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Abstract

Object 1In pulsed arterial spin labelling (ASL), Q2TIPS
saturation pulses are used to actively control the temporal
width of the labelled bolus. However, these Q2TIPS pulses
also induce magnetisation transfer (MT) effects in the
adjacent tissue. In this work, we investigated how Q2TIPS-
related MT alters tissue signal in pulsed ASL and, conse-
quently, CBF quantification.

Materials and methods Seven volunteers were studied at
3 tesla using a multi-TT FAIR sequence and 3D-GRASE
readout with background suppression. Q2TIPS pulses were
used and the spacing between RF pulses was varied to
modulate MT effects. Computer simulations were designed
to mimic in-vivo signals at multiple TI values.

Results Q2TIPS-associated MT was found to reduce tis-
sue T1 and MO values by up to 42 and 50% respectively;
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leading to a reduction of up to 40% in the effectiveness of
background suppression and, therefore, increased sensi-
tivity to motion for the longest TI values. In addition,
greater MT effects were associated with reduced grey
matter CBF estimates of up to 15%.

Conclusions The MT effect associated with the Q2TIPS
pulse train has a significant effect on tissue signal. It is
recommended that MT effects are characterised and both
background suppression and Q2TIPS schemes are accord-
ingly optimised to reduce the effects of MT on accuracy
and precision of CBF estimation.

Keywords Brain/blood supply - Cerebrovascular
circulation/physiology - Humans - Magnetic resonance
imaging/methods - Spin labels

Introduction

Non-invasive brain perfusion measurements with arterial
spin labelling (ASL) sequences are becoming increasingly
popular and are now being commercialized by all main
scanner manufacturers as complementary or alternative
methods to dynamic susceptibility contrast (DSC) mea-
surements based on injection of gadolinium-containing
contrast agents.

In perfusion quantification with ASL, the delay between
the application of the tag and arrival of the tagged blood in
the tissue (typically referred to as either transit time, arte-
rial arrival time, or bolus arrival time, BAT) is a potential
source of systematic error, because it varies widely across
individuals and brain regions [1].

Wong et al. [2] introduced a modification of the pulsed
ASL (PASL) scheme to make the technique relatively
insensitive to BAT by controlling the time duration of the
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tagged bolus using an additional saturation pulse (QUIPSS
II). The Q2TIPS approach [3] provided further improve-
ments in terms of reduced sensitivity to B1 inhomogeneity
and a better match of the slice profiles of the saturation and
labelling pulses: the trailing edge of the inverted blood
bolus is sharply truncated at a defined time (TIl) by
applying a series of spatially selective pulses designed to
efficiently saturate the flowing blood signal over a thin-
slice region proximal to the imaging area.

In principle, the use of Q2TIPS enables estimation of
CBF on the basis of a measurement at a single post-
labelling delay time (TI). However, the effectiveness of
Q2TIPS depends on BAT values being within a specific
range, and this assumption may be violated in some neu-
rovascular diseases with late arrival times, compromising
the accuracy of CBF estimates.

A more robust approach to CBF estimation consists in
acquiring ASL images over a range of TI values [4—6]. By
using a fast readout scheme, it becomes feasible to collect
multi-TT data in a reasonable acquisition time, enabling
simultaneous estimates of local CBF and BAT using
Buxton’s general kinetic model [7]. This makes ASL more
suitable for full characterisation of cerebral haemody-
namics in response to pathology, drugs, or physiological
challenges [8]. However, even with this multi-TT approach,
it is still useful to use Q2TIPS saturation pulses for the
longest TI acquisitions, in order to truncate the trailing
edge of the tagged bolus. This enables accurate definition
of its temporal width and facilitates CBF quantification.

In addition, background suppression (BS) of static tissue
is also normally used to improve the temporal stability of the
difference images and, therefore, reduce the variance in the
CBF measurements [9]. Detection of the small ASL signal is
extremely sensitive to changes in background tissue signal,
because of unwanted motion or physiological noise. In
principle it would be beneficial to have zero signal from
static tissue at any TI. When a BS scheme is used, a number
of inversion pulses are used to suppress static tissue when the
readout pulse is applied [9]. In practice the BS scheme is
often set up to generate a null signal some time before the
excitation pulse to avoid negative magnetisation and enable
magnitude reconstruction. In this case the ideal situation is to
have the same (small) static tissue signal at all TI values.

Magnetisation transfer (MT) effects associated with the
ASL labelling pulses have been fully characterised, and
have led to the development of an array of ASL labelling
schemes designed to balance MT effects between labelling
and control experiments, or to make MT-related effects
negligible [10, 11]. However, as far as we are aware there
has been no published investigation of the effects of the RF
power associated with the Q2TIPS pulse train, which will
also induce an associated MT effect. In addition to satu-
rating blood water in the tagging region, the Q2TIPS pulse
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train is likely to reduce tissue and blood signals in the

imaging volume via direct saturation and true magnetisa-

tion transfer related to their macromolecular pool fraction

(these effects will be hereafter indicated together as simply

the “MT effect”).

In this work, we examine this unintended effect of the
Q2TIPS pulses on the perfusion-weighted ASL signal. By
using a multi-TT PASL protocol with BS, we explore how
the Q2TIPS-related MT effect:

1. alters the effective tissue T1 and therefore the efficiency
of suppression of static tissue signal, with the associated
effect on the precision/sensitivity to temporal instabili-
ties of the perfusion measurement [9]; and

2. can influence the estimation of quantitative CBF
values.

Materials and methods
Subjects and main MR acquisition protocol

Data were acquired on a 3T Siemens TIM Trio using a
body coil RF transmitter and a 32-channel head-coil
receiver. Seven healthy volunteers were scanned after
giving informed consent, in accordance with the local
research ethics protocol.

The PASL sequence used the FAIR tagging scheme [12,
13], a single-shot 3D-GRASE readout [14], and Q2TIPS
[3] for definition of the tagged bolus duration; a BS scheme
was also implemented [9].

The 3D-GRASE readout (bandwidth 2,790 Hz/pixel)
used GRAPPA [15] with acceleration factor 2 in the phase
encode (PE) direction resulting in the acquisition of 21 PE
lines (axial in-plane image matrix 64 (readout direction) x
36 (PE)) and 24 6 mm thick partitions (6/8 partial Fourier)
in the head-feet (z) direction, with a field of view
288 mm x 162 mm. The resulting nominal resolution was
45 x 4.5 x 6 mm°. The echo time (TE)/repetition time
(TR) was 15/3,300 ms. Two averages were used through-
out for a total acquisition time of 3 min 8 s. A fat-satura-
tion pulse was also used. A diagram of the sequence
(except for the pre-saturation scheme played out before the
inversion pulse) can be seen in Fig. 1 of Ref. [14].

Image volume pre-saturation (nominal slab thickness
150 mm) used the same parameters as in Ref. [16]; in brief,
pre-saturation used a 4-pulse WET scheme with optimised
flip angles, inter-pulse duration (10 ms) and an adjustable
delay just before the inversion pulse (optimised to 15 ms);
post-inversion saturation was provided by a single 90° pulse.

The inversion pulses for both tagging and BS were
10.2 ms C-shape FOCI pulses [17] (FOCI factor 2,
B = 125", u = 800). The tagging pulses were played out
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with (Ss) and without (Ns) slice selection gradients for
control and tag acquisitions respectively.

Two non-selective BS pulses were used and the timing
of their application was calculated analytically for each TI
to best minimise signals with T1 = 700 ms and 1,400 ms
(roughly corresponding to tissue T1s at 3T [18]) 100 ms
before the excitation pulse for the readout, as in Ref. [14].
The post-labelling delay TI was varied from 300 to
2,700 ms in 200-ms steps. For Q2TIPS 5.12 ms sinc-
shaped pulses (1,500 Hz bandwidth), cosine modulated at
3 kHz to produce saturation bands (of 40 mm thickness) on
either side of the imaging slab, were used (as in Ref. [14]).
The interval between successive pulses was 9 ms, during
which time crusher gradients were applied.

Measuring the effect of reducing the density
of the saturation pulses used for Q2TIPS

To investigate the MT effect associated with the Q2TIPS

module, the density of the Q2TIPS pulse train was varied.

By reducing the pulse density, the mean deposited RF

power is reduced, and so the associated MT effect is also

reduced. Pulse density reduction was implemented by
setting the amplitude of some of the Q2TIPS pulses to

ZEero.

It is possible to calculate a cut-off velocity v, associated
with the Q2TIPS pulses, as done by Luh et al. [3]. For the
original Q2TIPS pulse density we calculated v. = 280 cm/s.

Because 80-100 cm/s is likely to be sufficient to satu-
rate flowing blood, we reduced the cut-off velocity by 1/2
or by 2/3 and compared the results with those obtained by
use of the original “standard” saturation scheme; this
resulted in 3 different procedures:

1. back-to-back saturation pulses are played out (mini-
mum inter-pulse delay; henceforth referred to as
Satl/1);

2. in the Q2TIPS Sat1/2 scheme, only every other pulse is
played out (resulting in v. ~ 140 cm/s);

3. in the Q2TIPS Satl/3 scheme, only every third pulse
has non-zero amplitude (resulting in v, &~ 93 cm/s).

All of the spoiler gradients of the “standard” Q2TIPS
procedure (occurring between each pair of RF pulses) were
played out irrespective of the chosen scheme.

Measuring the MT effect of the Q2TIPS module
without truncating the bolus

To measure the MT effect of the saturation pulses without
affecting the tagged bolus, an extra option was introduced in
the sequence to play out the Q2TIPS pulse train without the
slice-selection gradients that define the saturation slabs; this
is referred to as NoGrads. In so doing, the saturation pulses

are off-resonance for the whole volume of interest (imaging
slab and previously defined saturation bands also) and will
not result in truncation of the trailing edge of the tagged
bolus. They should, however, produce the equivalent MT
effect on the imaging slab and on the flowing blood, much as
in the control phase of the PICORE ASL tagging scheme
[19]. Measurements were made with this NoGrads option
using the Sat1/1 Q2TIPS scheme and TI1 = 500 ms.

Measuring tissue MO and T1, M0Os,, and Tl

To measure tissue MO and T1, the BS pulses were turned
off (NoBS) and data collected with increasing TI. Because
there is a saturation pulse immediately after the inversion
pulse, this is equivalent to a saturation recovery experi-
ment. The results obtained with Ss data are used for the
analysis in this paper. Completely analogous results (within
1%) were obtained using the Ns data (data not shown).

To measure the reduced apparent MO and T1 due to
Q2TIPS-related MT effect, MOg,, and Tlg,, the Q2TIPS
pulse train was started immediately after the post-inversion
saturation pulse (i.e. TIl1 = 0 ms). Similarly MOs,, and
Tlg, were measured for the Q2TIPS Satl/2 and Satl/3
schemes, to yield MOsa1/2, Tlsati/2, MOsqc1/3, Tlsacr/3. For
one subject, MOs,t1/1-NoGrads @1d T1sat1/1-NoGraas Were also
measured without application of the slice-selection gradi-
ents with the standard Satl/1 Q2TIPS procedure.

Data fitting, simulations, data prediction

After data acquisition, a number of regions of interest
(ROIs) were manually drawn in GM, WM, and in a brain
region with voxels dominated by arterial signal (e.g. in the
vicinity of the left middle cerebral artery). Mean signal
intensity of these ROIs was extracted for all the images
acquired.

The NoBS Ss data were fitted using non-linear regres-
sion in Prism 3 (GraphPad Software, San Diego California
USA, www.graphpad.com) with a conventional 3-param-
eter saturation recovery curve (fitting for MO, T1, the sat-
uration efficiency «):

Ss=MO-[1 —o-e TV (1)

The extracted values (MO, T1, o, MOsac1/1, T1sat1/1, MOsat1/2,
Tlsat1/2, MOsai1/3, Tlsar/z) were then used to predict the
signal behaviour in the BS experiments with and without
application of the Q2TIPS pulses.

For this, a simple saturation-plus-double-inversion-
recovery computer simulation was set-up with the follow-
ing properties/assumptions:

1. The initial saturation was calculated according to the
measured o (from the fit to Eq. 1).
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2. The BS inversions were assumed to be instantaneous
and ideal (i.e. transforming the longitudinal magnet-
isation at time #,, M(z,)~ into M(t)" = —M(1,)";

3. The positions of the inversions (fgs;, fpsy) were
calculated as in the actual pulse sequence (see the
section “Subjects and main MR acquisition protocol”,
above, or Ref. [14]);

4. The background Ss signal was modelled using:

(a) the measured MO and T1 for any time ¢t where
0 <t <TIl, ie. from the end of the inversion
(labelling) pulse (r = 0) to the time of beginning
of the Q2TIPS pulse-train; and

(b) the appropriate MOs,, and T1g,, (according to the
chosen Q2TIPS module) for TI1 < ¢ < TI;

5. For each interval At between times f; and f#;,; the
following equation was used:

Ss(fxs1) = MO - [1 — e /] + Ss(1) - ¢4/ 2)

with the appropriate MO and T1 values as described in
point 4.

6. The times #; were: 0, tgs1, fgs2, T11, and TT in ascending
order, defining 4 separate calculation intervals.
7. Flow effects were not modelled.

Assessing the reproducibility of CBF estimates
and comparison of results with different Q2TIPS
pulse densities

For two subjects (referred to as Subjects I and II), the multi-TI
acquisition with TI1 = 500 ms was repeated 5 and 4 times,
respectively (in an interleaved fashion), with the conventional
Q2TIPS Satl/1 scheme and the (reduced-MT) Sat1/3 scheme
to assess the coefficient of variation (CoV = standard devi-
ation (SD)/mean in percentage units) of the CBF estimates
over repeated measures and to compare the perfusion data
with simple statistical parameters (mean, SD, r-test). All Ss
and Ns data from this dataset were realigned (motion cor-
rected) using FSL-FLIRT to the mean of the TT = 900 ms
acquisitions from the 1st of the 9 runs. The calculated AM
values from each run where then smoothed with a 6 mm
Gaussian kernel, and FSL-BASIL [20] was used to extract
relative CBF values (rCBF, in arbitrary units, au) and BAT,
with bolus duration (7) fixed (equal to TI1) or estimated from
the fit. BASIL is a tool for fast Bayesian inference of non-
linear models. We used it with the Buxton approach [7] to infer
perfusion parameter estimates from multi-TI ASL data.
Whole-brain results were visually inspected using percentage
change maps for each parameter value estimated from the
Sat1/3 data vs. the corresponding parameter value from the
Satl/1 data; for statistical analysis, 3 large cortical ROIs were
drawn on each hemisphere on a single slice.
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Simulations of an optimised BS scheme accounting
for MT-induced variations in MO and T1

Once the Q2TIPS scheme has been chosen, the MT-
induced reduction in MO and T1 for both GM and WM (i.e.
MOg,; and Tlg,) can be measured. With this additional
information it is then possible to numerically re-calculate
the optimum position of the two BS inversion pulses (fgs;
and gsy) to achieve stationary WM and GM signal at all TI
values, similar to what would have been obtained in the
absence of the MT effect. In this simulation the ROI signal
intensities were calculated for a large range of #gs; and #gg>
for each TI > TIl; the minimum shifts dtgg;(TI) and
drgso(TI) (from the values suggested in Ref. [14]) provid-
ing a signal similar to the signal obtained for TI < TI1
were selected.

Results
Overall signal intensity pattern when Q2TIPS is used

Figure 1 shows the Ss images of a single slice acquired
with BS at all TI values for (a) TIl1 = 2,700 ms and
(b) TI1 = 1,400 ms for a single representative subject.
Row (c) displays the AM (Ss — Ns) images for TIl =
1,400 ms. Whereas in (a) the parenchymal tissue signal is
relatively stable even for the longest TI, indicating a well
tuned BS scheme, substantial variation in tissue signal
intensity is visible in (b) immediately after the start of
Q2TIPS (red dashed vertical line): there seems to be a
“dip” followed by an “overshoot” of signal intensity. This
is a consequence of the deterioration of BS efficiency due
to MT effects.

MT-induced reduction in observed T1 and MO

Figure 2 demonstrates how the Q2TIPS schemes with
different pulse densities result in reductions of the apparent
(a) T1 and (b) MO for 6 different ROIs (shown in (c)).
Averages for 5 subjects are shown for each value, with
error bars representing between-subject SD. M0g,, values
have been normalised to MO measured with no Q2TIPS
and therefore show the relative reduction in apparent MO
when Q2TIPS pulses are used.

The relative values of T1g, versus T1 for the 3 Q2TIPS
schemes are shown in Table 1. The CoV (mean & SD) was
very low for all variables, indicative of very consistent ROI
placement across subjects (e.g. for the GM ROI (pink ROI
on slice 11 in (¢)) CoV was 5.4 £ 0.2% for MO and MOg,,
and 3.9 £ 0.5% for T1 and Tlg, respectively; for the WM
ROI (green ROI on slice 16 in (c)) it was 8.7 £ 0.3 and
1.2 £ 0.3% respectively).
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(a) Ss images, No Q2TIPS

300 500 700 900 1100 1300

Tl (ms)

1500

1700 1900 2100 2300 2500 2700

Fig. 1 Slice selective (Ss) images from a single slice of a representative subject at variable inversion times (TI) for: a no Q2TIPS; b Q2TIPS
starting at TI1 = 1,400 ms (indicated by a vertical red dashed line). In ¢ the difference images AM (= Ss — Ns) corresponding to b are displayed

NoQ2TIPS [EE Sat1/3 o Sat1/2  mmm Sat1/1

(a) T1, T1sat

I RSN W Ve, WM MCAL,

slice 8
e

Fig. 2 Q2TIPS results in reductions of apparent T1 (a) and MO
(b) for the 6 different ROIs shown in ¢: right posterior GM (pink,
GMryyy), left posterior GM (purple, GMly ), right parietal GM
(brown, GMry17), right posterior WM (cyan, WMry 1), right centrum
semiovale WM (green, WMry;6), left middle carotid artery (yellow,

T1 and Tlg, maps of 4 representative slices for one of
the subjects are presented in Fig. 3 for (a) no Q2TIPS;
(b) Satl/1, (c) Satl/2, (d) Satl/3.

Figure 4 shows measured and predicted (sim) ROI
signal intensities from Ss acquisitions scaled by MO as
a function of TI for a variety of acquisition conditions:
with no Q2TIPS (a); with the standard (Satl/1) Q2TIPS
scheme and: (b) TIl1 = 1,400 ms, (c) TI1 = 1,000 ms,
(d) TIT1 = 500 ms; for (e)-(f) TI1 = 500 ms and: (e) the
Sat1/2 Q2TIPS scheme; (f) the Sat1/3 Q2TIPS scheme.

The average data for 5 subjects for a GM ROI (pink,
GMryg;; of Fig. 2) and a WM ROI (green, WMrg 4 of

slice 11

(b) Mo, Mosat

0.9 4

0.6

MO/Msat

0.3 4

0.0 -

NN [N NGV W\, MR MCAL

slice 16 slice 17
e o

MCAIg). For each variable the mean and standard deviation for 5
subjects are shown. MO values have been normalised to MO measured
with no Q2TIPS. Grey no Q2TIPS; blue Satl/3, orange Satl/2; red
Satl/1 bolus truncation schemes. T1 values normalised for the T1
measured with no Q2TIPS are reported in Table 1

Fig. 2) are displayed with SD represented by error bars.
This averaging was possible because the ROI placement
was extremely consistent between subjects (as indicated by
the small error bars).

All curves shown are relatively flat for TI < TI1, indi-
cating consistent BS efficiency; a minimum is then
observed (referred to hereafter as “MT-dip”) approxi-
mately 300 ms after TIl for TIl = 1,400 ms and
TI1 = 1,000 ms and approximately 200 ms after TI1 for
TI1 = 500 ms. The observed changes are a direct result of
the changes in MO and T1 described in Figs. 2, 3 and
Table 1.
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Table 1 Relative values of Tlg, versus T1 for the three Q2TIPS schemes tested

GMr_sll1 GMI_sl11 GMr_sl17 WMr_sll1 WMr_sl16 MCATr_sl8
Tlga3/T1 0.79 £+ 0.01 0.79 + 0.01 0.82 4+ 0.02 0.74 + 0.01 0.75 +£ 0.01 0.87 + 0.03
Tlga1o/T1 0.74 + 0.01 0.74 + 0.01 0.77 + 0.04 0.68 + 0.01 0.70 £+ 0.01 0.79 + 0.04
Tlga1/T1 0.65 + 0.01 0.64 + 0.01 0.70 £+ 0.04 0.56 + 0.01 0.58 + 0.01 0.70 + 0.04

Satl/1 is the original scheme. In Sat1/2 only every other RF pulse is played out. In Satl/3 only every third RF pulse has non-zero amplitude

o T T o S
T1 Sat1/2 T1 Sat1/1

s

Fig. 3 T1 and Tlg, maps of 4 representative slices for one of the
subjects in 4 columns: a no Q2TIPS; b Satl/l, ¢ Satl/2, d Satl/3
bolus truncation schemes

From the measured data points and taking the first one
(TT = 300 ms) as reference, in the MT-dip the GM (WM)
signal is reduced by 8% (25%) for TI1 = 1,400 ms (b), by
10% (23%) for TI1 = 1,000 ms (c), and by 10% (17%) for
TI1 = 500 ms (d). The signal intensity of the longest TI
(2,700 ms) is above the reference signal in all cases and the
maximum signal occurring over all TI values is for GM
(WM) 51% (61%) greater than the reference for TIl =
1,400 ms (b), 43% (54%) greater for TI1 = 1,000 ms (c),
and 27% (36%) greater for TI1 = 500 ms (d). In com-
parison, when no Q2TIPS is used, GM decreases negligibly

@ Springer

with TI (2% decrease at TI = 700 ms vs. TI = 300 ms)
and then increases slightly (+16% at TT = 2,700 ms). WM
decreases very slightly with TI (—5% at TT = 900 ms vs.
TI = 300 ms) and then increases slowly not quite reaching
its initial value.

Effect of Q2TIPS density on static tissue signal

The effect of reducing the density of the Q2TIPS pulses
(or, equivalently, their inter-pulse interval) can be appre-
ciated from Fig. 4d—f. For TI1 = 500 ms we can compare
(d) the standard (Satl/1) Q2TIPS scheme, (e) the Satl/2
Q2TIPS scheme, and (f) the Sat1/3 Q2TIPS scheme. It is
apparent that as the number of pulses per unit time is
reduced, the MT-dip becomes shallower and the sub-
sequent overshoot is reduced. Quantitatively, with refer-
ence to the TI = 300 ms signal, the measured GM dips are
9.8, 6.4, and 5.4% lower and the maxima 26.7, 19.2, and
14.2% higher, respectively, for Satl/1, Satl/2 and Satl/3.
For WM we have —39.1, —34.4, and —33.8% (dips) and
36.1, 24.3, and 17.5% (maxima).

Perfusion signal with the different Q2TIPS schemes

Figure 5 shows the AM/MO data (average for the 5 subjects
with SD in error bars) for the 2 ROIs used in Fig. 4. The grey
line corresponds to the acquisition without Q2TIPS
(NoQ2TIPS); data for TI1 = 1,400 and 1,000 ms are shown
in cyan and green respectively; data for TI1 = 500 ms and
the 3 different Q2TIPS schemes are in red (Satl/1), orange
(Satl/2), and blue (Satl/3); the data with the full density
Q2TIPS pulses but no gradients are in pink (NoGrads).
Visual inspection of the GM plots reveals two distinct time-
courses: when Q2TIPS is used and TI1 = 500 ms the curves
appear similar (irrespective of the pulse-train density). Their
time-course is markedly different from the time-course of
data without Q2TIPS. The averaged NoQ2TIPS and the
NoGrads datasets in which Q2TIPS pulses were played out
without the appropriate slice selection gradients appear
similar. The data with Q2TIPS and TI1 = 1,000 ms or
1,400 ms are also little different from the NoQ2TIPS dataset
indicating that for these TI values most of the bolus has
already entered the imaging slab. Some small differences
between some of the GM curve means seem to be present
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(a) NoQ2TIPS (b) T11=1400 (c) T11=1000
0414 ¢« WM — simwm 0414 © WM — simwm 0.41- © WM — simwm ) I g
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0.06 4 . 0.061 0.06 ¢
0.05 - 0.05 0.05
500 1000 1500 2000 2500 500 1000 1500 2000 2500 500 1000 1500 2000 2500
T (ms) Tl (ms) Tl (ms)
(d) TI1=500, Sat1/1 Q2TIPS (e) TI1=500, Sat1/2 Q2TIPS (f) T11=500, Sat1/3 Q2TIPS
0.41 4 ¢ WM — simWM 0414 ¢ WM —simwWM 041 4 ¢ WM —simwM
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0.10 0.10 A 0.10 -
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Fig. 4 Measured and predicted (sim) ROI signal intensities norma-
lised by MO as a function of TI for: a No Q2TIPS; b—d the standard
(Sat1/1) Q2TIPS scheme with b TI1 = 1,400 ms, ¢ TI1 = 1,000 ms,
d TII =500 ms; e, f TIl = 500 ms and: e the Satl/2 Q2TIPS

NoGrads NoQ2TIPS TI1=1400ms
(a) wm
0.0015 - [ 11
g 0.0010
" -
3 0.0005 |
0.0000 |
5[':!0 1CII{}0 1 sbo ZUI(JO 2\‘)'{}0
Tl (ms)

Fig. 5 AM/MO data (mean for 5 subjects) for ROl GMry;; of Fig. 2
and ROI WMry) ¢ of Fig. 2 (the same ROIs used in Fig. 4) with error
bars representing standard deviations. Grey, data without Q2TIPS
(NoQ2TIPS); Cyan, Q2TIPS and TIl = 1,400 ms; green, Q2TIPS

(e.g. for GM the Satl/1 curve increasing slightly earlier
than the Satl/3 curve and the NoGrads curve appearing
slightly lower than the NoQ2TIPS curve); however, the
between-subject differences in each AM curve were such
that no significant differences between the curves were
detectable.

Figure 6 shows AM data for the 9 runs from the single-
subject reproducibility study for the GMrg;; ROI of Fig. 2
(red: Satl/1; blue: Satl/3) (subject I). In (b) the means
(with SD in error bars) over the multiple runs are plotted
separately for the different Q2TIPS schemes. The initial
section of the curves for both schemes strongly overlap,
whereas at longer TI values the Satl/1 curve is lower than

scheme; f the Sat1/3 Q2TIPS scheme. Averages for 5 subjects of the
data measured (diamonds and circles) and simulated (solid thick
lines) are shown for GM (pink, GMryg); of Fig. 2) and WM (green,
WMry 6 of Fig. 2) ROIs

TI1=1000ms — Sat1/3 Sat1/2 ----- Sat1/1

2500

1500 2000

T (ms)

500 1000

and TI = 1,000 ms; red, orange, and blue are for TI1 = 500 ms and
the 3 different Q2TIPS schemes: Satl/1, Satl/2, Satl/3, respectively;
the pink lines labelled NoGrads were measured with Q2TIPS slab-
selection gradients turned off

the Satl/3 curve, reflecting the signal reduction caused by
the Q2TIPS-related MT effect. The asymmetric nature of
this effect results in the Satl/3 curve (blue) appearing
slightly wider than the Satl/1 curve (red). The curves from
subject II had the same characteristics (data not shown).

Perfusion parameter estimates with the different
Q2TIPS schemes

The perfusion parameters estimates from FSL-BASIL are
reported for 2 subjects on the 6 ROIs shown in Fig. 7.
Values in Tables 2a and 3a are for the simplest model with
fixed bolus duration; values in Tables 2b and 3b are for the
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Fig. 6 AM data for the separate (a) GM, runs
runs of the reproducibility study

for a GM ROI equivalent to 16 1 S
GMry);; (also used in Figs. 4, 5)

for the original Q2TIPS scheme =

Satl/1 (red, dashed) and the 3 i

Sat1/3 scheme (blue, continuous

lines) in a. In b the means for id

the multiple runs from each

Q2TIPS approach are plotted 0-

with error bars representing

(b) GM, mean
16
- Sat 11
1] Sat13
2 s
4_
0 .

standard deviations. Red Sat 5{}[} 10I00

1/1; blue Sat1/3

model which includes fitting of 7. Reproducibility across
the multiple repeats was satisfactory. Using the simpler
2-parameter model, averaging over the 6 ROIs and the 2
subjects, the mean (+SD) CoVs were 5 £ 2 and 6 £ 1%
for rCBF and 4 £+ 2 and 3 £ 1% for BAT for Satl/1 and
Sat1/3 Q2TIPS schemes respectively (Tables 2a, 3a). For
the model involving fitting of t the CoV were 7 + 4 and
10 £ 4% for rCBF, 4 £ 2 and 4 &+ 1% for BAT and 6 + 3
and 8 & 4% for 7 (Satl/1 and Satl/3 Q2TIPS schemes
respectively) (Tables 2b, 3b).

On visual inspection of percentage change maps of
perfusion parameter estimates (not shown), the most con-
sistent observation is that for both subjects the Satl/3
scheme gives rCBF estimates larger than the Sat1/1 scheme
almost everywhere across the brain for the 2-parameter
model. For the 3-parameter model, in a few areas, espe-
cially the inferior parietal and temporal lobes, this increase

Fig. 7 The 6 ROIs used to evaluate perfusion parameters extracted
from data acquired with Satl/l1 and Satl/3 Q2TIPS schemes are
shown superimposed on a mean rCBF map calculated with FSL-
BASIL in coronal and axial views for Subject I. ROIs for Subject II
were analogous

@ Springer
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is not as consistent. For subject I, for the 2-parameter fit,
BAT appears slightly prolonged, and for the 3-parameter fit
there is an indication of increased t in some temporal and
parietal regions.

In Tables 2 and 3 the #-test (unpaired, 1 tailed, unequal
variance) P-values are denoted by an asterisk when
P < 0.05. When using the 2-parameter model, significant
differences between rCBF estimated for the two Q2TIPS
schemes were observed for all ROIs, with the Sat 1/3
scheme resulting in a higher estimated rCBF (range
6—15%, mean difference 10 &= 2% (Subject I) or range
8—11%, mean difference 10 £ 1% (subject II)). For subject
I the BAT values also appear significantly higher in 3 ROIs
for the Sat 1/3 Q2TIPS scheme (overall range 2—7%, mean
difference 3.5 & 2.0%) whereas no large or statistically
significant difference appears for subject II.

When 7 is explicitly fitted within the model some of the
differences in rCBF lose their significance: all occipital
rCBF differences remain significant (approximately 12%
for both subjects); subject II also retains differences in the
frontal ROIs, 13.6 (left, P = 0.03) and 12.3% (right, trend:
P = 0.057). The BAT differences for subject I also lose
their significance (overall range —2 to 3%, mean difference
1.6 £ 2.0%) when 7 is fitted; in 2 ROIs of subject I (right
frontal and parietal) the significant differences previously
seen in rCBF appear to shift to 7 (mean subject I 7 is
540 + 60 ms for Satl/1 and 570 & 40 ms for Satl/3,
whereas the “ideal” t (user defined TI1) is 500 ms); pre-
sumably, in these cases, once 7 is allowed to vary (and be
fitted), the Satl/3 time-courses fit better with a 7 value
longer than TI1, whereas CBF and BAT become more
similar to their Satl/1 value. These ROI results seem to be
representative of the findings over the whole brain.

Modification of the BS scheme taking into account
MT effects

Figure 8 shows simulated examples of dip-plus-overshoot
for GM and WM resulting from Q2TIPS-related MT
reduction in T1 and MO (red curves; see caption for ROI
relaxation times used). This deterioration of the BS scheme
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can be avoided by calculating for TI > TI1 some ad-hoc
shifts in the positions (fgs; and fgs;) of the BS pulses that
take into account MT effects (blue curves). Table 4 shows
for each TI > TII the original #gg; and fgg, and the new
positions that simultaneously stabilise the signals of GM
and WM in Flg 8: tgs1 + digs; and tggr + dfgso.

Discussion

The data presented here clearly demonstrate an issue related to
the application of Q2TIPS that, as far as the authors are aware,
has not been previously discussed in the ASL literature.

The saturation pulse train necessary for Q2TIPS is
equivalent, for both tissue and blood in the imaging slab, to
the off-resonance pulses used to generate contrast in
magnetisation transfer MRI. This MT effect increases with
amplitude and density of the Q2TIPS pulses.

The first consequence of the Q2TIPS-related MT effect
is that for long inversion times when TI > TI1 (i.e. after
the Q2TIPS pulse train has started) the apparent T1 and MO
of tissue decrease (we have called these Tlg, and MOg,,).
Such an effect can be clearly seen in Table 1, the bar-plots
of Fig. 2, and the T1 and Tlg, maps in Fig. 3: the greater
the pulse density, the greater the MT effect, and, hence, the
greater the reduction in T1 and MO.

The position of the BS inversion pulses is optimised for
a specific pair of T1 values, typically corresponding to WM
and GM T1, and effective static tissue suppression is based
on the assumption that MO and T1 remain stationary over
the interval (TI) between the labelling pulse and the
readout. The reduction in Tl and MO thus leads to a
reduced efficacy of the background-suppression scheme,
and the observed signal behaviour of the ASL base images
(Ss and Ns) can be explained by this MT-induced T1-
shortening.

(a) - WM
180 4 —— WMoptBS -

1500 2000 2500

Tl (ms)

500 1000

Fig. 8 Simulation data showing that it is possible to modify the BS
scheme to take into account MT effects. When the conventional
2-inversion pulses BS scheme is used, Q2TIPS-related MT-induced
reductions in T1 and MO produce an “MT-dip” plus overshoot (red).
If the position of BS pulses (fgs; and tgs;) are adjusted to account for
MT effects the static tissue signal intensity can be stabilised even at
TI > TI1 for WM and GM simultaneously (blue, “optBS” labels).

We have shown (Figs. 1a, 4a) that when Q2TIPS is not
used, WM intensity in background tissue is approximately
stable whereas GM increases only slightly for the longer TI
values.

When the Q2TIPS module is introduced there is a signal
intensity “dip” occurring 200-300 ms post TI1, followed
by an increase for all tissues types (Figs. 1b, 4b—d).

The main problem with the reduced efficacy of the BS
of the static signal is that the relatively small perfusion
signal difference (AM) becomes less precise as it is more
affected by physiological noise in the tissue signal plus
potential subject motion. Moreover, this happens exactly
for intermediate to long TI values, which is when most of
the perfusion signal appears.

We have measured an increase of up to ~27 (GM ROI)
and 36% (WM ROI) in the background signal for the
longest TI here employed. Any non-perfusion-related
change in tissue signal will thus be amplified by these
factors and the resulting temporal stability will corre-
spondingly decrease [9].

The MT-dip produced by the Q2TIPS pulses can be
easily modelled by using a simple saturation-plus-double-
inversion-recovery simulation using the measured MO, T1,
MOs,, and Tlg,, and the simulations are in good qualita-
tive agreement with the measured data. There is a
remaining small discrepancy between simulated and real
data, mostly in the intermediate TI values for WM and the
longest TI for GM; this is likely to be because the simu-
lation neglected flow effects and assumed that all pulses
were instantaneous. The effect of reducing the efficiency of
the inversion pulses was investigated, but the differences
between the results were negligible; this is because reduced
efficiency of the 1st inversion pulse leads to higher mag-
netisation before the 2nd inversion pulse and this extra
magnetization is lost almost entirely because of the reduced
efficiency of this 2nd pulse (data not shown).

(b) ~-e- GM L=
180 1 —=— GMoptBS .
).'
P 160 - 7
E) ey
£ 1401 . ¥
[ 3 H
= ot
120 - »
100 -
500 1000 1500 2000 2500
Tl (ms)

a WM: MO = 1,609, MOg, = 0.492-MO, T1 = 1,011 ms, Tlg, =
0.584-T1; b GM: MO = 2,303, MOg,, = 0.576-M0, T1 = 1,464 ms,
Tlga = 0.643-T1. TI1 was 1,400 ms and tgg; and tgs, were only
modified for TI > TI1. The original timing fgs; and fgsy, and the
optimised timings fgs; + dfgs; and fgs, + drps, used for each TI are
listed in Table 4
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Table 4 Optimised inversion pulses timings for adjusted BS scheme
enabling compensation of MT effects

TI IBs1 Bs2 fgs1 + dfgsi Ipsy + dipsy
1,500 500 1,159 430 1,107
1,700 599 1,339 471 1,247
1,900 705 1,521 625 1,467
2,100 818 1,705 812 1,711
2,300 937 1,891 961 1,919
2,500 1,064 2,079 1,096 2,113
2,700 1,197 2,268 1,237 2,304

TI1 = 1,400 ms, so only data for TI > TI1 are shown. g5 and tgg;
are the calculated positions of the 2 BS inversion pulses at each TI
according to Ref. [14]; tgs; + dfgs; and tpsy + dfgs, represent the
new positions necessary to simultaneously stabilise signals of GM and
WM (assuming relaxation times defined in the caption of Fig. 8) once
Q2TIPS-related MT effects are accounted for. All values are in ms

To further verify that the observed change in T1 and MO
is caused by MT, we collected a dataset in which Q2TIPS
was applied with no slice selection gradients: the T1 and
MO reduction was exactly the same as for the correct
Q2TIPS implementation (within 2% for T1 and 3% for
MO) demonstrating that the MT associated with the
NoGrads experiment is the same as for the experiment with
Q2TIPS (data not shown).

We have artificially modulated the Q2TIPS-related MT
effect by reducing the density of RF pulses in the Q2TIPS
pulse train by a factor of 2 and 3. In our experimental
setting this could be done while keeping the cut-off
velocity above 93 cm/s, thus ensuring the trailing end of
the bolus is still efficiently truncated. For instance, for the
main GM ROI analysed, the T1 reduction was 35% for
the original Satl/1 scheme, 26% for Satl/2, and 21% for
Sat1/3; the corresponding MO reductions were 42, 30, and
24% respectively (Table 1). As a consequence, comparing
Fig. 4d and f we can see that the amplitude of the MT-dip
and the subsequent overshoot for the Ss data are substan-
tially reduced when using the Satl/3 scheme.

Additionally, to reduce the overall power of the Q2TIPS
pulse train it is possible to reduce its duration by ending it
at a time TI1g, sometime before TI (TI1 < Tllg, < TI) as
described elsewhere [3, 21].

It has been demonstrated through simulations that the
MT-dip in the background tissue signal can be avoided and
a stationary Ss or Ns signal can be maintained: this is
possible by re-adjusting the position of the BS pulses
according to the measured Q2TIPS-induced MT effect on
MO and T1 for both GM and WM (Fig. 8). The BS scheme
used here was optimised for tissues with T1 values in the
ratio 2:1, because in this case a simple analytical expres-
sion for the position of the inversion pulses can be found
[14]. The T1 values of GM and WM at 3T have a ratio

@ Springer

closer to 1.5:1 and we explored with simulations the effect
of optimising the BS scheme for this ratio. Although the
stability of the simulated WM signal at long TI values
improves slightly, there is no qualitative or appreciable
quantitative change in the signal behaviour and description
of the Q2TIPS-induced MT effect.

It is, however, also important to keep in mind that while
the background tissue signal level at the time of the exci-
tation pulses (and thus the sensitivity to undesired temporal
instabilities of the ASL sequence) can be maintained con-
stant by shifting the BS pulses, the actual MT effect in
tissue and blood (and the consequences on perfusion
quantification) is not affected by the position of the BS
pulses.

We have fully modelled the MT effect of the Q2TIPS
pulses on the background tissue signal. However, perfused
tissue and labelled blood will also be affected; this will
affect the actual perfusion signal and consequently CBF
estimation. This effect is more complex to model, because
the tagged blood spins (characterised by MOpjo0q, MOSI?,
T1°°° T189°%) can exchange with tissue spins (MO,
MOg,, T1, Tlg,) at different times relative to the FAIR
inversion pulse, and these timings depend on brain region.
However, it is important to note that the MT effect in blood
is less significant than in tissue [22, 23].

It would be possible to measure the MT effect on blood
with methods such as those described elsewhere [24, 25]
and then fit for a variable exchange time between blood and
tissue when modelling the signal behaviour, e.g. by an
extension of Buxton model [7]. Signal-to-noise issues may
complicate this modelling with real data, but this avenue
remains to be explored in the future.

To quantify how the Q2TIPS-related MT effect affected
the perfusion (AM) signal in our set up, the data shown in
Fig. 5 could be used (comparing the AM signals from the
NoGrads vs. No Q2TIPS acquisitions or the 3 Q2TIPS
schemes). However, it was soon evident that relatively
large between-subject differences (due to individual anat-
omy differences) prevented such analysis.

Therefore a preliminary assessment of how much the
Q2TIPS-related MT effect can affect the perfusion signal
and CBF quantification was carried out using data collected
for 2 subjects for which several acquisitions using different
saturation schemes were alternated in rapid succession.
Analysis using the Buxton model [7] as implemented in
FSL-BASIL [20] showed that calculated rCBF values were
underestimated by up to 15% in the MT-“heavy” acqui-
sition versus the lighter-MT acquisition (and would most
likely be greater if it were possible to measure CBF in
complete absence of MT effects).

Moreover, the way the ASL signal is modelled had a
significant effect on the result and the magnitude of the
resulting error. Using a simple 2-parameter fit (assuming
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the experimentally defined bolus duration T = TIl), MT-
related rCBF reduction was observed for most of the brain
and was statistically significant in all ROIs for both
subjects.

When the bolus duration t was also fitted, in some brain
regions these rCBF differences decreased. For one of the
subjects, an estimated t significantly increased for the
acquisition with the fewest saturation pulses was observed
for 2 out of 6 ROIs.

One explanation for this estimated t increase in some
regions could be that the saturation scheme with reduced
density of Q2TIPS pulses was not as efficient in saturating
the bolus as the higher-density scheme. The -cut-off
velocity calculations for our Q2TIPS schemes would
indicate this is a small effect; the possibility of a contri-
bution of reduced bolus-truncation efficiency to the signal
differences here presented cannot, however, be completely
excluded.

The observed decrease in AM and reduction in estimated
rCBF here attributed to MT is consistent with what would
be described by the Buxton model (equation 2 in Ref. [7])
assuming that once water reaches a voxel and exchanges
into the tissue the magnetisation decays with a reduced
Tlsat rather than the original tissue T1; this is true even
when neglecting MT effects in blood and without assuming
that the tagged water exchanges immediately into the tissue
(the common assumption of exchange time, Tex = 0;
larger Tex means the effect starts to appear later).

The simple 2-parameter fit, not taking into account the
demonstrated MT-induced decrease in tissue T1 and MO,
results in a model that is slightly inaccurate, leading to a
reduction of estimated rCBF (and, in one of the subjects,
BAT).

The decrease in 7 in some ROIs can also be similarly
explained. When 7 is allowed to change in the 3-parameter
fit (still not taking into account MT effects) it is natural that
some of the discrepancy between the model and the data
may be absorbed by 7, especially because, although chan-
ges in T1 and t appear clearly different on noiseless
numerical simulations, their effects may be hard to dis-
tinguish in low-SNR in-vivo data.

Tissue T1 can also be fitted within FSL-BASIL. How-
ever for the purposes of this paper it was more appropriate
to assume a fixed T1, use the simplest models conven-
tionally employed, and observe the resulting effect on
estimated rCBF.

As mentioned above, the perfusion model should be
more substantially modified to account for the observed
changes in tissue T1 and measured or estimated changes in
blood T1 should help recover an estimate or rCBF unaf-
fected by Q2TIPS-induced MT effect.

Although our analysis was performed on multi-TT ASL,
the same observations are valid for any single-TT ASL

protocol, with the additional issue that there are many more
assumptions that are made to achieve a quantitative CBF
estimation and the full kinetic model cannot be fitted to the
data. It is thus expected that for single-TI acquisitions
the bias introduced by the MT effect would depend on the
chosen values of TI and TI1 and could be even greater than
shown here.

Conclusions

We have demonstrated for the first time that Q2TIPS pulses
have a significant MT effect which reduces tissue T1 and
MO. One consequence of this is a reduced BS efficiency for
the ASL sequence. However the BS scheme can be re-
optimised by taking into account these MT-related T1 and
MO changes. In addition, rCBF estimates made using
standard models which do not account for this Q2TIPS-
related MT effect can be significantly reduced. We have
shown that one way to minimise the MT effect is by
reducing the density of the Q2TIPS pulse train.

It is recommended that MT effects of Q2TIPS pulse
trains are characterised and CBF quantification models
modified accordingly.
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