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During adiabatic excitation, the nuclear magnetization in the transverse plane is subject to T, (spin-spin)
relaxation, depending on the pulse length 7. Here, this property is exploited in a method of measuring T,
using the ratio of NMR signals acquired with short and long-duration self-refocusing adiabatic pulses,
without spin-echoes. This Dual-t method is implemented with B;-insensitive rotation (BIR-4) pulses. It
is validated theoretically with Bloch equation simulations independent of flip-angle, and experimentally

g(e?'word_s" ) . in phantoms. Dual-t T, measurements are most accurate at short T, where results agree with standard
Jé:;jfé;;?xamn spin-echo measures to within 10% for T, < 100 ms. Dual-t MRI performed with a long 0° BIR-4 pre-pulse

provides quantitative T, imaging of phantoms and the human foot while preserving desired contrast and

Adiabatic pulses N X ) N
functional properties of the rest of the MRI sequence. A single 0° BIR-4 pre-pulse can provide T, contrast-

Spin-lattice relaxation

MRI weighted MRI and serve as a “T,-prep” sequence with a lower B; requirement than prior approaches.

T; Finally, a Tri-t experiment is introduced in which both 7 and flip-angle are varied, enabling measurement

T, of T,, T and signal intensity in just three acquisitions if flip-angles are well-characterized. These new
methods can potentially save time and simplify relaxation measurements and/or contrast-weighted
NMR and MRI.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

The term adiabatic as applied to NMR excitation pulses refers to
frequency and/or amplitude modulated pulses whose effective B;-
field in the frame-of-reference rotating at the Larmor frequency
change sufficiently slowly such that the nuclear magnetization M
is able to follow it without inducing transitions[1,2]. Adiabatic
pulses are highly-valued for their insensitivity to RF and static
magnetic field (Bg) inhomogeneity over ranges determined by the
pulse duration 7, flip-angle 0, and transverse RF field (B;) ampli-
tude and frequency sweep [3]. The duration of the pulses is sup-
posed to be shorter than any relaxation processes-whence the
term, fast passage.

In the classic experiment, the frequency was swept linearly
through resonance [1,2]. Nowadays, adiabatic full-passage (AFP;
0=180°) and half passage (AHP; 0=90°) pulses with By(t)
amplitude/frequency-sweeps that vary as sin/cos, tan/tanh and
sech/tanh, offer far superior B;-performance [2-5]. The BIR-4
(B;-insensitive rotation) pulse, which combines four AHP segments,
has further extended adiabaticity to flip-angles that can be
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arbitrarily set anywhere in the range |0] <180° [6]. The BIR-4
flip-angle is set by means of two phase-jumps between the
segments, which can be phase-cycled to improve accuracy [7].

All of these adiabatic pulses, and especially the BIR-4 pulses, are
intrinsically longer than conventional hard pulses. To the extent
that the magnetization M evolves in the transverse plane during
the pulse, it is subject to transverse T, (spin-spin) decay, even
when the pulses are self-refocusing [3,8,9]. This dependence is
potentially exploitable for measuring T, or for enhancing T, con-
trast. To date, except for the use of spectral linewidths, T, has been
measured with NMR spin-echoes (SEs). The most accurate T, mea-
surements are derived from the Carr-Purcell-Meiboom-Gill
(CPMG) technique [10]. SEs are routinely used to provide critically
important T,-dependent contrast and T, measurements in clinical
diagnostic magnetic resonance imaging (MRI) [11].

Here we present a new approach for measuring T, in NMR and
MR, and for providing T, contrast in MRI, that does not use SEs. In-
stead, the T, dependence of adiabatic pulses is harnessed to mea-
sure T, by repeating the NMR or MRI acquisition sequence using
one or more different adiabatic pulse lengths 7. We introduce the
Dual-t method, which provides a T, measurement from the ratio
of NMR signals acquired with short- and long-duration adiabatic
pulses. This is analogous to the dual-angle method for measuring
the T; (spin-lattice) relaxation time from the ratio of signals ac-
quired with two BIR-4 pulse flip-angles. Indeed, addition of a third
acquisition permits the measurement of both T, and T; using a
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combination of different pulse lengths and flip-angles in the Tri-t
method, also introduced herein. Both the Dual-t and the Tri-t
methods are implemented with self-refocusing BIR-4 pulses and
validated by Bloch equation simulations, and by experimental
studies of phantoms whose T,s and T;s are measured by standard
CPMG, SE and partial saturation (PS) methods. The simulations
provide a look-up table or curve which is used to convert measured
signal ratios into T, values. T is determined from a formula anal-
ogous to that used for the dual-angle method [12].

Because adiabatic pulses are generally unsuitable for spatially-
selective excitation in MRI, implementation of the Dual-t method
in imaging is most easily accomplished by addition of a 0° BIR-4
pre-pulse to the conventional MRI sequence. Since a 0° pulse does
not otherwise affect the nuclear spin dynamics, other desirable
MRI contrast and functional properties built into the sequence that
follows the pre-pulse can be preserved. A single 0° BIR-4 pre-pulse
of length 7 can provide T>-contrast or T,-weighted MRI, as well as
“T,-prep” (Tp-preparation) MRI with a lower B; threshold than T,-
prep sequences employing AHP and AFP pulses [13]. Quantitative
Dual-t T, imaging can be performed by applying MRI sequences
with and without the 0° t pre-pulse. The Dual-t T, MRI method
is validated with studies of phantoms and the human foot by com-
parison with standard CPMG methods.

2. Theory
2.1. Dual-t T, measurements

The longitudinal and transverse magnetization with magni-
tudes denoted M, and M,,, are affected by both T; and T, relaxation
following a long adiabatic pulse [9]. At the end of an adiabatic
pulse with flip angle 0 (time 0%), M,(0") = cos 6M,(0")E; and
M,,(0") = sinOM,,(07)E}’, as compared to the start of the pulse
(time 0~). Here E, and E;” are longitudinal and transverse attenua-
tion factors, which are functions of 7, T,, B; and the maximum fre-
quency sweep, fmax Of the pulse, but not Ty, provided that 7 <« T;.
After self-refocusing at the end of the adiabatic pulse, the T, decay
can be written as E;’ = e7$"/T2, where g is a parameter reflecting the
fraction of time spent by the magnetization in the transverse plane
during the pulse.

If the residual transverse magnetization prior to time 0~ is
crushed [14], the steady-state magnetization after a sequence of
adiabatic pulses applied at a repetition period TR comparable to
T, is [9]:

(1 — Ey) cos 0E,

' (1 —Ey)sin0E)
1 —cos 9E;E1 ’

-
M;(07) = Mo 1 — cos OEE;

M,y (0") = Mo

(1)

where E; = e"™T1 and My is the equilibrium nuclear magnetization.
If 0=90°, the application of two such sequences with the same TR
but two different pulse durations 7; and t,, will produce steady-
state signals

M,y (T =11) = Mo(1 — E; )E;J{ and My (T = 72) = Mo(1 — E; )E;yz.
The ratio of these signals is:

oMz Ml EJES B}, o
Mxy(T = Tz) Mo(l —E; )Eg Eg Ep2

where Ep; and Ep, are the attenuation factors for the two pulses.
Here we have set E, = E, = E;” based on numerical analyses of the
Bloch equations with BIR-4 pulses of duration 7 < 40 ms, that shows
that the attenuation of the magnetization, Ep = |[M|/M,, is indepen-
dent of flip-angle at least up to 90° for 200 < T; < 1000 ms and

5 < T, < 200 ms. Eq. (2) shows that R is just a function of T, which
can be derived numerically from the known By and f;qx.

If 0 = 0°, as in the case of a sequence comprised of a 0° BIR-4 pre-
pulse followed by a short 90° readout pulse, My, is attenuated in a
similar fashion by E;. The signal following the read-out pulse if two
different-duration 0° BIR-4  pre-pulses are used is
M,Qf(r_: T1) = MOE(l —E )Ef,1 and I_VIXy('c =1T,y) = Mp(1 — El)EIZ,Z. Their
ratiois R = ﬁ = ﬁ the same as in Eq. (2).

2.2. Tri-t T, and T; measurements

When TR is short, the Dual-t method is limited to choices of
0 =90° (or a 0 = 0° BIR-4 pulse followed by a 90°) to cancel trouble-
some terms in Eq. (1). Incomplete cancellation can occur due to
pulse imperfections, incomplete dephasing of residual transverse
magnetization, and/or deviations in E, as TR approaches T,. Achiev-
ing perfect 90° pulses is often problematic for in vivo applications
such as MRI where the pulses are slice-selective and the RF fields
are seldom uniform across the slice. While increasing TR can alle-
viate this problem, long TRs generally reduce the signal-to-noise
(SNR) ratio per unit time and increase the scan time. These limita-
tions are overcome by adding a third acquisition to accommodate
both 0<90° pulses and short TRs. Importantly, the additional
acquisition can permit a simultaneous determination of both T
and T.

We call this the Tri-t method, in which: (1) a first signal S; is
acquired with a conventional short o RF excitation pulse without
adiabatic excitation; (2) a second signal S, is excited by a p adia-
batic pulse of duration 7,; and (3) a third signal Ss is excited by a
B adiabatic of length 75 = 27,. The three steady-state signals are:

1—E;)sina 1—Eq)Ep, sinf

S]:(

_(
(1 — E; cos o) Mo, 52 = (1 —E4Ep; cos ) Mo and
_ (1 —Eq)Ep3sinf
53 = (1 —EiEp;cos ) ° )

Using the same B; and fyq for both adiabatic pulses yields

E,=e¢YT2 Epy = Eﬁz, and Eq. (3) simplifies to a quadratic:

aE}, + bEp + ¢ =0, (4)

where a=S;sinpcospsina(S; —S,), b =S,S;sinocos o sin
—$,S5 sin® . cos B, and ¢ = S,S; sin’ o cos B — 5153 sinoccos arsin fB.

Choosing the root of Eq. (4) that falls in the interval (0,1) yields
the T, attenuation factor

—b+ Vb —4ac
Epz = 2 . (5)
a

Substitution of Eq. (5) into Eq. (3) yields the T; exponential de-

cay factor:

Sysino — Sy sin BEy,
(Szsinoccos f — Sy cosasin B)Ey,
Sssino — Sy sin BEp3

= (S3 sinocos f — Sy cos asin f)Ey3 (6)

E, =

This is basically the dual-angle equation [12] with an Ep,-atten-
uation correction. Thus, from Ep, and E;:

g1 _ TR
L=y ™ = gy @)

3. Material and methods
3.1. Numerical simulations

Simulations of the Bloch equations were performed using Mat-
lab (Mathworks, Natick, MA)[15]. The evolution of magnetization
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was simulated for proton ('H) relaxation at 3 T over the range
20<T,<200ms and 0.1s<T;<1s for BIR-4 pulses with
By =20 T, fnax = 15 kHz, and offset frequencies of +300 Hz, as used
in experiments. Pulses were defined at 5 ps intervals with lengths
varying from 1 < 7 < 40 ms, a practical range given limitations in
RF pulse power and power deposition. Adiabatic pulse flip-angles
were varied from 0 < 0 < 90°. The simulations were used to derive
the attenuation factors, E, and E; after long BIR-4 pulses, decay
parameter g, and the corresponding signal ratio R, as a function
of T, Ty, 7, and 0 in the Dual-t experiment.

Monte Carlo simulations were performed to evaluate the sensi-
tivity of Dual-t and Tri-t measurements, to noise. The standard
deviation (SD) of the noise was set at 2% of the signal strength
(SNR = 50) elicited by each pulse. The signals, their ratio R for the
Dual-t T, experiment, and the solutions to Eq. (7) for the Tri-t
experiment, were determined for 1000 simulations as a function
of T, up to 80ms in the Dual-t and Tri-t experiments, and
0.1s < T; < 1s for the Tri-t experiment. Note that T, measured
by the Dual-t experiment is unaffected by TR for perfect 0 = 90°
pulses.

The utility of a single 0° BIR-4 pre-pulse for providing T>-con-
trast, T,-weighting or T,-prep MRI was simulated for BIR-4 pulses
with 7 <45 ms, B; < 100 uT and offset frequencies <+800 Hz. Re-
sults were compared with the AHP/AFP T,-prep sequence of Ref.
[13].

3.2. Phantom preparation

Twelve phantoms with tissue-comparable relaxation times
were prepared with agarose (Type 1-A CAS 9012-36-3: Sigma
Chemical, St. Louis, MO, USA) and CuSO,4 (CAS 7758-99-8: Acros
organics, Geel, Belgium) in de-ionized distilled water. Both agarose
and CuSO,4 shorten the T; and T, of pure water. However, agarose
decreases T, more effectively than CuSO4, which more strongly af-
fects T;. The concentrations of CuSO,4 and agarose were adjusted
from 0.2 to 1.6 g/l and 10 to 110 g/l respectively, to provide phan-
toms with 10 ms<T,<130ms, and 0.15s<T;<1.0s [16]. The
ingredients were mixed in a beaker and heated in a microwave
oven to dissolve the agarose without introducing too many bub-
bles. The hot solutions were then sealed in 25 mm inner diameter
(ID) plastic tubes and allowed to cool and gel. Tubes were filled to
about 9 or 4 cm for the Dual-t and Tri-t experiments respectively.

3.3. NMR measurements

All NMR and MRI measurements were done on a 3 T Achieva
MRI scanner (Philips Healthcare, Best, The Netherlands) using the
standard transmit/receive birdcage head coil (maximum
By =20 uT). The gel phantoms were set in a plastic foam panel in
the center of the coil with long axes parallel to the z-axis. To facil-
itate T; and T, measurements, NMR data were acquired with one-
dimensional chemical shift imaging (1D CSI, 5 mm resolution;
acquisitions per frame, NEX = 1) from five aligned phantoms at a
time. In all measurements involving BIR-4 pulses, the flip angles
were calibrated at the pulse lengths being tested by determining
the phase-jump offset at which a 0° BIR-4 pulse produced near-
zero signal (<2%) [7], and then verifying that a 90° BIR-4 pulse with
the same offset yielded maximum fully-relaxed signal. Dual-t T,
was measured with two 90° BIR-4 pulses of lengths 7;=5ms
(fmax=12 kHz) and 7,=35ms (fiex=15kHz), the shortest TE
(1.8 ms) and TR=4s.

Reference T, and T; relaxation times were measured at 3 T using
standard SE and PS NMR methods, respectively. Individual SE data
was obtained using 1D CSI with eight different echo times (TE = 14,
30, 50, 75, 100, 150, 200, 300 ms). TR was set to 4.0 s to allow for
complete signal recovery. T; was measured using PS sequences

with TR = 0.25, 0.5, 1, and 3 s. Because relaxation times can change
slowly over time, these measurements were repeated whenever a
dual- or Tri-t study was done. The effect of offset frequency on T,
accuracy was tested separately in CSI experiments on five of the
short phantoms with T,s of 30-60ms at offset frequencies
of <300 Hz.

The CSI experiments yielded approximately five slices in the CSI
direction from each phantom. The free induction decays (FID) ac-
quired from the three middle slices in each phantom were fitted
using jMRUI software (available from www.mrui.uab.es)[17] to
determine the peak areas. These values were used to determine
the signal ratio at the two t values. Dual-t T, was then determined
from a look-up curve generated by the numerical analysis (see Sec-
tion 4). Reference T; and T, measurements obtained by conven-
tional SE and PS methods were determined from the same three
slices by fitting the data sets to {wexp(-TE/T,)} and
{u— vexp(-TR/T;)} with u, v and w constants. Mean reference
relaxation times from the phantoms used in the Dual-t studies
are listed in Table 1.

The Tri-t method was also validated in 1DCSI studies of
12x1.3cm ID and 4 x 2.5cm ID phantoms with 169 < T; <
890ms and 31<T,<129ms. We used 73=27,=20ms, and
TR =300 ms for all experiments. Shorter TRs were limited by RF
power restrictions. S; was acquired with a (non-adiabatic) 75 pus
hard pulse nominally set to o =15°. The flip-angle was 14° for
the short phantoms as determined from B; field profiles measured
separately, and 13.5° for the long phantoms. The B-pulse used to
acquire S, and S3 was a 60° BIR-4 pulse. The choice of the nominal
o =15°and p = 60° pair for the Tri-t experiments was based on the
dual-angle T, method [12].

3.4. MRI measurements

The BIR-4 pulse is unsuited to spatial localization. Thus for MRI
applications, either multi-dimensional phase-encoding must be
used (with generally unpalatable scan times), or the BIR-4 pulse
must be applied in conjunction with an additional spatial localiza-
tion pulse. We adopt the latter approach by adding a 0° BIR-4 pulse
before the slice-selective pulse in a standard gradient-echo (FFE)
MRI pulse sequence, as simulated.

Dual-t MRI was performed on the phantom set with a two-
dimensional (2D) FFE MRI sequence and 0° BIR-4 pulses with the
same T, fax and By used in the NMR experiments (acquisition ma-
trix, 152 x 154; field-of-view, FOV =97 x 10 x 230 mm?; slice
thickness = 10 mm; TR = 2 s; minimum TE = 2.5 ms). The delay be-
tween the BIR-4 and (1 ms) slice-selective pulses was 1.5 ms. Be-
cause the excitation pulse and inter-pulse delay are unchanged
in this Dual-t MRI experiment, the same curve from the numerical
analysis was used to obtain T>. The sequence timing diagram is
shown in Fig. 1. Reference T, values from conventional MRI were
obtained from the phantoms using a three-dimensional (3D) CPMG
sequence (32 echoes, TE step = 7.21 ms, TR = 461 ms, 2.5 ms excita-
tion pulse 1.5 ms after the BIR-4 pulse). T, was measured in images
by determining the ratio R on a pixel-by-pixel basis for the Dual-t
method, and by fitting the SE pixels to an exponential to obtain ref-
erence T, images. Pixel-average T, values within each phantom are
reported (means * standard deviation, SD). The consistency of T,
measured by SE 1D CSI and CPMG MRI was verified with measure-
ments on five additional phantoms with T, = 30-60 ms.

Human studies for this project were approved by the Johns
Hopkins Institutional Review Board. The foot was chosen based
on the expected short T,s of muscle and cartilage [18], for which
analysis showed the Dual-t method to be well-suited. A healthy
volunteer was positioned supine with the foot in the head coil,
and Dual-t T, MRI performed using two acquisitions of a coronal
3D FFE sequence, one employing a 0° BIR-4 pre-pulse (matrix size,
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Table 1
Phantoms with their relaxation times for the Dual-t T, NMR and MRI studies.

Dual-t phantoms

T, (ms) 110 97 65 65 52 44 35 28 18 13 106 67
T, (ms) 818 837 770 740 691 702 665 635 567 582 825 -
Tri-t phantoms

T, (ms) 101 30 49 33 129 30 32 315 38.1 37.6 59.2 57.7
T, (ms) 890 441 219 379 558 448 375 698 315 389 248 169

T, was measured by a 32-point CPMG method (TE stepped by 7.21 ms). T; was measured by PS (0.1 s < TR < 1.5 s). The signal within each phantom was first averaged then fit
to an exponential relaxation curve.

excitation
I

acquisition
1
1

e i

R

1 0° BIR4 pre pulse 1

)

Fig. 1. Timing diagram of a sequence employing one of 0° BIR-4 pre-pulses for the Dual-t MRI method. In MRI experiments TE was set to a minimum (4.8 ms), TR at 2's, and

the gap between the pre- and excitation-pulses was ~1.5 ms.

112 x 112; slice thickness =6 mm; FOV =42 x 100 x 100 mm?>,
TR=2s, TE =4.1 ms = minimum). Reference T, MRI of the foot
was performed with the 32-echo CPMG sequence (same matrix,
slice thickness and FOV as for Dual-t FFE; TE step =5.39 ms;
TR =625 ms). T, images and average T, values were calculated
the same way as in the phantom studies.

4. Results
4.1. Numerical analysis

The attenuation factor, E, as a function of T is plotted in Fig. 2
for four BIR-4 pulses of duration 5-35 ms. The curves all fit accu-
rately to the exponential E,(T) = exp (—0.81 7). In this case,
g=0.81. A side-effect of this result is that the T, attenuation from
a single long duration 1, adiabatic pulse is the same as that result-
ing from concatenation of n short 7, pulses of the same total dura-
tion 7,, except for an approximately n-fold increase in B; to achieve
adiabaticity. The result in Fig. 2 is also independent of flip-angle for
0° < 0 < 90° and for long TR, reflecting the fact that the BIR-4 flip-
angle is set by two opposite phase-jumps of duration much less
than 7, T> and T;. In the adiabatic region wherein 6 is independent
of By, g is relatively insensitive to f., for example, varying from
0.79 to 0.81 for 12 kHz < finax < 15 kHz and By = 20 uT.

The sensitivity and accuracy of the Dual-t T, experiment are
improved by selecting BIR-4 pulses with very different pulse
lengths, notwithstanding RF power constraints. Pulses shorter than
5 ms have little attenuation but are limited by peak pulse power.
Long pulses are limited by the RF power amplifier’s ability to sus-
tain the pulse, as well as by the spectral bandwidth of the sample.
The ratio of the signals from the 7; =5 ms and 7, = 35 ms pulses is
plotted in Fig. 3a. The curve is fit by R(T,) = exp(—24.3/T,) inde-
pendent of 0. Sensitivity is maximum over the steepest (short-T5)
region of the curve, with the 7,/7, = 5/35 ms pair providing reason-
able T, resolution up to 70 or 80 ms. Thus, T, can be read from
Fig. 3(a) using the measured signal ratio. The variation in T, deter-
mined from the ratio curve is plotted as a function of T; in Fig. 3(b).
The result varies by<1% for 0.6s<T;<1.0s, and<6% for
0.2 s <T; < 1.0s, but begins to introduce errors as T, approaches
T;. The results of the analysis of the affect of offset frequencies of
up to*300Hz, show that T, varies by<6.5% for
30ms < T, <130 ms, TR=T; =1s and B; =20 uT.

The results of the Monte Carlo simulations are exemplified in
Fig. 4. For the Dual-t T, experiment performed with /7, =5/

attenuation factor

50 100 150 200
T,, ms

Fig. 2. Numerical simulation of the attenuation factor Ep = [M|/M, of the magne-
tization after a BIR-4 pulse of duration 5 ms (magenta), 15 ms (green), 25 ms (blue)
and 35 ms (black), as a function of T, from 20 to 200ms (T;=1s, TR=cc for
complete longitudinal relaxation) with fi,qx = 15 kHz and By = 20 uT. The curves are
exponential fits to the numerically-determined points (stars) from which g=0.81
and valid for 0 up to 90°. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

35 ms pulses and signals with 2% SD, the errors are essentially
independent of TR for 0.1 s < TR < 1.0 s. Over this range, the mean
error in T, is less than 6% +9% (SD) of T, for T, < 80 ms and
0.3 s < T; <1s (Fig. 4a). On the other hand, the simulated Tri-t
experiment with 73 = 27, = 20 ms is less accurate on average, with
a mean error varying from -13% to +6% of T, (with up to +30%SD
scatter) for T, <80 ms over the ranges 0.1 s<TR<1.0s and
0.1 < T; < 15 (Fig. 4b). When 75 is set to 35 ms - the same as 1,
in the Dual-t experiment - the mean error decreases
to <13% £ 17% (SD) of T, for the same T;s and TRs (e.g., Fig. 4c).

The accuracy of T; in the Monte Carlo simulations of the Tri-t
experiment is better than 1% of T; with a 9-15%(SD) scatter, essen-
tially independent of pulse length for 03 <T;<1s and
30< T, <130ms, as shown in Fig. 4d for TR=0.3 s. At shorter
T;s (<TR), the scatter in T; increases as the long TR becomes sub-
optimal for measuring T; [8]. In this case, reducing TR to 0.1 s, re-
duces the scatter back to 9-15% of T; for 0.1 < T; < 1.0s.
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Fig. 3. (a) Computed ratio R of two signals acquired with adiabatic pulses of length 7; = 5 ms with g = 0.79 for f,qx = 12 kHz and 7, = 35 ms with g = 0.81 for fi,ax = 15 kHz, as a
function of T, for T;s of 0.12-1 s. The curve has the form R(T,) = exp WQ = exp % . (b) Dual-t T, determined from part (a) as a function of T; (red, T; =0.12's;
green, T; = 0.2 s; blue, T; = 0.6 s; black, T; = 1.0 s). The result is independent of TR. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 4. Monte Carlo simulations of the error in (a) Dual-t T, with t; =5 ms and 7, = 35 ms; (b) Tri-t T, with 73 =27, =20 ms; and (c) with 73 =27, =35 ms; and (d) Tri-t T;
with 73 =27, =20 ms, T, =40 ms, and TR = 300 ms. Points are means + SD for a 2% root-mean-square noise in each signal measurement (SNR = 50) from 1000 runs with
T, = 1s. The mean and SD of the T; measured by a Tri-t experiment with 73 = 27, = 35 ms differs from (d) by less than 1%.
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The performance of a 45 ms 0° BIR-4 pre-pulse for T-prep MRI
is shown in Fig. 5 for a sample with T, = 55 ms. The B, threshold is
approximately 5uT, and the pulse attenuates M, by
exp(—0.81 x 45/T,) ~ 0.5 over a broad range of B; and offset
frequencies.

4.2. Experiments

Results from the 'H 1D CSI Dual-t validation experiments on
the 10 phantoms are plotted in Fig. 6. The T; of these phantoms
was 0.6-0.8 s (Table 1). The T,s were determined from Fig. 3. Below
T, =70 ms, Dual-t T, values differ from SE values by <3%. The
accuracy of T, varied <7% for offset frequencies <300 Hz compared
to T, measured on resonance, consistent with the simulations.

Dual-t T>-weighted and T,-image results from the phantoms
are shown in Fig. 7. The phantoms are labeled with the correspond-
ing average T, values measured by standard 32-echo CPMG MRI
(Fig. 7a), and by Dual-t MRI (Fig. 7b). The T, values agree with
the CPMG results within 5% up to 70 ms, and 10% up to 100 ms.
The consistency check on T, measured by CPMG MRI vs SE 'H 1D
CSI showed no significant differences (CPMG vs. SE results:
31.1+03 vs 31.5+0.3 ms, 38.9+0.5 vs 38.3+1.8ms, 36.7+0.5
vs 375+03ms, 60+6.1 vs 594+23ms, 5865 vs
57.7 £ 0.7 ms).

Dual-7 and standard SE T, MRI of the foot are compared in Fig. 8.
Muscle T, values from the Dual-t image are 29.4+1.2 ms,
28.2+1.6ms, and 30.6+ 1.3 ms; as compared to 29.8 +2.8 ms,
29.8 +4.7 ms, and 28.8 +4.7 ms in the same annotated volumes
in the CPMG image. These agree with published values for muscle
of 32 £2 ms at 3 T.[18]. In marrow, CPMG T, was 106 + 4.3 ms as
compared to Dual-t T, =135+ 13 ms in the same volume, and a
prior value of 133 + 6 ms for marrow[18].

T, and T; values measured from the Tri-t experiments on phan-
toms are compared with SE and PS T; and T, values in Fig. 9. The
values show good agreement for all phantoms.

5. Discussion

Long adiabatic pulses such as BIR-4 are self-refocusing but are
subject to T, decay, resulting in attenuation by the end of the pulse.
We have shown for the first time that T, measurements and T, im-
age contrast can be obtained using these adiabatic pulse properties
as distinct from conventional methods that use spin-echoes or
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Fig. 5. Contour plot of Mz/Mequ (scale at right) as a function of off-resonance
frequency using a 45 ms 0° BIR-4, T; = 1115 ms, and T, = 55 ms, for comparison with
the 45ms T,-prep sequence in Ref. [13]. The correct value of Mz/
Mequ = exp(—0.81 x 45/T,) = 0.5 (orange). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Transverse image of 5 of the phantoms annotated with 5 mm thick 1DCSI
slices (annotated in red). (b) NMR measurements of T, from the 10 phantoms using
Dual-t and SE methods. Filled points are the means of the middle three slices of
each phantom. Error bars denote +SD. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

180° refocusing pulses. In particular, we have presented new
NMR and MRI pulse sequences for measuring and imaging T, that
can be performed in just two acquisitions employing long and
short duration adiabatic pulses for NMR, or a long and no adiabatic
pulse for MRI. These Dual-t methods were validated for BIR-4
pulses by numerical analysis using the Bloch Equations and exper-
imental '"H NMR and MRI studies of phantoms with different T,s
and MRI of the human foot, compared to conventional SE T,
measurements (Figs. 3-7). Moreover, extension of the Dual-t to
the Tri-t method resulted in a technique that not only delivers T,
measurements but T; as well. The Tri-t method was also validated
by both simulations (Fig. 4) and experimental measurements on
phantoms (Fig. 9).

Compared to a two-acquisition SE sequence, the efficiency of
the Dual-t method for determining T, is the same. Although in
principle T, could be determined from a single CPMG sequence
in half the time of a Dual-t measurement, the acquisition window
for the Dual-t method is not constrained by the echo spacing and
could conceivably benefit from reducing the bandwidth to offset
loss in SNR per unit time compared to CPMG. In the Tri-t method,
the T,-determining portion is based on the Dual-angle T; method
[12], and hence it has the same efficiency except for the SNR loss
due to the T, decay that is encoded. The options comparable to
the Tri-t method for obtaining both T; and T in three acquisitions
are limited and seldom reduced-to-practice. Conceivably, one
could use an SE or CPMG sequence to obtain T, and a PS [19], SSFP
[20] or a Dual-angle [12] sequence to obtain Ty, in which case the
total number of acquisitions would be three or more. The Tri-t
method would be comparable or faster than these options.

As with existing techniques for measuring relaxation times, the
Dual-t and Tri-t methods can be adversely affected by B;-field
nonuniformity when the adiabatic pulses are combined with con-
ventional pulses such as those provided by MRI sequences (Fig. 1).
The combined effect of an imperfect slice profile and B; inhomoge-
neity - to which higher-field MRI systems are intrinsically more
susceptible - is significant. In order to cancel the denominator in
Eq. (1) and obtain a ratio R from which T, can be determined using
the Dual-t method, we must have either 0=90° or a long TR.
Obtaining an exact 0 = 90° slice-selective excitation pulse at 3 T de-
pends on the accuracy of the scanner’s set-up routine. Our Dual-t
MRI studies of the foot benefited from the use of a 3D (slab-select)
pulse sequence for both the Dual-t and reference CPMG MRI;
selection of just the middle slices; and a longer TR than we would
have liked because of errors in the slice-selective 90° pulse. Thus,
relative to other T; and T, methods, the sensitivity of the Dual-t
and Tri-t methods to B; inhomogeneity depends on the pulses
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Fig. 7. (a) MRI of the phantom set, T>-weighted by a 0° 35 ms BIR-4 pre-pulse. The images are annotated with the corresponding reference SE T>. (b) Color-coded Dual-t T,
image with the Dual-7 T, values labeled for comparison with part (a).The scale depicts T, in ms. The T, map is calculated pixel by pixel, and both images masked at the same
threshold (=75% of the lowest signal in part a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Coronal T, images of the human foot by the SE method (a) and the Dual-t method (b). The scale depicts T, in ms. Both images are calculated pixel-by-pixel and masked
by an identical threshold (SNR = 4 in the raw image). Mean T,s from the annoted squares in (a) vs (b) are: A, 29.8 + 2.8 ms vs 29.4 + 1.2 ms; B, 106 + 4.3 ms vs 135 + 13 ms; C,

29.8+4.7ms vs 28.2+ 1.6 ms; D, 28.8 £4.7ms vs 30.6 £ 1.3 ms.
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Fig. 9. T, and T; as measured by a 73 = 27, = 20 ms Tri-t experiment from 12 x 1.3 cm ID (empty points) and 4 x 2.5 cm ID (filled points) phantoms, as compared with values

measured using standard SE (a) and PS (b) methods (solid line = identity).

being used. Dual-t errors in T, were <7% for up to #300 Hz fre-
quency offsets, due to the bandwidth of the BIR-4 pulse. However,
performing SE T, experiments with 35 ms BIR-4 pulses is unrealis-
tic and therefore not directly comparable. All methods employing
adiabatic pulses would be expected to exhibit better immunity to
B, variations than those that do not employ adiabatics.

The delays of several milliseconds added between the 0° BIR-4
pulse, the slice-selective pulse and the echo-times for the MRI se-
quences, will affect the total attenuation factor, reducing the SNR a
little. This did not seem to affect T, in the Dual-t MRI experiment
where the delay is the same in both cases. Although the S; acqui-
sition of the Tri-t experiment does not have a delay while the S,
and S3 acquisitions do, the Tri-t T, accuracy was also apparently
unaffected.

The accuracy of T;s measured in the Tri-t NMR experiment will
depend critically on the accuracy of the remaining non-adiabatic

low-angle (15°) NMR excitation pulses set by the scanner [12]. If
MRI is not intended, an adiabatic 15° pulse could avoid this prob-
lem provided its duration is <7, to avoid a significant 3rd Ep; term
in Eq (3). Meanwhile, the accuracy of T; imaging using a Tri-t MRI
sequence wherein the 60° BIR-4 pulses are replaced by 0° BIR-4 [6]
or BIRP [7] pulses, and nominal 60° slice-selective MRI pulses are
used for S, and S; with a 15° slice-selective MRI pulse for Sy, de-
pends on the accuracy with which B; and/or the flip-angles are cal-
ibrated. Nevertheless, the Tri-t pulse sequence is presently unique
in demonstrating a potential for measuring and imaging T;, T, and
proton density from just 3 (albeit steady-state) acquisitions - all of
which are FIDs.

That the decay in magnetization during the BIR-4 pulse is essen-
tially independent of the flip-angle, enables decoupling of T, from
the flip-angle, even allowing a T, attenuation effect with otherwise
zero excitation. In this application, the 0° BIR-4 pulse serves as a T,
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filter, removing the short T, components (Fig. 7a), while preserving
the longer ones for an FID generated by a subsequent conventional
excitation. This could be useful in spectroscopy for removing un-
wanted short-T, components that generate broad baselines. Also,
the use of pre-pulses to add T, contrast bears similarity to T,-prep
MRI sequences, especially those employing adiabatic pulses [13].
Adiabatic T,-prep MRI uses several very short 90° AHP and 180°
AFP pulses with gaps between them to allow T, relaxation [13].
By using a (i) single, (ii) long, (iii) 0° BIR-4 or BIRP pulse, (iv) with
no gaps, our sequence differs from that T,-prep sequence in four
ways. Moreover, the present work extends the application from
providing T, contrast, to providing T, measurements.

The use of a single long 0° BIR-4 pulse for T,-prep instead of the
short AHP/AFP pulses [13] may offer some advantage. The long
BIR-4 (or BIRP) pulse has a much lower B;-threshold to achieve adi-
abaticity than the short AHP, or AFP pulses. As a consequence, it re-
quires much lower peak power. For example, the simulations of a
45 ms AHP/AFP T,-prep sequence from Fig. 4a of Ref. [13] showed
an adiabatic threshold requirement for B; of about 20 uT. Perform-
ing the same simulation with the same T; and T, here, showed that
a single 45 ms 0° BIR-4 pre-pulse had a B; threshold of ~5 uT, or
1/4 that of the AHP/AFP T,-prep sequence (Fig. 5).

Another question is whether the Dual-t experiment with long
adiabatic pulses measures either the inhomogeneously broadened
T, (T;) or the Ty in the rotating frame (T;,), as distinct from a pure
T,. First, T; results from local Bo-field inhomogeneity or offset fre-
quency, to which a BIR-4 pulse operating above its adiabatic
threshold is insensitive over a range of several hundred Hz [12].
In the present studies, both analysis and experiments showed that
T, varies by <7% for offset frequencies in the range +300 Hz. Sec-
ond, T;p measures T; at the much lower NMR frequency corre-
sponding to the B; field. Although it is not explicitly present in
the Bloch Equations, T, approaches T, as B; goes to zero and be-
haves like a combination of low-frequency T, and T, [21]. As such,
changes in T; might be expected to affect Dual-t T; if it were sen-
sitive to T;p. However, analysis of the Dual-t experiment showed
variations <6% in T, over a 5-fold range of T; (Fig. 3b). In experi-
ments, Dual-t T, measured at a B; of 13.5 T (knee coil) did not dif-
fer by more than 3% from those measured with B; =20 uT (head
coil) on the same short- and long-T, phantoms. Thus, T; and Ty,
do not appear to be significant factors affecting Dual-t T, measure-
ments in this work.

In conclusion, the Dual-t method provides a new option for
measuring T, without requiring any spin echoes, at least for short
T, tissues such as muscle, cartilage and white matter [22] where
the signal ratio affords adequate T, resolution (Fig 3a). The same
property delivered with an otherwise neutral 0° flip-angle self-
refocusing adiabatic pulse can provide T,-imaging, T,-weighting,
T,-filtering (Figs. 6 and 7), or T>-prep (Fig. 9). At the expense of
one additional acquisition, the Tri-t experiment offers the poten-
tial for obtaining all of the T,, T; and, because the nuclear density
derives directly from the fully-relaxed signal, the proton or signal
density information, in just three acquisitions—arguably the mini-
mum possible. The caveat is the requirement for accurate setting
and knowledge of the flip-angles. These new methods can poten-
tially save time and simplify relaxation measurements and/or con-
trast-weighted NMR and MRI.
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