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Abstract

Driven equilibrium single pulse observation of 77 (DESPOT1) is a rapid spin-lattice relaxation constant (7}) mapping technique in
magnetic resonance imaging (MRI). However, DESPOT]1 is very sensitive to flip angle (FA) inhomogeneity, resulting in 77 inaccuracy.
Here, a five-point DESPOT1 method is proposed to reduce the sensitivity to FA inhomogeneity through FA measurement and calibra-
tion. Phantom and in vivo experiments are performed to validate the technique. As a result, a rapid and accurate 7} mapping is acquired

by using the proposed five-point DESPOT1 method.

© 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

Knowledge of spin-lattice relaxation time (77) can be
used in different applications of magnetic resonance imag-
ing (MRI), including discrimination among pathologic and
normal tissue [1], contrast optimization [2], substructure
studies of materials [3], and perfusion studies with either
exogenous or endogenous contrast agents [4]. Many meth-
ods have been proposed to estimate 7, such as inversion
recovery (IR) [5], “two-point” method [6], Look—Locker
method [7], and progressive saturation [8]. Unfortunately,
these conventional sequences require long acquisition time.
To accelerate data acquisition, several new approaches
have been proposed recently.

Driven equilibrium single pulse observation of 77 (DES-
POTI) is a rapid 7 mapping technique that is based on
acquisition of a pair of spoiled gradient recalled echo
(SPGR) images [9]. From the two SPGR images acquired
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with constant repetition time (TR) and varied flip angle
(FA), Ty can be extracted through a linearization of the
SPGR signal equation. However, the accuracy of this
method is quite sensitive to FA inhomogeneity, especially
at high-field strength. FA inhomogeneity always arises
from the wave behavior of radio frequency (RF) pulses,
RF penetration, eddy current, or coil configuration effects
due to imperfect hardware or electromagnetic properties
of the object imaged [10]. Therefore, it is necessary to com-
pensate for the imperfections in FA distribution when
DESPOT]1 is used on high-field MRI scanner.

Wang et al. have calibrated FA inhomogeneity in 7
measurement based on measurement of the FA distribu-
tion using two EPI images [11]. However, image distortion
inevitably occurs in EPI imaging resulting in errors in FA
measurement. In this work, we present a five-point DES-
POT1 method to map 7 accurately and rapidly. The
method performs three SPGR imagings at three large
FAs o, o, and a3 near 180° in order to get FA distribution
and two SPGR imagings at two optimized FAs o4 and o5
for 77 mapping. With the knowledge of FA distribution,
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the inaccuracy of 7| mapping can be calibrated and cor-
rected. Phantom and in vivo experiments demonstrate that
our proposed five-point DESPOT1 method is a rapid and
accurate 77 mapping technique.

2. Materials and methods
2.1. Measurement of FA scaling factor

FA scaling factor r(x, y) is a ratio between the actual FA
o, and nominal FA o, at position (x,y), which can be cal-
culated from three SPGR images using a recently proposed
method called 180° signal null [12]. The general SPGR sig-
nal equation with FA o can be written as [12]

_M()(l —El)Sil’l(OC)
M= 1 —E cos(a) ' m

where M, is the magnetization at thermal equilibrium
and E| = exp(—TR/Tl).

Fig. 1 is a plot of M versus « according to Eq. (1). When
o, = 180°, the signal intensity is zero. Thus, the nominal
FA at M =0, which is named o™! corresponds to
o, = 180°. Therefore, the FA scaling factor r(x,y) can be
determined [12] as

180°

)= i)

From Fig. 1 it is easy to find that M varies approxi-
mately linearly with respect to FA near 180°. By perform-
ing several SPGR imagings with different FAs near 180°,
the corresponding signal intensities may be fitted to a
straight line to determine «™!!(x, y), which is the cross point
between the fitted line and the abscissa. According to Eq.
(2), r(x,y) can also be calculated. In this work, in the aim
of shorter total imaging time, we propose performing three
SPGR imagings at FAs o; =180° — 5, o, =180°, and
o3 = 180° + f, where f§ needs to be optimized according
to prior knowledge of the range of r.

(2)
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Fig. 1. Plot of SPGR signal versus FA near 180° for a range of TR/T).

2.2. Measurement of T; with FA correction terms

Eq. (1) can be represented in the linear form, ¥ =kX +/
as [9]
M M
sin(or) Ex tan(o) + Mo(l = E). 3)
With two SPGR data sets at FA o4 and s, the slope k
can be estimated from Eq. (3), allowing 77 to be extracted:

T\, = —1R/In(k). (@)

2.3. FA optimization

On 3 T scanner, the FA scaling factor is usually within
the range 0.75 < r < 1.25 for water phantom, which means
that 135° < o, < 225° when «, = 180°. Within this range,
we believe it is a reasonable approximation to assume that
the data can be fitted to a straight line, as seen in Fig. 1.
Fig. 2(a) is a plot of error introduced by using linear regres-
sion with the three FAs versus 5. The error is expressed as
an average of the relative deviation of the fitted value
o™l (x, y) from 180° over the range of r. The highest degree
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Fig. 2. (a) Plot of the average relative error introduced by linear fitting
versus f for TR/T; = 0.01, 0.10, 1.00, respectively. (b) The dynamic range
DR as a function of the prescribed o4 and os at TR=33ms and
Ty, = 50 ms, which is similar to the 7 value of the phantom used here. The
optimum FAs are 25° and 5°.
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of accuracy is achieved when f§ = 42°. Therefore, the opti-
mum FAs for the three SPGR imagings are 138°, 180°, and
222°, respectively.

The two FAs o4 and o5 used in 7 mapping can be opti-
mized according to the linear form of SPGR signal equa-
tion in (3). We define a dynamic range (DR) of
regression line as [9]

DR= (Mo Mu
Mysin(as) M sin(oy)

Using Eq. (1), numerical calculation of the DR at all
possible combinations of o4 and o5 can be achieved. Fig.
2(b) shows the simulation result at 7R of 33 ms and T}
of 150 ms, which is similar to the 7 value of the phantom
used here. Evaluation of the DR yields optimum FAs of
25° and 5° for DESPOT]I.

) X (Mos + Moy). (5)

2.4. Experiment

SPGR sequences with five optimized FAs were imple-
mented on a General Electric 3T Signa Excite scanner
(General Electric, Milwaukee, WI). A spherical phantom
filled with distilled water and NiSO,4 was used to verify
the proposed method. Acquisition parameters were TR/
TE = 33/6 ms, 256 x 256 matrix, 30 x 30 cm field of view
(FOV) and 5mm slice thickness. The FA distribution
was calculated from the three image sets with a; = 138°,
op = 180°, and o3 = 222°. T} map was calculated from the
two image sets with oy =25° and os=5° according to
Egs. (3) and (4), in which FA calibration was considered.

Raw data were first collected from the scanner, and then
complex images were acquired by performing image recon-
struction offline. Linear regression analysis of intensity ver-
sus o, for each pixel was implemented in Matlab 6.5 (The
Math Works, Natick, Ma) to determine o™(x,y), and
hence r(x,y) by using Eq. (2). The sign of the magnitude
signal intensity was determined from the complex images
by monitoring the change in sign of the complex data set.
FA distribution was then acquired by multiplying r by o,,.
Assuming that the FA distribution varies smoothly, a
low-pass filter was applied to the FA map in order to elim-
inate the influence of image noise on 7 evaluation.

To ascertain in vivo applicability of this technique, the
five-point DESPOT1 was performed on a healthy volun-
teer. Human tissue has low dielectric constant, which
results in a lower variation in r than that would be
observed with water phantom. Therefore, the FA scaling
factor must be within the range 0.75 < r < 1.25, and the
optimum FAs o, o, and o3 for water phantom can also
be used here. For the optimization of o4 and os, a 77 of
1000 ms, which is similar to that of human brain tissue,
was assumed. As a result, oy = 3° and o5 = 12° were found
to be the optimum FAs through simulation. Other imaging
parameters were similar to that used in phantom
experiment.

An IR-SE sequence was also performed to get 7 map of
phantom containing eight tubes with various concentra-

tions of MnCl,, providing several T values (7 = 250,
350, 500, 700, 1200, 1500, 2000, 2500 ms). The T value
(an average value from a region of interest within each
tube) was used as a reference.

3. Results
3.1. Phantom study

Fig. 3(a) and (b) show phantom 7', map with traditional
DESPOT1 and the five-point DESPOT1 method, respec-
tively. Fig. 3(c) shows the profiles extracted through the
phantom 7 map along the right/left direction as indicated
by the lines in Fig. 3(a) and (b). The dotted line shows an
increase of the signal intensity toward the center of the
phantom 77 map, while the solid line is smoother, which
indicates that our proposed method is less sensitive to
FA inhomogeneity.

3.2. In vivo study

Fig. 4 shows the brain 77 map from one healthy male
subject (24-years-old). The arrow in Fig. 4(a), in which
FA inhomogeneity is not calibrated, indicates that the arca
receives a higher RF field than the periphery, resulting in
misevaluation of 77 map. While in Fig. 4(b), where the
five-point DESPOT1 method is used, the 7} values in the
same region are correctly evaluated. The resulting values
for gray matter (GM), white matter (WM), and cerebrospi-
nal fluid (CSF) are about 1390 4 12 ms, 852 4+ 7 ms, and
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Fig. 3. Phantom 7} map with (a) traditional DESPOT1 method and (b)
five-point DESPOT1 method. Profiles in (c) are extracted through the
phantom T map in (a) and (b) along the right/left direction as indicated
by the lines.
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Fig. 4. Human brain 7'} map using (a) traditional DESPOT1 method and (b) five-point DESPOT1 method.

2217 + 28 ms, respectively, which are similar to the litera-
ture values published in other articles [11].

4. Discussion

Traditional 7} mapping methods require a long acquisi-
tion time, which limits their uses in many clinical applica-
tions. DESPOT1 permits rapid determination of 7 on
1.5 T scanner, where FA distribution is homogenous. How-
ever, on a high-field scanner, such as 3 T or 7 T, DESPOT1
cannot provide accurate result. To solve this problem, we
propose a five-point DESPOT1 method, in which three
SPGR images are acquired to calculate FA distribution
and two SPGR images are used to calculate 77 map. The
total acquisition time of the proposed technique is only
2.5 times that of the traditional DESPOTT1.

As the gold standard for 7'} mapping, IR-SE can pro-
vide accurate 7 determination, which is not sensitive to
FA inhomogeneity. We measured a phantom containing
eight tubes using IR-SE and the proposed five-point DES-
POT1 method. Linear regression analysis in Fig. 5 reveals a
high correlation (R*=0.99) between the two methods,
confirming that no statistical difference exists between the
groups.

The FA mapping method used here has some errors
introduced by linear fitting although optimum angles
were chosen. Fig. 6 shows the relative error versus FA
scaling factor. The relative error increases when FA
scaling factor deviates largely from 1.00. On ultrahigh-
field scanner, where the signal intensity will no longer
vary linearly with FAs, a non-linear fitting method
and more SPGR images should be used to accurately
determine FA distribution. In this work, the relative
error introduced by linear fitting is 1.9% at most, which
is acceptable compared with other sources of inaccuracy,
such as non-ideal slice profile and partial volume aver-
aging [14].
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Fig. 5. Comparison of 7 values (ms) of eight phantom tubes calculated
from IR-SE data and five-point DESPOT1 data. The linear regression
(solid line) indicates a good correlation between the two methods
(v = 1.04x + 2.3, R>=0.99).
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Fig. 6. Plot of relative error versus FA scaling factor r.
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The FA scaling factors are determined using high
FAs that are not conventionally used. It has been found
that FA scaling factor varies slightly with nominal FA
[11], which means that the achieved FA scaling factor
at high FA might be different from that at low FA.
However, with careful recalibration of RF transmitter,
the FA scaling factor is verified to be valid for all
FAs [13].

Measurement of multiple-component 7 relaxation
times is always required for the detection of macromole-
cules, such as in the diagnosis of multiple sclerosis.
Although our proposed method can only provide
mono-component 77 measurement, it is enough for many
important applications including imaging protocols opti-
mization, perfusion imaging and contrast agent
quantification.

5. Conclusions

In this work, we provide a five-point DESPOT1 method
for rapid and accurate 77 mapping. Phantom and in vivo
experiments demonstrate that the sensitivity of the pro-
posed five-point DESPOT1 to FA inhomogeneity is greatly
reduced compared with traditional DESPOTI. Investiga-
tion of this method in terms of clinical applications is cur-
rently under way.
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