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a b s t r a c t

An efficient MRI technique for quantitative density profiling of samples with fast spin-lattice relaxation
(T1 < 5 ms) is introduced. The pulse scheme is based on the 1D centric scan SPRITE technique. Strong exci-
tation of the sample at the k-space origin improves the sensitivity with respect to the original centric scan
SPRITE technique. Radio frequency pulse durations are defined so as to provide uniform excitation of the
sample at every k-space point. For a particular k-space point the pulse duration is required to be less than
the inverse sample bandwidth. Simulations permit one to examine distortions from ideal profile geom-
etry due to flip angle and spin-lattice relaxation effects. The proposed technique is especially suitable
for the observation of low sensitivity samples, in particular, low-c nuclei like 35Cl. In some cases, this
strategy permits one to reduce the number of scans, i.e. the experiment time, by a factor of 100, depend-
ing on hardware, sample length and tolerable resolution loss. The designed pulse scheme is tested on
cylindrical agar gel and type 1 Portland cement paste phantoms prepared to provide 1H and 35Cl signals,
respectively.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Single point imaging (SPI) is now widely accepted as a powerful
quantitative technique for imaging objects with short spin-lattice,
T1, and spin–spin, T2, relaxation times [1–4]. SPI and its later mod-
ification SPRITE (Single Point Ramped Imaging with T1 Enhance-
ment) [5] are pure phase encoding techniques. The gradient is
increased stepwise, and a single point of the free induction decay
(FID) is acquired at each step. Radio frequency (RF) excitation
and signal acquisition are separated by a constant phase encoding
delay, tp. Magnetic field inhomogeneity and chemical shift arti-
facts, common for frequency encode imaging, are largely non-exis-
tent in SPI imaging [6].

The original SPRITE sequence introduces T1 contrast through
saturation of magnetization from ensembles with T1 longer than
the SPRITE repetition time, TR [5]. A centric scan modification of
the SPRITE technique is built of two parts separated by a recovery
interval 5 � T1, Fig. 1. Each part acquires independently the k-space
for positive and negative k-values starting from the k-space origin
[7]. This results in an improved signal-to-noise ratio (SNR). The T1/
TR ratio is the critical factor affecting the image quality. The repe-
tition time TR is commonly less than T1 and this results in partial
saturation of longitudinal magnetization, and a complex depen-
dence of the measured signal on T1/TR that leads to image blurring.
ll rights reserved.
Various sequences with magnetization preparation are designed to
control image contrast and perform relaxation time mapping [7].

MRI of low c nuclei is not straightforward due to reduced sig-
nal-to-noise ratio and various hardware limitations. Our interest
is focused primarily on objects with short T�2 and low c. In many
cases of practical importance, such samples also feature short T1.
In order to reduce the encoding time tp at a fixed field of view
(FOV), usable gradients should reach very high magnitudes
(�100 G � cm�1). This causes an additional limitation related to
inhomogeneous excitation of the object by an RF pulse. Single
point imaging (SPI) methods are based on non-selective RF pulses.
To this point literature studies have employed RF pulses of con-
stant duration at every k-space point. This RF pulse duration is gov-
erned by the available RF transmitter power and the product of the
gyromagnetic ratio of an observed nucleus, c, maximum gradient
strength, Gmax, and sample length, LS. For commonly used imaging
hardware this pulse duration corresponds to a small flip angle,
a < 10�. Thus, the requirement of homogeneous excitation severely
restricts the sensitivity of the method, especially if low sensitivity
nuclei, like 35Cl, are observed. Limited 35Cl MRI studies are avail-
able in the literature. To the best of our knowledge, the only two
studies employ earlier generations of SPRITE methods [8,9].

The signal-to-noise ratio of a measured profile would signifi-
cantly increase if larger flip angles were applied to the first k-space
points assuming sample excitation to be homogeneous. Application
of variable pulse durations over k-space is equivalent to apodization
of k-space data with a weighting function. Fourier transform analy-
sis says that any decaying function will cause profile blurring.
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Fig. 1. Timing diagram of the centric scan SPRITE method. The phase-encoding
gradient G is ramped along the selected direction. A single complex point is
acquired at each gradient step a time tp after the application of an RF pulse, with flip
angle a.
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High duty cycle RF pulses applied in SPRITE can cause extensive
sample heating in samples with high ionic strength. The use of var-
iable flip angles for in vivo SPRITE applications was introduced by
Kaffanke et al. to minimize the specific absorption rate (SAR)
[10]. In their work the RF pulse power was modulated maintaining
the pulse duration, and therefore the bandwidth, constant. Based
on this method SAR can be reduced by about 25% compared with
standard SPRITE. This can be essential to prevent human tissues
from heating by the radiated RF energy. Minimization of SAR is
not only important for live systems but also for materials that
change their structure on heating.

In the present paper the advantages and limitations of the cen-
tric scan SPRITE sequence with variable RF pulse duration (referred
to as SPRITE-vpd) are outlined.

2. Theory

A rectangular profile Po of n points is Fourier transformed to
model the k-space data, So, subject to apodization with an appro-
priate RF pulse duration envelope and T1 weighting. The k-values
are defined for j = 0 to n/2�1 as

k�j ¼ �j� Kmax � ðn=2� 1Þ�1
; ð1Þ

where

Kmax ¼ c� Gmax � tp � ð2pÞ�1
: ð2Þ

The RF pulse duration corresponding to a p/2 flip angle at a gi-
ven transmitter power is defined as Pp/2. The duration of the very
first RF pulse in the sequence (k0 = 0) is set to a value Pa 6 Pp/2 cor-
responding to a flip angle a. Any pulse Pa > Pp/2 will have an un-
wanted effect on the spin system.

For j > 0 the duration of the RF pulse exciting a sample band-
width Wj can be defined as

Pj ¼W�1
j ; ð3Þ

where

Wj ¼ ð2pÞ�1 � c� Gmax � LS � ðn=2� 1Þ�1 � j: ð4Þ

Depending on the sample bandwidth, c � Gmax � LS, some initial
values W�1

j can be larger than Pp/2 and Pa. In our model we assume
that Pj is a decreasing function of j and all pulse durations are not
larger than Pa. Thus, if W�1

j P Pa, the corresponding pulse duration
Pj is set to Pa.

Pa defines the resulting MRI profile amplitude, and the signal-
to-noise ratio. The pulse durations (Eq. 3) are chosen to excite
the whole sample uniformly. Given the first pulse Pa, any pulse
PXj longer than Pj defined by Eqs. (3 and 4) will not excite the sam-
ple uniformly at the k-space point kj. Any set of pulses PXj so that
PXj < Pj will result in lower profile amplitude and/or stronger blur-
ring with respect to that obtained with Pj, Eqs. (3 and 4). The later
is a basic property of the Fourier transformation. A function that
decays faster has a broader spectrum.

The maximum bandwidth is defined as

Wmax ¼Wn=2�1 ¼ ð2pÞ�1 � c� Gmax � LS: ð5Þ

The longest pulse homogeneously exciting the object at every k-
space point that would be used in the original centric scan SPRITE
scheme is defined as

Px ¼ Pn=2�1 ¼W�1
max ¼ ð2pÞ � ðc� Gmax � LSÞ�1

: ð6Þ

Given that equilibrium Z magnetization, Mz0, is 1, the longitud-
ional magnetization, Mzj, formed at time TR after the (j�1)th RF
pulse, Pj�1, can be defined as

Mzj ¼ 1� ð1�Mzj�1 � cosðPj�1 � P�1
p=2 � p=2ÞÞ

� expð�TR=T1Þ; ð7Þ

where j takes values from 0 to n/2�1; TR is the time interval be-
tween RF pulses. Assuming that Pj � T�2 the resulting transverse
magnetization, i.e. the signal measured at k-space point kj is given
by

SðkjÞ ¼ SoðkjÞ � expð�tp=T�2Þ �Mzj � sinðPj � P�1
p=2 � p=2Þ; ð8Þ

The apodization function, f(j), that accounts for the effects of RF sat-
uration, variable RF pulse duration and transverse magnetization
decay during the encoding time, tp, is defined as:

f ðjÞ ¼ expð�tp=T�2Þ �Mzj � sinðPj � P�1
p=2 � p=2Þ; ð9Þ

where one can assign

f0ðjÞ ¼ Mzj � sinðPj � P�1
p=2 � p=2Þ; ð9aÞ

An eventual simulated profile,
Q

, is determined by the inverse Fou-
rier transformation of S(kj).

The SPRITE-vpd profile amplitude is increased with respect to a
centric scan SPRITE profile by a factor:

q ¼ sinðaÞ � fsinðxÞg�1
; ð10Þ

q ¼ sinðPa � P�1
p=2 � p=2Þ � fsinðPx � P�1

p=2 � p=2Þg�1
; ð10aÞ

The profile can be defined as a convolution of a real density dis-
tribution, the rectangular profile

Q
o in our case, with the point

spread function (PSF), FPSF:
Y
¼
Y

0
� FPSF ð11Þ

The latter, FPSF, is obtained by inverse Fourier transformation of f.
3. Results and discussion

3.1. Simulations

The strategy for determination of the RF pulse duration at each
k-space point described above provides maximum profile ampli-
tude and homogeneous sample excitation at a given blurring level.
The purpose of the present simulations is to demonstrate how Pa,
Wmax, and T1/TR ratio affect the profile of a rectangular object.
The profile amplitude, i.e. the signal-to-noise ratio, and blurring
both increase with Pa. Thus, obtaining optimal flip angles, a, at
the k-space origin is crucial for efficient and quantitatively reliable
profiling.

K-space was modeled with 64 points to conform to usual exper-
iment. The reasonable ranges of parameters impacting the profile
edge blurring, Pa, Wmax, and T1/TR ratio, were considered for



26 K.V. Romanenko et al. / Journal of Magnetic Resonance 198 (2009) 24–30
simulation of the SPRITE-vpd experiment. A range of bandwidths,
Wmax, between 10 kHz and 1 MHz covers most available imaging
gradients. The T1/TR ratios considered were 0.01 and 2. The former
T1/TR value models the situation when the profile blurring due to
RF saturation is negligible. The later T1/TR refers a practical situa-
tion when some RF saturation is present. The flip angles at the k-
space origin, a, were p/2, p/3, p/6, and Px � (Pp/2)�1 � p/2, where
Px is defined by (Eq. 6).

The RF pulse durations vs. j are calculated for several sample
bandwidths, Wmax, given that a = p/2, Fig. 2. It is remarkable that
for a sufficiently narrow bandwidth, Wmax, a Pp/2 pulse of 50 ls
can be applied uniformly along k-space. Increasing Wmax requires
the range of RF pulse variation along the k-space to increase.
Fig. 3. Point spread functions, FPSF, obtained by inverse Fourier transformation of norm
spread function strongly depends on the flip angle by the first RF pulse, a. The simulat
Wmax = 10 kHz (}), 100 kHz (j), 250 kHz (*), 1000 kHz (d).

Fig. 2. Radio frequency pulse durations, Pj, versus k-space coordinate number, j,
calculated for a SPRITE-vpd pulse sequence according to Eqs. (3 and 4). As the
sample bandwidth increases, the sharper the RF pulse envelope becomes. The
simulation parameters were Pa = Pp/2 = 50 ls; Wmax = 10 kHz (}), 100 kHz (j),
250 kHz (*), 1000 kHz (d).
SPRITE-vpd becomes less reliable in terms of blurring artifacts
when the maximum allowable RF power is low, so that the Pp/2

pulse is unreasonably long, i.e. P100 ls. Our calculations were
performed for Pp/2 = 50 ls. For a longer Pp/2 the blurring would
be greater.

The effect of Pa on resolution of the method is clearly seen in the
case of fast spin-lattice relaxation, T1/TR = 0.01, Fig. 3. Examples of
the normalized PSF calculated for a set of Wmax noted above, and
a = p/2 and p/6 are displayed in Fig. 3(a and b), respectively. Higher
Wmax values cause wider PSFs. However, that effect can be com-
pensated by selection of a starting pulse duration Pa lower than
Pp/2.

RF saturation of Mz is an additional source of resolution loss in
SPRITE-vpd. The appodization functions, f0(j), determined for a set
of Wmax, and T1/TR of 0.01 and 2, are shown in Fig. 4(a and b),
respectively. The first RF pulses strongly reduce the magnetization
in the case of longer T1, Fig. 4b.

The SPRITE-vpd profiles simulated with T1/TR of 0.01 and 2 are
shown in Figs. 5 and 6, respectively. In the case of T1/TR equal 2 and
a of p/2 the profiles are extremely broad, Fig. 6(a–d), that is man-
ifested as broad side tails or elevated baseline. Apparently reducing
the flip angle, a, eliminates this broadening. The profiles simulated
for T1/TR of 0.01 and 2 are very similar for a 6 p/6, Fig. 5(a0 0–d0 0)
and Fig. 6 (a0 0–d0 0), respectively.

The signal improvement factor, q (Eq. 10a), is greater for higher
Wmax and a. For any fixed Wmax the maximum q is reached at a of
p/2. However, one should be aware of corresponding edge blur,
that is not acceptable for T1 P TR and large flip angles at k-space
origin. In the range of Wmax noted above, T1/TR 6 2 and a 6 p/6
the blurring seems to be acceptable for regular profiling. These ap-
proaches have been tested experimentally on cylindrical agar gel
and cement paste phantoms.

3.2. Experiments

The gradient strength, encoding time, RF transmitter power, and
probe ring-down time are the most important hardware-related
parameters in SPRITE-vpd. In SPRITE-vpd effective phase encoding
may occur during the longer RF pulses. The Pp/2 pulses typically used
in these studies were within a range between 50 and 100 ls that is
comparable to typical phase encoding times, tp, Table 1. Large varia-
tion of the RF pulse duration within the SPRITE-vpd sequence causes
alized apodization functions f0, Eq. (9a). Profile broadening described by its point
ion parameters were Pp/2 = 50 ls; (a) a = p/2, T1/TR = 0.01; (b) a = p/6, T1/TR = 0.01;



Fig. 4. The normalized apodization functions, f0, given by Eq. (9a) for one half of the k-space. The simulation parameters were Pa = Pp/2 = 50 ls; (a) T1/TR = 0.01; (b) T1/TR = 2;
Wmax = 10 (}), 100 (j), 250 (*), 1000 kHz (d). The larger T1/TR ratio results in a remarkable amplitude decrease after the first RF pulse that is a typical cause of severe profile
blurring.

Fig. 5. Simulated profiles (32 positive points),
Q

, obtained by Fourier transformation of S(kj) given by Eq. (8). The simulation parameters were T1/TR = 0.01; Pp/2 = 50 ls; a = p/
2, p/3, p/6; (a, a0 , a0 0) Wmax = 1000 kHz; (b, b0 , b0 0) Wmax = 250 kHz; (c, c0 , c0 0) Wmax = 100 kHz; (d, d0 , d0 0) Wmax = 10 kHz. The RF saturation effects are negligible since the T1/TR
ratio is very low. The predicted blurring is due to variation of the RF pulse duration only.
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non-linear phase encoding and, therefore, unacceptable profile dis-
tortion. The problem is essentially eliminated if the encoding time is
considered to commence at the center of each RF pulse excitation. In
most cases the RF pulse durations were much smaller than T�2.

The 1H profiles measured for two cylindrical agar gels phan-
toms, A1 and A2, are shown in Fig. 7A1 (a–f) and A2 (a0–f0), respec-
tively. Experimental parameters are listed in Table 1. The
maximum bandwidth, Wmax, was set at 155 ± 5 kHz. The Pa values
varied in the range from Pp/2 to Px. The edge blurring increased
with Pa. Minor profile distortions could result from the residual
non-linear phase encoding effect described above. It can not be to-
tally eliminated for an RF pulse of a finite width. This effect de-
creases with decreasing Pa.

For the phantom A1 a T1/TR ratio of 0.4 was sufficiently low to
eliminate the effects of RF saturation, Fig. 7(A1). Apparently the
blurring was finely controlled by Pa. In the case of a = p/2 the
SNR increased by the factor of 6 with respect to that of original
centric scan SPRITE, Fig. 7(a and f). It is very close to a factor q of



Fig. 6. Simulated profiles (positive 32 points),
Q

, obtained by Fourier transformation of S(kj) given by Eq. (8). The simulation parameters were T1/TR = 2; Pp/2 = 50 ls; a = p/2,
p/3, p/6; (a, a0 , a0 0) Wmax = 1000 kHz; (b, b0 , b0 0) Wmax = 250 kHz; (c, c0 , c0 0) Wmax = 100 kHz; (d, d0 , d0 0) Wmax = 10 kHz. The RF saturation effects for a = p/2 and p/3 are
manifested as extremely broad side tails.

Table 1
LS is the sample length; T1 and T�2 are the longitudinal and transverse relaxation time
constants, respectively; Wmax is the maximum sample bandwidth; Px is the largest
pulse duration homogeneously exciting the object at every k-space point.

Samples Ls (cm) T1 (ms) T�2 (ms) Wmax (kHz) Px (ls)

A1 3.9 0.8 0.35 155 6.5
A2 4 4.1 1.2
B1 5.5 2 0.4 138 7.3
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5.36 predicted by (Eq. 10a). Given T1/TR 6 0.4, Wmax < 160 kHz and
Pp/2 < 60 ls one can use a as large as p/2 without risk of severe
blurring. The T1/TR ratio of 2 (A2) causes unacceptable distortions
for a > p/4, Fig. 7(a0–c0).

The 35Cl profiles obtained with SPRITE-vpd and original centric
scan SPRITE pulse schemes are displayed in Fig. 8(a–c), respec-
tively. Using SPRITE-vpd with a of p/3 (a) and p/6 (b) resulted in
a dramatic increase in SNR with respect to the original centric scan
SPRITE experiment. A profile edge blurring of 2–4 points was ob-
served, Fig. 8(a and b).

The SPRITE experiment with a large constant RF pulse Pa	 Px

may result in tolerable profile distortions as well as SPRITE-vpd.
A particular disadvantage, in addition to non-uniform sample exci-
tation, is the higher range of RF heating. This is especially impor-
tant when the sample contains brine. The more charged ions in
the sample, the more energy is deposited as heat. Our particular
interest in 35Cl relates to salt water invasion of porous materials,
specifically the chlorine nucleus, since it is associated with corro-
sion processes. Our 35Cl measurements were performed on cement
paste samples with NaCl concentrations of 2.8 M. Seawater NaCl
concentration is 0.5 M. The SPRITE-vpd scheme developed allows
acquiring more signal averages without a risk of the object being
dried out or unreasonably overheated. In our experiments with
variable pulse duration the cement paste sample temperature re-
mained at ambient temperature level, �25 �C. The sample temper-
ature increased to as much as 60 �C when a constant excitation flip
angle of p/6 was applied.
4. Conclusion

The variable pulse duration centric scan SPRITE technique is
well suited for 1D imaging of a wide variety of short T1 systems.
Using the inverse sample bandwidth for each gradient value as a
strategy for determination of the SPRITE pulse durations provides
maximum profile amplitude and homogeneous sample excitation
at a given blurring level. The profile blurring is defined by the
choice of RF power and duration of the very first pulse in the
SPRITE sequence. This technique is designed to improve the sig-
nal-to-noise ratio in MRI measurements of extremely low sensitiv-
ity systems. The increase in sensitivity with respect to the original
centric scan SPRITE is achieved through the use of larger magneti-
zation flip angles at the k-space origin.
5. Experimental

Aqueous solutions of GdCl3 (0.04–0.25 M) and agar powder
(5 wt.%) were used to prepare agar gel phantoms 10 mm in diam-
eter and approximately 40 mm long with required spin-lattice
relaxation time constants, Table 1.



Fig. 7. The 1H profiles of the agar gel phantoms A1 (left column, short T1) and A2 (right column, long T1) presented as a function of a: (a, a0) a = p/2; (b, b0) a = p/3; (c, c0) a = p/4;
(d, d0) a = p/6; (e, e0) a = p/9; (f, f0) Original centric scan SPRITE, w = p/17. LS = 4 cm, Gmax = 9.1 G � cm�1, FOV = 8 cm, NS = 4. No baseline correction was applied to the raw k-space
data.

Fig. 8. The 35Cl profiles of the cement paste phantom measured for different a: (a)
a = p/2; SNR 
 8.5 (b) a = p/3; SNR 
 6 (c) original centric scan SPRITE, a = w = p/
26; SNR 
 1. LS = 5.5 cm, Gmax = G � cm�1, FOV = 10 cm, NS = 32,000 (2 h experi-
ment time).
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Type 1 portland cement was used to prepare cylindrical cement
paste phantoms 40 mm in diameter and 55 mm long. An appropri-
ate volume of 2.8 M NaCl solution was thoroughly mixed with an
amount of cement required to produce a cement paste with a
water-to-cement ratio of 0.5. The cement paste cast in cylindrical
glass containers of 41 mm in diameter was moist cured for 3 days
at ambient temperature of 23 �C. The phantoms were cut from the
initial cylindrical pieces so as to make sharp edges and, thus,
achieve a rectangular profile. The phantoms were then covered
with marine epoxy resin to prevent drying.

The samples, from 4 to 6 cm long, fit into the region of homoge-
neous B1 of the RF coil and the region of linear gradient. The 1H pro-
files were measured on a MARAN spectrometer (Resonance
Instrument Ltd., Oxford, United Kingdom) equipped with a 7T
wide-bore, horizontal superconducting magnet 7T/60/AS (Magnex
Scientific Ltd., Oxford, United Kingdom). A standard gradient set
SGRAD156/100/S (Magnex Scientific Ltd., Oxford, United Kingdom)
provided a maximum gradient strength of 40 G/cm. A home-made
62 mm inner diameter probe was used with an RF power amplifier
7T1000S (Communication Power Corp., New York, USA). The ap-
plied gradient strength, Gmax, was 9.1 G � cm�1. The Pp/2 pulse
was 54 ls at 0.5 kW power. The encoding and repetition times, tp

and TR, were 0.1 and 2 ms, respectively. The 1H profiles were ac-
quired with 4 signal averages.

The 35Cl profiles were measured using a Tecmag (Houston, TX)
Apollo console equipped with a Nalorac (Martinez, CA) 2.4 T 32 cm
i.d. horizontal bore superconducting magnet. A water cooled
75 mm i.d. gradient set driven by Techron (Elkhart, IN) 8710 ampli-
fiers provided a gradient strength up to 100 G � cm�1. The 35Cl RF
probe with a 32 rung quadrature birdcage coil (Morris Instruments,
Ottawa) was driven by a 2 kW AMT (Brea, CA) 3445 RF amplifier.
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The applied gradient strength, Gmax, was 60 G � cm�1. The Pp/2

pulse was 95 ls at 0.65 kW power. The encoding and repetition
times, tp and TR, were 0.124 and 2 ms, respectively. The 35Cl pro-
files were acquired with 32,000 signal averages.

The phantoms designations and the most important experimen-
tal parameters related to these samples are listed in Table 1. All
measurements were carried out at ambient temperature. Numeric
analysis was performed with Matlab 7.0 software.
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