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Abstract

A magnetization-preparation scheme is described that combines the spin-echo and inversion-recovery (SEIR) to select spins based
on both T and T characteristics. The inclusion of T, weighting allows for greater relative suppression of some tissues with respect to
others, depending on their respective relaxation times, than does inversion-recovery alone. Formulae describing the observed mag-
netization following SEIR and double-SEIR (DSEIR) are presented with the corresponding formulae for inversion-recovery (IR) and
double-IR (DIR). The formulae are validated with experimental studies on MnCl, solutions and compared numerically for a variety
of possible applications. Results indicate that DSEIR may yield 2x or more signal than DIR in some potential applications.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Various pulse sequences exist to selectively prepare
magnetization as a function of either 77 or 7, relaxation
times. Methods based on 7T} have been derived from
inversion-recovery (IR) preparations with an appropri-
ate IR delay (#;) such that spins with a particular T value
are saturated. A natural extension of IR for filtering sig-
nal of more than one 77 value is multiple inversion recov-
ery (MIR). With MIR, for every N IR periods, a solution
of N t;s exists that will eliminate longitudinal magnetiza-
tion of spins with N different 7' times. This method was
originally proposed for suppressing background signal in
angiograms [1] and has since been used in a variety of
applications, including selectively imaging grey or white
matter in brain [2,3] and lung parenchyma [4,5]. The
drawback of MIR is the concomitant loss of desired sig-
nal. For example, Mai et al. [4] quote an 85% reduction
of signal from lung parenchyma when double-IR (DIR)
was used to suppress signal from surrounding muscle
and fat. Similarly, if DIR were used to image only mye-
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lin-associated water from nerve or white matter, as sug-
gested recently [6], the myelin—water signal would be
reduced by approximately 90%. While Mai et al. still
found an increase in contrast-to-noise using DIR, there
is no doubt that reducing the suppression of desired sig-
nal would significantly increase the efficacy and utility of
MIR. In some cases, this may be possible by combining
the periods of T>-weighting in the MIR pulse sequence.
Brittain et al. [7] combined spin-echo periods with an
inversion-recovery period to create a flow-independent
angiography sequence. Similarly, Wong et al. [8] used
the combination of spin-echo and inversion-recovery to
allow for shorter repetition time (TR) periods in CSF-at-
tenuated imaging of the brain. Herein, the incorporation
of spin-echo periods into one or more inversion-recovery
periods is considered in general as a means of selective
signal suppression based on 77 and 7, values.

2. Theory

Consider the simplest scenario, where it is desired to
observe one tissue or spin-pool in the absence of another
another. Define two spin pools, a and b, assign them
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Fig. 1. (A) Diagram of an inversion-recovery pulse sequence and (B)
the magnitude of the observed magnetization of spin-pool @ when the
inversion-recovery sequence is used to null magnetization from pool b,
plotted versus the ratio of longitudinal relaxation rates from pools a
and b.

relaxation rates, R{, Rj, and R’l’, Rg, respectively, and
assume an infinite repetition time between acquisitions
(for finite TR, see Footnotes 1 and 2). To null longitudi-
nal magnetization from pool b, M?, a simple IR prepa-
ration, with inversion time ¢ = log(2)/R} can be used
(Fig. 1A). (NB, log refers to the natural logarithm.)
The effect of the IR preparation on M? is then easily
found to be

MZ[R|M§:0 = M;(1 — 2exp(— log(Z)R‘f/le))
= M(1 -2 27RiR), (1)

Fig. 1B shows the magnitude of M¢ as a function of the
ratio RY/R? and it is clear that IR-preparation works
best when this ratio is significantly greater or lesser than
unity. Now consider the preparation sequence shown in
Fig. 2A, in which a spin-echo (SE) period precedes the
IR period (which is thus named the SEIR sequence).
In this sequence, the T>-weighting that results from the
spin-echo period results in a different initial condition
for the period of longitudinal recovery. Thus, the longi-
tudinal magnetization as a function of the ¢, and ¢; is!

M. (te,1;) = Mo[l — (1 + exp(—t.R)) exp(—t:R1)].  (2)

In this way, a combination of 7, and T} weighting can
be used to prepare magnetization from one pool in the
absence of the other. To null M? with SEIR, the timings
must be

! If the delay prior to the first 90° pulse (z4) in Fig. 2A is not many
times longer than 7, then Eq. (2) becomes M.(t.,t;) = M,
[1 — ({1 — exp(—taRy)] exp(—1.Rz) + 1) exp(—1;R)].

Fig. 2. Diagrams of the (A) spin-echo inversion-recovery and (B)
double spin-echo inversion-recovery pulse sequences.

(. = log[1 + E')/R), 3)
where

E? = exp(—t,R}).

The effect of this on M? is then

Misomlus—o = M5(1 = (1 +E2) - (1+E)N) (@)

where E¢ is defined similarly to E? in Eq. (3). When the
ratio of longitudinal relaxation rates is near unity,
Mg lye—o 18 approximately equal to 1 — (1 +E%)/
(1 + ES). Therefore, at the appropriate ¢, value, M*
approaches +0.5 when R5/R;>1 and —1.0 when
R/R5 < 1. For a given R{/R? ratio and particular R§
and R} values, the 7, value and corresponding #; that
returns the greatest M? magnitude while returning
M" =0 can be determined numerically.

To null multiple R; components, the extension of
SEIR to double or, in general, multiple SEIR periods
is straightforward, much like the extension from IR to
MIR. Similar to MIR, with more than one SEIR peri-
ods, it is not possible to define closed-form solution
for pulse sequence timings necessary to null multiple
spin pools. Consider a double SEIR (DSEIR) pulse se-
quence shown in Fig. 2B: the spin-echo periods, 7,
and t,,, will modulate the initial conditions of the longi-
tudinal recovery periods, #;; and ¢,. The longitudinal
magnetization of a given spin pool resulting from this
pulse sequence is’

2 If the delay prior to the first 90° pulse (4) in Fig. 2B is not many
times longer than 7, then Eq. (5) becomes M_.(t.y, t.s, ti1,
tn) = My(1 — Ep — EpEp+ EpEpEn + EpEy Ej[l — E4lE,), where
Eq=exp(—t4Ry).
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M (te,ter, ti, tn) = Mo(l — Ep — EpEe, + EnEnEy
+ Ei2E92Ei1EeZ)7 (5)

where E,; = exp(—1t.,R,) and Ej = exp(—1;R,). Note
that if 7,; = t,, = 0, this reduces to the known formula
for a DIR sequence

M. (tq,tn) = Mo(1 —2E + 2ExEy). (6)

For a given set of three R; and R, values, the parameters
{t.1, ter, ti, tp} in Eq. (5) can be optimized numerically
to maximize M. from one component subject to the con-
straint that M. from each of the other two components
is less than some prescribed amount. Note that although
there are four free parameters, it is not generally possible
to saturate M. of any four R; components (excepting the
trivial solution where 7., > T, is sufficiently long and
tp, =0). Like MIR, the number of components that
can, in general, be saturated is equal to the number of
IR periods, not the total number of free parameters in
the preparation.

3. Methods
3.1. Experimental

To validate the formulae presented above, DIR-
and DSEIR-prepared MRI experiments were per-
formed on a phantom of three water-filled tubes,
each doped with a different concentration of MnCl,.
R, and R, estimates for each solution were known
from previous studies and are shown in Table 1.
These relaxation rates were used to determine optimal
timings for DIR and DSEIR for the selective excita-
tion of each of the three solutions in the absence of
the other two, which are also shown in Table 1.
(Note that bathing solution, surrounding the three
tubes—see Fig. 3—was not considered in the experi-
ment.) For DIR, #;; and ¢, values that result in zero
net magnetization from two of the solutions were
determined by numerical iteration. For the DSEIR,

Table 1

optimization is more numerically challenging because
an infinite number of timing combinations exist to
null any two solutions. Thus, timings were optimized
to maximize signal from the desired solution, while
allowing no more than 0.1% residual signal from
either of the other two solutions.

All phantom imaging was done using a standard
single-shot, spin-echo EPI pulse sequence, a 35 ms
TE, 5s TR, 50-60mm FOV, and a 200kHz BW. To
avoid slice profile effects for inversion and refocusing,
the slice thickness for the RF pulses was set to twice
that of the excitation pulse. Crusher gradients were in-
serted following inversions and surrounding refocusing
pulses to spoil signals from unwanted coherence
pathways.

3.2. Numerical

To explore some of the broader utility of incorporat-
ing 7T>-weighting into MIR preparation sequences, a ser-
ies of numerical studies was performed. For SIR and
SEIR, magnitudes of M¢|,,s_, depend only on the ratios
of relaxation rates involved. Thus, for ranges of R{/R}
and R$/RS between 0.1 and 10, M¢g|,»_, and
max {Mg g lyo_o,te} Were calculated and their magni-
tudes were corilpared. For DIR and DSEIR, no such
global description of their relative performance is possi-
ble, so four case scenarios were considered: (1) imaging
myelin water in the absence of intra- and extra-axonal
water; (2) imaging parenchymal lung water in absence
of muscle or fat; (3) distinguishing macromolecular
baseline signal (MM) from metabolites of interest (MI)
in proton spectroscopy; and (4) imaging white or gray
matter in the absence of the other and CSF. For each
of these cases, each unique spin pool was assigned longi-
tudinal and transverse relaxation rates estimated from
literature [9,10,4,11,6,12], shown in Table 2. Optimal
values of {t;1, t»} and {t.1, t.o, t;1, t»n} Were determined
for DIR and DSEIR preparations, respectively, and
the resulting signal fraction of the observed pool was
determined.

Relaxation rates, pulse sequence timings, and experimental observations relating to the MRI measurements of the 3-solution phantom

Ry (s Ry (57 DIR
timings

(ms)

Residual magnetization

DSEIR timings (ms) Residual magnetization

i1 tio

Predicted Observed M./M, t., e ti1 i

Predicted Observed M./ M,

(ms) (ms) M./M, (mean =4 SD) (ms) (ms) (ms) (ms) M,/M, (mean = SD)
Solution #1  3.66 (£0.19) 599 (£1.7) 874 246 0.221 0.228 £+ 0.006 46.6 23.7 640 166 0.337 0.354 £+ 0.006
Solution #2 2.13 (£0.03) 16.6 (£0.5) 718 169 0.093 0.092 £+ 0.001 49.6 237 417 46.7 0.155 0.157 £ 0.001
Solution #3 1.40 (£0.03) 9.06 (£0.6) 546 150 0.134 0.133 £ 0.001 53.1 23.6 215 329 0.198 0.200 £ 0.001

For each solution is shown its longitudinal and transverse relaxation rates, the DIR and DSEIR pulse sequence timings necessary to selectively excite
that solution in the absence of the other two, and the predicted and observed signal magnitudes normalized to the magnitude of the unprepared, spin-

echo signal.
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Fig. 3. The top image shows the spin-echo signal intensity for all three MnCl, solutions (labelled #1, #2, and #3, in correspondence to Table 1). Note
that the contrast between solutions in this frame results from the 7,-weighting of the spin-echo alone, as no magnetization preparation was employed
and the TR was relatively long. The rows of images in the middle and bottom of the frame show the same solutions following DIR and DSEIR
preparations, respectively. Preparations were designed to eliminate signal from solutions #2 and #3 in the leftmost images, #1 and #3 in the central
images, and #1 and #2 in the rightmost images. In all cases signal elimination was successful, but all DSEIR-prepared images show higher signal
magnitude from the remaining solution (as demonstrated numerically in Table 1).

Table 2

Observed magnetization magnitudes between DIR and DSEIR preparation pulse sequences for several scenarios

Ty, T, (ms) Optimal DSEIR timings M. (DIR) M. (DSEIR) Increase (%)
{te1, tn, Le2, 12 (mS)
Myelin/axon/extra-axon (@ 7 T, excised) (876, 17), (1540, 60), (2023, 170)  107.2, 1834, 19.3, 592 0.20 0.35 72
Myelin/axon/extra-axon (@ 4.7 T, in vivo) (940, 12), (1330, 33), (1845, 105)  64.7, 1509, 14.8, 45.2 0.10 0.24 132
Lung/fat/muscle (@1.5 T) (1300, 90), (250, 60), (930, 30) 82.8,56.1,0, 0 0.16 0.34 115
MI/MM/MM (@1.5T) (1000, 300), (250, 40), (150,15) 59.4,77.4, 19.6, 15.1 0.53 0.65 22
WM/GM/CSF (@3.0 T) (830, 80), (1330, 110), (4500, 2200) 285, 3487, 0, 568 0.23 0.25 10
WM/GM/CSF (@3.0 T) (830, 80), (1330, 110), (4500, 2200) 284, 3942, 0, 886 0.30 0.32 6

The tissue being selectively excited and whose magnitudes are presented is defined for each row with bold characters. M1, metabolites of interest;
MM, macromolecular baseline; WM, white matter; GM, grey matter; and CSF: cerebrospinal fluid.

4. Results and discussion

Experimental validation of the DSEIR pulse se-
quence is shown in Fig. 3 and Table 1. In Fig. 3, the
top image shows the unprepared spin-echo signal inten-
sity for all three MnCl, solutions (labelled #1, #2, and
#3, in correspondence to Table 1). The rows of images
in the middle and bottom of the frame show the same

solutions following DIR and DSEIR preparations,
respectively. Preparations were designed to selectively
excite signal from solution #1 in the leftmost images,
#2 in the central images, and #3 in the rightmost
images, using pulse sequence timings listed in Table
1. The predicted and observed values of normalized
signal magnitude from the selected solutions corre-
sponded quite closely: observed values of solutions 2
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and 3 deviated from the predicted values by less than
0.25% (of unprepared signal), while the observed value
for solution #1 was ~2% above the predicted value.
Similar results were found for the nulled signals (not
shown): solutions #2 and #3 were reduced to <0.8%
of their unprepared magnitudes in all cases, while solu-
tion #1 was reduced to 2.1 and 1.1% when selecting for
solutions #2 and #3, respectively. The deviations be-
tween predicted and observed values were most likely
due to a combination of image noise in the EPI acqui-
sition and an inaccurate 7 and/or 7T, estimate for
solution #1.

A more general evaluation of incorporating SE peri-
ods with IR periods for magnetization preparation is
shown in Fig. 4 and Table 2. The relative performance
of IR vs SEIR can be briefly summarized, because both
M g |yp—o and max{Mggg |y, 2} depend only on the
ratio of relaxation rates, R/R) and R$/RS. Fig. 4A

A IMzaSElF{" Mzh =9

B M, sl ~ Mg gl My, =0

Hk|a"H|b

1
RoaRop,

Fig. 4. Images describing the performance of the SEIR pulse sequence.
In (A) is shown magnitude of the observed magnetization of spin-pool
a when the SEIR sequence is used to null magnetization from pool b
and 7, has been chosen maximize signal from pool a. Data are
presented as a function of the ratios of longitudinal and transverse
relaxation rates between pools a and b. In (B) is shown the difference
between the data in (A) and the magnitude of the observed magne-
tization of spin-pool @ when the IR sequence is used to null
magnetization from pool b (as shown in Fig. 1B). That is, frame (B)
shows the domain of R{/R? and R$/RS, where SEIR offers an
advantage over IR.

shows the magnitude of M?pl,s_, With optimized z,
and as a function of R¢/R? and R}/R5. Although optimal
1, values change with absolute values of R§ and R}, the
magnitude of M? depends only on their ratio (and the
ratio of R;s). In Fig. 4B is the difference between the
magnitudes of M? g |,» _ o and max{M? g [46_¢, .} In
regions where this image shows zero difference, the opti-
mal 7, value for SEIR is zero, thereby reducing it to a
simple IR preparation. As apparent from the figure,
SEIR is generally advantageous when R¢/R? is near
unity and R4/R is not, which makes sense because IR
alone performs well when R¢/R? is far from unity (Fig.
1B). More specifically, SEIR offers greatest potential
when spins with relatively large R, values are being nul-
led (left side of Figs. 4A and B), but may be advanta-
geous in the converse circumstance as well.

For DIR (or MIR, in general) it is not possible to cre-
ate one image that demonstrates the relative effective-
ness of including SE periods into the pulse sequence.
Consequently, the efficacy of DIR is shown in Table 2
for several case scenarios. Table 2 shows the fraction
of signal measured using DIR and DSEIR in five exam-
ple tissue combinations. In each case, the tissue or tissue
compartment in bold is the component being measured,
while the other two components are eliminated or re-
duced to <0.1% equilibrium amplitude for the DIR
and DSEIR preparations, respectively. Also shown are
the optimal pulse sequence timings for the DSEIR pre-
parations. In Fig. 5 are images to accompany three of
the scenarios in Table 2, which show the response of
M, as a function of T} and T5.

Not surprisingly, the extent to which DSEIR can in-
crease signal is dependent on the specific relaxation
times involved. Substantial increases are seen in myelin
water and parenchymal lung water for DSEIR com-
pared to DIR. Using DSEIR to distinguish some metab-
olites of interest (with T,/7> = 1000/300 ms) from a
macromolecular baseline offers a modest advantage
(22%), and for distinguishing white or grey matter from
the each other and cerebrospinal fluid, DSEIR yields
less than a 10% signal increase.

It is worth noting that all four phases of the magne-
tization preparations are not always necessary. Selecting
parenchymal lung water while suppressing surrounding
fat and muscle can be achieved optimally with only a
single SEIR preparation, as apparent from the zero val-
ues of 7., and ;> in Table 2. In the lower middle image in
Fig. 5, it can be seen that both fat and muscle lie along a
single locus of suppressed signal in 77-T> space. It is
also apparent from Fig. 5 that the sensitivity of DSEIR
preparation to relaxation time estimates is similar to
that of DIR, but depends on both 7 and T, estimates,
rather than just 7). Thus, in some cases, DSEIR may be
relatively insensitive to the estimated 7' value of sup-
pressed components, but more sensitive to their 7,
estimates.
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Fig. 5. Performance of DIR and DSEIR magnetization preparation for three of the example scenarios shown in Table 2. Each image displays the
magnitude of M. on a log scale as a function of both 77 and 75,. As expected, the DIR preparations demonstrate sensitivity only to 7', while the
DSEIR preparations reveal a complex sensitivity to 7 and 75. Diamonds indicate the 77-7, values of each tissue component, as listed in Table 2.

5. Conclusion

Combining periods of spin-echo weighting with
inversion-recovery periods can significantly increase
the observed signal magnitude compared to inversion-
recovery preparation alone. This increased signal may
be of particular value when multiple inversion recovery
periods are used to null multiple specific 7} components
or a broad range of T values, although a determination
of efficacy must be performed numerically for each un-
ique situation. Also, unlike using inversion-recovery
alone, spin-echo inversion-recovery preparations require
a priori estimates of both T} and T values for each spin
pool, although the necessary accuracy of these estimates
will vary for each unique situation.
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