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In this communication we present a method for single-slice mapping of ultrashort transverse relaxation
times T,. The RF pulse sequence consists of a spin echo preparation of the magnetization followed by
slice-selective ultrashort echo time (UTE) imaging with radial k-space sampling. In order to keep the min-
imum echo time as small as possible, avoid out-of-slice contamination and signal contamination due to
unwanted echoes, the implemented pulse sequence employs a slice-selective 180° RF refocusing pulse
and a 4-step phase cycle. The slice overlap of the two slice-selective RF pulses was investigated. An accept-
able Gaussian slice profile could be achieved by adjusting the strength of the two slice-selection gradients.
The method was tested on a short T, phantom consisting of an arrangement of a roll of adhesive tape, an
eraser, a piece of modeling dough made of Plasticine®, and a 10% w/w agar gel. The T, measurements on
the phantom revealed exponential signal decays for all samples with T,(adhesive tape) = (0.5 + 0.1) ms,
Ty(eraser) = (2.33 + 0.07) ms, T,(Plasticine®)= (2.8 + 0.06) ms, and T»(10% agar) = (9.5 + 0.83) ms. The T,
values obtained by the mapping method show good agreement with the T, values obtained by a non-selec-
tive T, measurement. For all samples, except the adhesive tape, the effective transverse relaxation time T3
was significantly shorter than T,. Depending on the scanner hardware the presented method allows map-
ping of T, down to a few hundreds of microseconds. Besides investigating material samples, the presented
method can be used to study the rapidly decaying MR-signal from biological tissue (e.g.: bone, cartilage,

and tendon) and quadrupolar nuclei (e.g.: 2>Na, 3>Cl, and '70).

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Measurement of the transverse relaxation time T, is one of the
most established techniques to characterize material samples or
biological tissue by means of NMR. The value of T, is directly con-
nected to the molecular mobility of the spin bearing molecules un-
der investigation. Molecular motion in context with NMR is
classified into different regimes. High molecular mobility as typi-
cally occurring in liquid-like samples is characterized by short
molecular correlation times 7. (tens of picoseconds). In the so-
called “extreme narrowing” regime (7. < wy!, wo=Larmor fre-
quency) the Bloembergen-Purcell-Pound theory (BPP-theory) is
used to quantitatively describe relaxation times of spin 1/2 nuclei
[1]. Within this regime the decay of the transverse magnetization
shows exponential behavior and the values of the relaxation times
are typically in the range of several tens or hundreds of millisec-
onds. If the mobility of the spin bearing molecules is restricted
so that averaging of direct dipole-dipole interactions becomes less
effective, extremely short T, values are expected and the BPP-the-
ory may no longer be valid. As a result of the non-averaged dipole-

* Corresponding author. Address: Computer Assisted Clinical Medicine, Heidel-
berg University, Theodor-Kutzer-Ufer 1-3, D-68167 Mannheim, Germany. Fax: +49
621 383 5123.

E-mail address: stefan.kirsch@medma.uni-heidelberg.de (S. Kirsch).

1090-7807/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2011.02.003

dipole interactions, non-exponential signal decays may be ob-
served which can be handled by alternative theoretical approaches
(e.g. the Anderson-Weiss approach [2]). This situation is partially
given for short T, biological tissues like cortical bone, cartilage or
tendon where T, values of a few milliseconds or less are observed
[3,4]. Extremely short T, values are also reported for protons in
lung tissue [5], 3'P in bone minerals [6,7], and quadrupolar nuclei
like 22Na, 3Cl, and '”0 [8-10]. In this communication we present a
slice-selective MRI method for mapping of ultrashort T,. The meth-
od utilizes fast T, preparation of the magnetization by a spin echo
followed by ultrashort echo time (UTE) imaging. Depending on the
scanner hardware, the presented method allows mapping of T, val-
ues down to a few hundreds of microseconds.

2. Methods
2.1. Hardware and phantom setup

All the experiments were performed on a 9.4 T Bruker Biospec
94/20 USR small animal system equipped with 740 mT/m x, y, z-
gradients. The experiments were performed with a 'H quadrature
volume transmit/receive resonator of 7.2 cm in diameter.

The phantoms consist of an arrangement of a roll of adhesive
tape (Tesa®, Germany), an eraser (Laeufer® SW-0240, Germany),
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modeling dough made of Plasticine® (GLOREX, Switzerland) and a
4% or 10% w/w agar gel.

2.2. RF pulse sequences

The RF pulse sequence used for the T, measurements (Fig. 1a)
can be divided into two parts: (i) a T, preparation interval and
(ii) a slice-selective UTE [11] image readout with radial k-space
sampling. During the T, preparation interval the magnetization is
prepared according to a spin echo with variable echo time TE.
The transverse magnetization at t = TE is stored longitudinally by
the second 90° RF pulse. The use of this preparation scheme en-
sures shortest minimum TE. After dephasing of residual transverse
magnetization by spoiler gradients, the image is acquired by a
slice-selective Gaussian half-pulse with succeeding radial k-space
sampling. In contrast to the method presented recently by Du et
al. [14], the RF pulses are applied using a 4-step phase cycle and
the 180° RF refocusing pulse is applied in presence of a slice-selec-
tion gradient. The implemented phase cycle reads: ¢ = const. = x,
o=,y -y, —y), 0=(—x,x,—x,X), v=const. =x, and receiver pha-
se =(—x, x, —X, x). The phase-cycling scheme and the use of a
slice-selective refocusing RF pulse were motivated by the following
considerations:

1. Immediately after the second 90° RF pulse (“flip-back pulse”)
residual magnetization can remain in the longitudinal direction
which does not originate from the spin echo. This residual mag-
netization can result from imperfections in the flip angles of the
previous RF pulses and it can contaminate the useful signal. The
constant phase v of the slice-selective 90° RF pulse and the
alternation of the receiver phase prevent signal contamination
owing to this residual longitudinal magnetization.

2. Imperfections in the flip angle of the 180° refocusing RF pulse
can generate unwanted transverse magnetization. In order to
avoid contamination of the echo signal at t = TE with this kind
of magnetization, the phase ¢ of the 180° RF pulse is switched
by 180° every two steps.

3. In addition to point 2, imperfections in the flip angle of the 180°
RF pulse can generate a stimulated echo (STE) at t=
(3/2)-TE + ty. The phase of this STE is given by v+ 6 — ¢ + 180°
[15]. From the implemented phase cycle follows: phase
(STE) = 0 — ¢ + const., thus the phase of the STE will alternate
by 180°. The likewise 180° alternation of the receiver phase is
not able to filter out the STE. However, the 180° RF pulse is
applied in presence of the magnetic field gradient Gs;. Since
the gradient G, is not balanced during the image readout, it
prevents formation of the STE. The gradient strength G;; was
chosen according to

BW]SO
52 c-BWgy (1)

Here, BW;go = bandwidth of the 180° RF pulse, BWgyo = bandwidth of
the 90° Gaussian half-pulse and ¢ = dgo/dgg is the ratio of the appar-
ent slice thicknesses dgo (image readout) and d;go (180° refocusing
RF pulse). The gradient strength Gs, was calculated by the scanner
software according to Gs = 27m-BWg/(y-dgo), Where y = gyromag-
netic ratio. The idea behind Eq. (1) is to set the ratio ¢ such that
the resulting slice overlap (180° block-pulse — sinc slice profile,
90° Gaussian half-pulse — Gaussian slice profile) resembles an
acceptable Gaussian slice profile which is smooth and almost free
of side lobes.

Ga =G

Optimization of the ratio ¢ was done using the RF pulse se-
quence shown in Fig. 1b. The magnetization is first inverted by a
slice-selective 180° RF block-pulse. After dephasing of residual
transverse magnetization a second slice-selective 90° RF Gaussian
half-pulse is applied. In the next step, the transverse magnetization
resulting from the two slice selections is dephased by spoiler gra-
dients. The following slice-selective imaging procedure is applied
on an orthogonal gradient direction, thus the slice profile resulting
from the slice overlap should be visible as dark area in the image.
For the optimization measurements the following parameters were
used: TR=70ms, t;=44us, doo=2mm, number of projec-
tions = 268, field of view (FOV)=(64 x 64) mm?, matrix = 128 x
128, number of dummy scans = 16, bandwidth (BW) = 1.9 kHz/pix-
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Fig. 1. (a) RF pulse sequence used for the T, mapping. (b) RF pulse sequence used for the optimization of the slice profile.
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Fig. 2. (a) Picture of the phantom used for the slice profile measurement. 1 = adhesive tape, 2 = eraser and 3 = 4% w/w agar gel. (b) MR image resulting from the slice profile
optimization experiment (RF pulse sequence shown in Fig. 1b). The white bars indicate the lines which were used for the analysis of the slice profiles. (c) T, mapping. 4 = 10%

agar gel, 5 = piece of Plasticine®. The T, values are given in ms.
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Fig. 3. (Left) slice profiles taken from the lines indicated in Fig. 2b. (Right) signal decays and curve fits taken from an exemplary ROI within the different samples.

el, and scan time =1 min 28s. An optimal value of c=1.5 was
found and used for the T, mapping.

2.3. T, mapping

A map of the transverse relaxation time T, was measured by
incrementing the echo time TE in the range of 0.42 up to 40.42 ms
with 27 increments. The parameters for the T, measurement were:
TR=70ms, t;=44 s, dgo=2 mm, number of projections =268,
FOV = (64 x 64) mm?,  matrix =128 x 128, BW = 1.9 kHz/pixel,
number of dummy scans=16, 7, =71,2/2=40ps, and scan
time =2 min 56 s (for TE = 0.42 ms). Note, the scan time increases
with increasing TE. The scan time for TE = 40.42 ms was 4 min 27 s.
The total measurement time for all 27 increments was approxi-
mately 1 h 20 min. The measured signal intensity S; of the ith pixel
was fitted to

Si(TE) = So. - €Xp(=TE/T2i) + Yo, (2)

Here, Sp; = scaling constant, T,; = value of the transverse relaxa-
tion time and yy; is the offset of the ith pixel. Note, that we assume
for simplicity an exponential decay of the magnetization which
generally may not be justified, in particular in samples with re-
stricted molecular mobility. The simplification was motivated by
our experimental results and it will be discussed in detail in the
discussion section of this communication. The curve fitting proce-
dures for the T, mapping were performed using Matlab® (Math-
works, USA).

2.4. Non-localized measurement of T, and T

In order to verify the results of the T, mapping, a non-selective
spin echo sequence of the type [(90)s1 — TE/2 — (180)42 — TE[2 —

(ACQ)o3 — *Gsplrr was implemented. Here, ACQ = data acquisition,
+G,p = alternated spoiler gradient in x,y,z direction, TR = repetition
time=1s, ox=RF pulse and receiver phase cycle with o1=
(x, x, —x, —x), 62 =(y, -y,¥, —y), and o3 =(x, X, —x, —x). The dura-
tions of the RF pulses, the number of TE increments, and the TE
timing were the same as in the T, mapping measurement. The data
processing for the determination of T, was as follows: calculation
of the on-resonance magnitude mode FID(tacq,TE) — integration
over tacq — I(TE) = S(TE) — fit to Eq. (2). Processing for determina-
tion of T5: calculation of the on-resonance magnitude mode
F]D(tACQ) = S(tACQ) — fit to Eq (2) with TE — tACQ and T, - T;

3. Results

The slice profile measurement was performed on an arrange-
ment of the adhesive tape, the 4% agar gel, and the easer (see
Fig. 2a). The slice profiles were measured with the ratio c=1.5. A
setting of dgog = 2 mm resulted in an acceptable total Gaussian slice
profile with a half-height-width of approximately 4 mm (see Figs.
2b and 3).

T, mapping was done on an arrangement of the adhesive tape,
the 10% agar gel, the eraser and a piece of Plasticine®. Note that
the 10% agar gel was used without a container. Fig. 2c shows the
T, map obtained by the pixel-wise curve fitting procedure. Exem-
plary signal decays from selected ROIs within the different samples
are shown in Fig. 3 and the corresponding T, values are given in Ta-
ble 1.

The results of the non-selective T, and T; measurements are gi-
ven in Table 1. The measured background signal originating from
the sample holder and the coil encasement was two magnitudes
smaller than the signal of the adhesive tape. Therefore, the back-
ground signal was neglected in the fitting procedures. For all sam-
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Table 1
Results of the T, mapping and the non-selective T, /T, measurement.
10% agar Eraser Plasticine® Adhesive
tape
T, (map) (ms) 95+0.83 233+0.07 2.8+0.06 0.5+0.1
Number of pixels in 74 152 46 28
ROI
T, (non-sel. meas.) 7.6 £0.78 2.35+0.2 2.89+0.61 047+0.1
(ms)
T5 (ms) 1.15+0.02 031+0.01 037%0.01 0.27+0.01

ples, except the adhesive tape, the effective transverse relaxation
time T, was significantly shorter than Ts.

4. Discussion

The use of a short TR generates a small steady-state magnetiza-
tion and hence a low signal-to-noise ratio (SNR). If necessary, the
SNR can be improved by increasing TR values, which in turn leads
to an increase of the total measurement time. The choice of TR de-
pends on finding a compromise between the desired accuracy of
the measured T, values and the available measurement time. In
our experiments a value of TR=70 ms and a 4-step phase cycle
was sufficient to get a reasonable SNR.

The minimum TE value depends on the durations of the first
three RF pulses and on the ramp time of the slice-selection gradi-
ent Gg1. The minimum TE value may vary for different scanners, be-
cause these time delays depend on the filling factor of the coil, the
maximum transmitter power, and the gradient slew rate. In order
to optimize the minimum TE, we used a block-shaped 180° refo-
cusing pulse. A block-shaped RF pulse has the best RF power effi-
ciency (flip angle/duration). However, a major drawback of the
block-shaped RF pulse is its slice profile. The side lobes of the sinc
profile impede sharp slice selection. Nevertheless, the influence of
the side lobes can be minimized to a tolerable degree by optimiz-
ing the ratio c. The measured slice profile for c=1.5 shows an
acceptable Gaussian profile almost free of side lobes (Fig. 3). A va-
lue of dgo = 2 mm resulted in an acceptable total Gaussian slice pro-
file with a half-height-width of approximately 4 mm. In
experiments where only a certain region of the sample is of inter-
est and the total measurement time is the limiting factor, a single-
slice imaging method could be beneficial, because 2D k-space sam-
pling is less time-consuming than 3D k-space sampling (e.g. as
used in Refs. [12,13]).

The T, values obtained by the mapping method were in good
agreement with the T, values measured by the non-selective meth-
od. However, there was a slight difference in the T, value of the 10%
agar gel which may be related to radiation damping [16,17]. It is
well known, that radiation damping is able to interfere the deter-
mination of relaxation times (shorter apparent T; and T,). The
strength of this shortening effect increases with increasing magni-
tude of the transverse magnetization during the spin echo prepara-
tion [16,17]. Since highest signal intensity was observed in the
non-selective T, measurement of the 10% agar gel, the shortening
effect is expected to be most pronounced in this measurement.
The slightly shorter T, value of the 10% agar gel measured by the
non-selective method (7.6 vs. 9.5 ms) supports this speculation.

In the T, measurements we observed exponential signal decays
for all samples. For the eraser, the piece of Plasticine® and the
adhesive tape this observation may be unexpected, since signal de-
cays resembling a superposition of a Gaussian and an exponential
decay were proposed for samples consisting of cross-linked poly-
mers [12]. In Ref. [12] T, relaxation times of rubber samples were
measured using a 3D spin-echo back-projection sequence. The
measured signal decays showed the proposed superposition of a
Gaussian-like and an exponential function. The mismatch with
our data may be related to the relatively long RF pulse durations
used in our study (tp1 = Tp2/2 =40 ps vs. 11 = 1.5 ps in Ref. [12]).
As a consequence of long t,;, the minimum possible echo time
was 420 ps. During this time the Gaussian signal contribution,
which is associated with the slowly moving inter-cross-link chains
of the polymer network [12], is almost fully relaxed, and therefore
only the exponential part of the signal decay is observable.

The presented method could be useful in 'H T, mapping of
material samples or biological tissues with ultrashort T, like ten-
don, cartilage, and bone. Despite the measurements provided in
this communication are performed solely on the 'H nucleus, the
method could also be practicable to other nuclei, e.g. 2>Na, 3°Cl
and 0.
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