura-
tion. The imaging slices are located at the right side of the slice
profiles with a 1-cm gap (not shown).
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since the tail of the tag is completely saturated. If TI1S is too
short, tagged blood at the tail of the whole tag reaches the
imaging slice. The inflection in this curve indicates the
time at which the tail of the tag reaches the proximal end of
the periodic saturation slice, which is between 0.825 and
0.925 sec in Fig. 7b. This is consistent with the inference
from Fig. 4b that at about 0.9 sec most of the tagged blood
passes through the tagged region since the location of the
imaging slice relative to the RF coil is the same in both
studies. WM Q2TIPS signals do not show significant
dependence on TI1S. Note the strong artifactual perfusion
signal in the draining veins (arrows), which are dark in the
anatomical image due to short T2* at 3 T. Figure 7c shows
the averaged signals vs. TI1S from the pixels in these
draining veins. These pixels were not included in the
calculations for Fig. 7b. The artifactual perfusion signals in
the draining veins are very high with short TI1S, and
decrease as TI1S increases.

Figure 8 shows Q2TIPS signals vs. TR with TI1 5 0.7 sec
and TI1S 5 1.05 sec. The decrease in GM Q2TIPS signals at
short TR values is because the tagged blood destined to
perfuse the imaging slice is not completely replaced by the

fully relaxed blood in the tagged region before the next
inversion pulse.

DISCUSSION

Q2TIPS vs. QUIPSS II

QUIPSS II minimizes two systematic errors found in
conventional pulsed ASL techniques—spatially varying
transit delay and the flow-through effect—by introducing a
saturation pulse between the inversion pulse and image
acquisition. However, residual errors remain in the experi-
mental data, as shown in Fig. 4.

Q2TIPS improves the accuracy of perfusion quantitation
by replacement of the QUIPSS II saturation pulse with a
train of thin-slice periodic saturation pulses applied at the
distal end of the tagged region from TI1 to TI1S. Q2TIPS
provides decreased B1 sensitivity and an improved slice
profile. With these improvements, the remaining error
appears to be very small.

In Fig. 4b, the TI1 time point where the QUIPSS II signal
approaches the Q2TIPS signal depends on t, which in turn

FIG. 4. Q2TIPS vs. QUIPSS II. a: Anatomical FLASH image, IR-EPI image, and QUIPSS II and Q2TIPS DM images with TI2 5 1.4 sec while
TI1 is varied from 0.25 to 1 sec. b: QUIPSS II and Q2TIPS averaged DM vs. TI1 from GM and WM ROIs. c: Calculated CBF from data in b using
Eq. [1] for TI1 5 0.25–0.85 sec and Eq. [3] for TI1 5 1 sec with an assumed t of 0.9 sec.
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FIG. 5. Q2TIPS DM images of five contiguous slices with TI1 5 0.7 sec, along with the corresponding anatomical reference images. The DM
images are displayed on the same scale. Low signal intensity at more distal slices is due to longer image acquisition time (longer TI2).

FIG. 6. a–e: Q2TIPS averaged DM from GM and WM ROIs for slices 1 to 5, respectively. f: Calculated CBF of GM ROIs using Eq. [1] for TI1 5

0.3–0.7 sec and Eq. [3] for TI1 5 0.8–0.9 sec with an assumed t of 0.7 sec.
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is related to the physical size of the tagged region. t can also
be estimated from the TI1 time point in the GM Q2TIPS
signal vs. TI1 curves, as in Figs. 4b and 6a–e, where the
linear dependence levels off as TI1 increases. However, t is
not well defined within a voxel and has a wide distribution
across pixels due to the dispersion of flow velocities. If
shorter intervals between TI1 data points were used, a
smooth transition from linear dependence to linear inde-
pendence should be observed in the Q2TIPS signal vs. TI1

plot, providing that the SNR is sufficient.
Because the imaging slab is thicker in the multislice

studies, the tagged region is more inferior than in the

single-slice studies. The shorter t in the multislice studies
is due to the smaller tagged region since the proximal end
of the tagged region is limited by the sensitive range of the
RF coil used in the present studies. The calculated CBF
when TI1 5 1 sec in the single-slice studies and when TI1 5

0.8 and 0.9 sec in the multislice studies depends on the
estimates of t. A TI1 value that is shorter than t should be
used for the quantitation of perfusion in practice, and
TI2-TI1 should be long enough to compensate for the
variable transit delay as described in Eq. [3].

Multislice Q2TIPS

The calculated CBF values from five contiguous slices in
Fig. 6f show good agreement at each TI1 data point. This
again demonstrates the improved accuracy using Q2TIPS
for a 4-cm imaging slab with TI2 5 1.4 sec. For a thicker
imaging slab, a longer TI2 value can be used to satisfy Eq.
[3] at the expense of SNR. Although the correction using q,
which is different for each slice, was not made and an
assumed T1B was used in the present calculations, these
factors only cause the curves in Fig. 6f to shift with respect
to the y-axis, and the relative relationships at each TI1 data
point do not change. The signals from more distal slices are
noisier since fewer pixels are in the GM ROIs and the SNR
is lower due to longer TI2. In addition, Eq. [3] may not be
fulfilled for slice 5 at long TI1 values due to longer dt in
more distal slices. WM perfusion signals are quite noisy in
the multislice studies and may be affected by overlap of
contiguous slices and partial voluming with GM.

FIG. 7. a: Anatomical FLASH image and Q2TIPS DM images with TI1 5 0.7 sec as a function of TI1S. Pixels with draining veins (arrows)
appear dark in the FLASH image and have high artifactual signals. b: Q2TIPS averaged DM vs. TI1S from GM and WM ROIs. c: Q2TIPS
averaged DM vs. TI1S from pixels with high artifactual signals (arrows in a).

FIG. 8. Q2TIPS averaged DM vs. TR from GM and WM ROIs with
TI1 5 0.7 sec and TI1S 5 1.05 sec while TR is varied from 1.9 to 2.7 sec.
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Optimization of TI1S and TR

The optimal TI1S value is about 0.925 sec for the single-
slice studies in Fig. 7b and should be even shorter for
thinner tagged regions, as in the present multislice studies.
TI1S determines the minimum TR that can be applied since
the arterial blood in the periodic saturation slice must be
refreshed. Note that not all tagged blood perfuses the
imaging slices. In the distal part of the tagged region, tagged
blood in small arteries is likely to perfuse the imaging
slices while blood in the large arteries is likely to pass
through the imaging slices. Blood in small arteries in the
proximal part of the tagged region is likely to perfuse local
tissue while blood in the large arteries is likely to reach the
imaging slices. It follows that only tagged blood destined
for the imaging slices needs to be refreshed within a
time TR.

There is a tradeoff between the size of the tagged region
and TR. t is proportional to the physical size of the tagged
region. The minimum TR is TI1S plus the time duration for
the tagged blood to be refreshed in the periodic saturation
slice, and this refreshing time duration is less than t
(minTR , TI1S 1 t). The optimal TI1S value is the time for
the tail of the entire tag to reach the proximal end of the
periodic saturation slice, and therefore is less than t. It
follows that the minimum TR is less than 2t if the optimal
TI1S is used. If the optimal TI1 is slightly shorter than t, Eq.
[3] becomes TI2 . t 1 dt. This suggests a strategy for
perfusion studies of more inferior imaging slices where the
available size of the tagged region is small. Because t is
short in these studies, shorter TR and TI2 values can be
used for optimal SNR per unit time. An alternative strategy
would be to use a longer RF coil.

A shorter TI1S value can be employed for a thicker Snom

and therefore a shorter minimum TR, at the expense of a
less sharp slice profile. For a given Snom, the Tp value
should be short enough to ensure complete saturation of
the remaining tagged blood while keeping the RF power
deposition below the FDA guideline. Although the tagged
blood does not undergo simple plug flow and the blood
vessels are generally curved, the tagged blood must pass
through the periodic saturation slice to perfuse the imaging
slices. The current implementation of a 2-cm periodic
saturation slice applied every 25 msec allows saturation of
tagged blood traveling perpendicularly across the periodic
saturation slice with an average velocity less than 80
cm/sec, i.e., the cut-off velocity. For non-perpendicular
pathways, tagged blood flowing at a higher velocity would
be saturated. Moreover, faster flowing tagged blood that has
a velocity higher than 80 cm/sec close to the imaging slices
is likely to pass through the imaging slices by time TI2 and
be undetected since the periodic saturation slice is close to
the imaging slices. Saturation with 2.5-cm five-lobe sinc
saturation pulses was less complete than with the 2-cm
three-lobe sinc pulses currently implemented (data not
shown).

Possible Artifacts

The artifactual perfusion signals in draining veins as
shown in Figs. 7a and c at short TI1S are likely to come from
the tagged venous blood in the tagged region rather than
from tagged arterial blood (19). One advantage of Q2TIPS is

the suppression of these artifactual signals. Tagged venous
blood is likely to pass through the imaging slices at TI2

since it accelerates through venous vessels. However, it
would remain in the imaging slices longer if it were to run
parallel within the imaging slices. In Q2TIPS, tagged
venous blood is saturated if it arrives in the periodic
saturation slice after TI1 while tagged blood arriving before
TI1 is more likely to flow through the imaging slices. The
example in Fig. 7c shows that the difference between the
first and the last data points is from tagged venous blood
that arrives at the periodic saturation slice between 0.725
and 1.225 sec. Note that two periodic saturation pulses
were applied for the data point TI1S 5 0.725 sec in Fig. 7.
Artifactual signals from venous tagged blood are more
prominent when using EPISTAR, FAIR, and PICORE.

The PICORE tagging scheme used in the present studies
provides control of the physical size of the tagged region if
the proximal end of the specified tagged region is within
the sensitive range of the RF coil. For the FAIR tagging
scheme, the size of the tagged region depends on the
location of the imaging slice relative to the proximal
sensitive range of the RF coil and may be different among
subjects. PICORE has the advantage of avoiding the compli-
cation of the signal contribution from the tagged spins
coming from the distal side of the imaging slices. This
signal is negative in EPISTAR, positive in FAIR, and zero in
PICORE. In FAIR, the physical gap between the tagged
region and the imaging slices can be thinner to realize a
shorter dt and longer t since the edge of the inversion slice
profile is sharper for a thinner inversion slab. However,
this may lead to increase of slow-flowing tagged venous
blood in smaller veins entering the imaging slices and to
increase of artifactual perfusion signals.

CONCLUSIONS

We have modified QUIPSS II to minimize the errors due to
B1 inhomogeneity and the mismatch of the slice profile of
the saturation pulse to that of the inversion pulse. Q2TIPS
improves the accuracy of perfusion quantitation as demon-
strated in both single and multislice studies.
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