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Abstract

Application of the exchange-sensitive, low-power RF pulses positioned on the bulk water resonance for imaging of the effects of
PARACEST agents is proposed as an alternative to the standard CW off-resonance irradiation. Specifically, we applied a low-power
WALTZ-16 RF train, with the 90� pulse unit replaced by a pulse of the fixed length (WALTZ-16*). Using this sequence, the bulk
water signal was found to be sensitive to exchange lifetimes with PARACEST complex bound protons, the transverse relaxation
time of bulk water, and longitudinal relaxation time of bound protons. In this report, the concept of using WALTZ-16* to ‘‘acti-
vate’’ a PARACEST effect is introduced and some of the salient features of this technique with respect to experimental conditions
and performance levels are discussed. Computational predictions are verified and explored by comparison with experimental spec-
troscopic and imaging data. It is shown that WALTZ-16* can be used to detect PARACEST agents with an RF intensity as low as
200 Hz for concentrations as low as a few tens of lM for lanthanide chelates having appropriate water-exchange rates (Tm,Dy).
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Image contrast in MRI reflects a variety of intrinsic
properties of tissue, including the relaxation properties
of water and fat, their concentrations, flow, diffusion,
etc. In addition, it is possible to generate images with
contrast based upon interactions between spins of
various nuclei, such as chemical exchange and dipolar–
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dipole interactions. Magnetization transfer enhance-
ment, introduced by Balaban and co-workers, uses long,
weak, off-resonance RF pulse to saturate a broad water
signal that lies beneath a sharper bulk water signal in
many tissues [1]. More recently, a similar principle was
applied to compounds with slowly exchanging –NH or
–OH protons. Irradiation of these exchanging protons
decreases the bulk water signal. This MR contrast meth-
od, chemical exchange saturation transfer (CEST) imag-
ing [2], allows the operator to switch image contrast
‘‘on’’ and ‘‘off’’ via an RF pre-saturation pulse. As
chemical exchange can be quite sensitive to the environ-
ment of a contrast agent, the CEST effect can be used to
image important physiological parameters such as
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pH [3–7]. A variety of endogenous and exogenous CEST
agents are being explored: endogenous amide protons [4]
(amide proton transfer APT) and small molecules [8]
(urea); and, exogenous polymers [9] and paramagnetic
lanthanide (III) complexes [5,10,11].

The exogenous paramagnetic lanthanide complexes
exhibit slow lanthanide-bound water-exchange kinetics
and large chemical shifts for the lanthanide-bound water
molecule [11]. These highly shifted bound water protons
can be selectively pre-saturated and the saturation trans-
ferred to the bulk water via chemical exchange. There
are a number of the potential advantages of paramag-
netic CEST (PARACEST) agents [12]. First, PARA-
CEST agents permit the use of faster water molecule
exchanging systems while remaining in the slow-to-inter-
mediate exchange regime. Second, the selective RF pulse
can be applied much further away from the bulk water,
resulting in less direct saturation of the bulk water reso-
nance. Finally, as indicated above, since the CEST effect
is intrinsically sensitive to chemical exchange, it may be
possible to design PARACEST agents that report
important biological indices such as pH [5–7], tempera-
ture, lactate [13] or glucose [14] concentrations and oxy-
gen or metabolite levels in vivo using a conventional
MRI scanner [14].

Theory predicts that in the slow exchange limit the
PARACEST effect should become larger with faster
water exchange, if a sufficiently strong RF field is used
for off-resonance saturation [15]. At the same time, at
this faster exchange, saturation of the bound pool may
require very high RF powers not available in standard
human or animal imager, and may be not effective at
all if exchange lifetimes are very short [15,16]. In addi-
tion, the off-resonance RF field strength may be limited
in human applications by the FDA guidelines for power
deposition (SAR). This limit will be a complex function
of RF coil design, patient weight, and the particular
imaging sequence employed. In practice, these consider-
ations may restrict PARACEST agents to those with
water-exchange lifetimes on the order of milliseconds.

Application of off-resonance irradiation is not the
only way to observe effects due to chemical exchange.
Many alternative ways have been exploited in solution
NMR [17], a few of these have been applied to MRI.
For instance, in the WEX experiment, van Zijl et al.
[18,19] used a water-exchange filter to detect mobile
and exchanging protons. Recently, Michaeli and co-
workers [20] studied the effects of exchange on the rotat-
ing frame relaxation under the influence of adiabatic
pulses and showed that the contribution of exchange
to T1q can be varied by changing pulse parameters. It
has also been demonstrated that fast exchanging agents
can reduce the T2 of bulk water protons by chemical ex-
change [17,21]. In addition, on-resonance pulses, satu-
rating tissue with short T2, have been used to create
MT contrast enhancement [22–24]. This led us to con-
sider the possibility of applying exchange and relaxa-
tion-sensitive pulses directly on the bulk water
resonance in combination with rapid-exchange PARA-
CEST agents. Amplitude and phase modulation of the
RF train can be potentially utilized to enhance the ef-
fects of chemical exchange. Such modulated pulses pro-
vide almost endless possibilities for the design of an
optimal RF train that will be sensitive to chemical ex-
change and substantially lower the total power deposit-
ed. Another advantage of an on-resonance strategy is
that it is not necessary to know the exact position of a
Ln-bound water resonance.

The problem is to design such an RF train. The sim-
plest form of pulse would be application of a long, low-
power 360� pulse on bulk water resonance (similar to the
binomial pulses used for MT contrast). At the termina-
tion of the pulse, non-exchanging water spins will return
to the Z axis while any exchanging protons might ‘‘leak
away’’ during the long RF pulse and, hence, not experi-
ence the full 360� rotation. The result would be a de-
crease in Z magnetization, much like that experienced
in a conventional CEST experiment. Such pulses, how-
ever, may be impractical for the in vivo applications
since they are quite sensitive to RF and B0 inhomogene-
ities. To overcome inhomogeneity issues, composite
pulses [25] can be used. Bearing this in mind, we have
investigated the use of a low-power WALTZ-16 [26,27]
pulse train to achieve visualization of the effects due to
the presence of the PARACEST contrast agents.

In this report, the concept of using WALTZ-16 to
‘‘activate’’ a PARACEST effect is introduced, and some
of the salient features of this technique with respect to
experimental conditions and performance levels are dis-
cussed. Computational predictions are verified and ex-
plored by comparison with experimental spectroscopic
and imaging data.
2. Theoretical background

Chemical exchange transfers magnetization from pool
B (bound water) to pool A (bulk water) and vice versa.
The following Bloch–McConnell equations describe the
dynamics of the magnetization of both pools [15]:

dMa
x

dt
¼�daMa

y �ðR2aþ kaÞMa
x þ kbMb

x þx1ðtÞ sin/ðtÞMa
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dMa
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where

R1a;b ¼ 1=T 1a;b; ð7Þ

R2a;b ¼ 1=T 2a;b; ð8Þ

da;b ¼ x� xa;b. ð9Þ
In these equations xa is the Larmor frequency of pool
A, T1a is the spin–lattice relaxation time of pool A,
T2a is the transverse relaxation time of pool A, and ka
is the transition rate of A nuclei leaving pool A and is
equal to 1/sa, where sa is the life time of a proton in
A. Similar definitions apply to B nuclei. The value of
ka is determined by the detailed-balance relationship

ka ¼
Mb

0

Ma
0

� �
kb ¼

Mb
0

Ma
0

� �
1

sb
. ð10Þ

The value of ka is enhanced by increasing the concentra-
tion of a PARACEST agent and by decreasing lifetimes
of the protons in the bound pool (B). The thermal equi-
librium Z magnetizations, Ma

0 and Mb
0, are directly pro-

portional to the number of protons in pools A and B,
respectively; these quantities are determined by the com-
position of the system.

In addition, in Eq. (9), x is the frequency of the RF
irradiation, x1 (t) is its amplitude, and / (t) is its phase.
Eqs. (1)–(6) assume the same rotating frame for both
pools, and the time dependence of the RF irradiation
due to high off-resonance values of the B pool was ig-
nored. In principle, both the phase and amplitude of
the RF irradiation can be time dependent. In the
WALTZ-16 train the amplitude remains constant, while
the phase is time dependent. Due to this time depen-
dence, there is no analytical solution of these equations.
Furthermore, for many of the PARACEST compounds,
the system is in an intermediate-to-slow exchange regime
with kex = ka + kb of the same order of magnitude or
higher than D. Analytical theoretical approaches beyond
fast-exchange regime are not widely reported [28–30].
Hence, numerical simulations need to be applied in or-
der to study magnetization dynamics.

There are a number of intrinsic system parameters
that can potentially influence the sequence performance:
T1a, T1b, T2a, T2b, and sa, the chemical shift difference
between protons in A and B (D = xa � xb), and the con-
centration of the agent. In addition, there are experi-
mental imperfections, such as RF (B1) and B0

homogeneities. To elucidate the influence of these
parameters, simulations and experiments were per-
formed, and those results will be presented in the follow-
ing sections.
3. Materials and methods

3.1. Computational methods

A set of MATLAB computer programs was written
to calculate the magnetization dynamics under the influ-
ence of a low-power WALTZ-16 pulse train as a func-
tion of RF amplitude, off-resonance frequency of bulk
water, and relaxation and exchange parameters of the
system. The simulations employ stepwise integration of
the time-dependent Bloch–McConnell equations (Eqs.
(1)–(6)).

3.2. Experimental

Experiments were performed on either a Varian Uni-
ty INOVA 400 MHz (9.4T) vertical wide-bore (89 mm)
spectrometer or a Varian Unity INOVA 200 MHz
(4.7T) horizontal wide-bore imaging scanner. The spec-
troscopy experiments were performed on the INOVA
400 machine using a 5 mm liquid NMR double channel
probe. The imaging experiments were performed at both
200 and 400 MHz field strengths. In the former case, a
surface coil with the diameter of 2 cm was employed
and in the latter a 30 mm imaging probe with an imag-
ing gradient coil.

3.3. WALTZ-16* pulse train

In our experiments, we have employed a WALTZ-16
pulse train consisting of [26,27]:

(3tp)180(4tp)0(2tp)180(3tp)0(tp)180(2tp)0(4tp)180(2tp)0(3tp)180
(3tp)0(4tp)180(2tp)0(3tp)180(tp)0(2tp)180(4tp)0(2tp)180(3tp)0
(3tp)0(4tp)180(2tp)0(3tp)180(tp)0(2tp)180(4tp)0(2tp)180(3tp)0
(3tp)180(4tp)0(2tp)180(3tp)0(tp)180(2tp)0(4tp)180(2tp)0(3tp)180,

where subscripts indicate the phase of the pulse and tp is
the pulse length. In the WALTZ-16 experiment, the tp is
equal to the length of 90� pulse. In our experiments, tp
was fixed at 2.5 ms, which did not necessarily corre-
spond to 90� pulse. Those later experiments are referred
to as WALTZ-16* to distinguish them from the original
WALTZ-16*. The total length of the pulse train was
220 ms. Based on simulations (see Section 4), experi-
ments were then performed in the B1 range of 100–
300 Hz.
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3.4. Spectroscopy experiments

A standard 90� pulse sequence was modified by add-
ing a WALTZ-16* train before the 90� pulse. Integrated
signal intensities were measured with and without the
application of the pulse train. The intensity of the signal
without WALTZ-16* corresponds to the total initial
magnetization of bulk water, ðMa

0Þ, while the signal
intensity after including the WALTZ-16* pulse train
corresponds to the total Z magnetization of water at
the end of the RF train, ðMa

z Þ. All data are then reported
as a relative magnetization, Ma

z=M
a
0. A decrease in

Ma
z=M

a
0 corresponds to a lower intensity of bulk water

and, in an imaging experiment, to reduction in image
intensity. Six samples were prepared containing either
1 mM, 600, 250, 125, and 12.5 lM TmDOTAM (see
Scheme 1 for the chemical structure) or deionized water
with D2O added for shimming purposes. Pool B to A ra-
tios in these samples are 18.2 · 10�6, 10.9 · 10�6,
4.5 · 10�6, 2.3 · 10�6, 0.23 · 10�6, and 0, respectively.
In the spectroscopy experiments the field was intention-
ally de-shimmed to better mimic the in vivo situation.

To study the MT effects and the behavior in a semi-
solid system, two phantoms containing (1) 0.5% agarose
gel and (2) 0.5% agarose gel with 50 lM TmDOTAM
(pool B to A ratio 0.9 · 10�6) were prepared.

3.5. Imaging

A standard spin-echo sequence was employed with a
WALTZ-16* pulse applied before the imaging pulses.
Two images were acquired: (1) with a WALTZ-16* train
applied far off-water resonance (effectively WALTZ irra-
diation off) and (2) WALTZ-16* applied on the bulk
water resonance (WALTZ irradiation on). A relative
difference image was then reconstructed via a pixel-by-
pixel calculation according to the formula

ðIoff � IonÞ
Ioff

; ð11Þ

where Ioff and Ion correspond to the signal intensity with
the WALTZ-16* pulse off and on, respectively.
Scheme 1.
In the experiments performed on the 400 MHz spec-
trometer, a phantom containing four tubes with differ-
ent concentrations of TmDOTAM was imaged: (1)
1 mM, (2) 125 lM, (3) 12.5 lM, and (4) water (pool B
to A ratios of (1) 18.2 · 10�6, (2) 2.3 · 10�6, (3)
0.23 · 10�6, and (4) 0). The imaging parameters were
FOV = 25 · 25 mm2, TR = 30 s, TE = 30 ms, matrix
size varied between 32 · 32 to 128 · 128 in different
experiments with a slice thickness of 2 mm.

In experiments performed at 200 MHz a phantom
containing four tubes with different concentrations of
DyDOTAM was imaged: (1) 2 mM, (2) 1 mM (3)
125 lM, and (4) tube with water (pool B to A ratios
of (1) 36.4 · 10�6, (2) 18.2 · 10�6, (3) 2.3 · 10�6, and
(4) 0). The imaging parameters were FOV
20 · 20 mm2, TR = 1 s, TE = 15 ms, matrix size
256 · 256, slice thickness 2 mm, and in-plane resolution
of 78 · 78 lm2. In addition, a phantom containing dif-
ferent concentrations of TmDOTA-4AmCE was im-
aged: (1) 41 lM, (2) 15 lM, (3) 7.3 lM, and (4) water
(pool B to A ratios of (1) 0.75 · 10�6, (2) 0.27 · 10�6,
(3) 0.13 · 10�6, and (4) 0).
4. Results and discussion

4.1. Computational results

4.1.1. RF performance

First, the influence of the low-power WALTZ-16*
(less than 1 kHz RF intensity) on water in the absence
of exchange was estimated. In principle, the train corre-
sponds to a complete 360� rotation and, hence, should
have no influence on total Z magnetization. The intensi-
ty can, however, be influenced by T1a and T2a of water
and the amplitude and offset of the RF irradiation. Of
particular importance in the experiment is the robust-
ness with respect to B1 field inhomogeneity (RF irradia-
tion amplitude dispersion) and B0 field inhomogeneity
(RF irradiation offset dispersion). The high-power
WALTZ-16 is well compensated for both power and
field inhomogeneities; however, at low-power levels its
performance may deteriorate [31]. In addition, relaxa-
tion effects will also influence the performance and the
amount of the Mz/M0 at the end of the train even in a
system without exchange. To determine the robustness
of the low-intensity WALTZ-16* train, the dependence
of the Z magnetization on the RF intensity and offset
was simulated in pure water. The relative magnetization
size, Mz/M0, as a function of RF intensity (x1/2p) and
offset (da) is shown in Fig. 1. In these simulations, as well
as in actual experiments, the pulse length was constant,
while RF intensity and offset varied. T1 was assumed to
be equal to 5 s and T2 to be 2.5 s. It is desirable to have
Mz/M0 unchanged and equal to 100% over as wide a
range of RF intensities and offsets as possible. The sim-



Fig. 1. Simulations of relative magnetization size, Mz/M0, where Mz is
the Z-magnetization after the application of the WALTZ-16* and M0

is the initial magnetization, as a function of RF intensity (x1/2p) and
offset (da) in the system without exchange. Dotted lines designate the
preferable region for experiments, whereMz/M0 remains constant over
the wide range of RF intensity and offsets. In this region, the influence
of RF and B0 inhomogeneity is minimal.

Fig. 2. Simulations of the decrease of the free water relative
magnetization, Ma

z=M
0
z , as a function of the free water-exchange

lifetime (sa) and chemical shift difference (D/2p). The lower graph
shows an expanded area confined by the dotted line in the upper graph.
Values of sa and D/2p typical for Eu, Tm, Dy, and Gd complexes are
indicated on the graph, assuming exchange lifetimes and chemical
shifts of Ln–DOTA-4AmCE compounds (Table 1) and 400 MHz B0

field. Values of Ma
z=M

0
z vary from 82% (black) to 92% (white) in the

increments of 1%. Simulation parameters are detailed in the text.

Table 1
Exchange lifetimes and chemical shifts for some of the Ln–DOTA-
4AmCE chelates and typical value for the Gd3+ complexes

Lanthanide ion sb (ls) D (ppm)

Eu3+a 382 50
Dy3+a 17 �720
Tm3+a 3 500
Gd3+ 0.001 0

a Reproduced from [33].
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ulation (Fig. 1) shows that WALTZ-16* RF power and
offset influence Mz/M0. In experiments, the RF intensi-
ty should be chosen to minimize the variations in
Mz/M0. Low-power WALTZ works well only in certain
B1 intensity regions. It is particularly poor between
�300 and 425 Hz, where the magnetization is inverted
(Mz/M0 negative). The desirable intensity range is be-
tween 100 and 300 Hz (dashed horizontal lines), where
magnetization is around 93% throughout most of the re-
gion. In this amplitude range, the pulse performance is
very stable over a range of frequency offsets. The gap be-
tween ‘‘bad’’ areas is 400 Hz, precisely equal to 1/tp. The
position of ‘‘bad’’ and ‘‘good’’ areas changes for differ-
ent tp values with a gap equal to 1/tp. Further theoretical
treatment of this effect is beyond the scope of the present
paper.

Using a T1 of 5 s, a T2 of 2.5 s, and a B1 field of
200 Hz, the pure water magnetization decreases to
93% (Fig. 1). This decrease results from the T2 relaxa-
tion during the WALTZ-16*. Contrast due to the
PARACEST exchange will be achieved if the presence
of the exchanging protons further decreases Ma

z=M
a
0 of

the bulk water. Hence, in the ensuing sections the results
will be compared with the Mz/M0 of the pure water.

4.1.2. System parameters influence
Simulations of the magnetization ratio, Ma

z=M
a
0, as a

function of free water-exchange lifetimes sa and chemi-
cal shift difference, D, were performed (Fig. 2). A 9.4T
B0 field and 100 lM concentration (pool B to A ratio
of 1.8 · 10�6) of the PARACEST agent were assumed,
with T1a = 5 s, T2a = 2 s, and T1b = T2b = 0.2 s. The
simulated contrast, Ma
z=M

a
0, should be compared with

pure water magnetization ratio (Mz/M0 = 93%). Exper-
imentally measured values of sa and D for typical Eu-,
Tm-, and Dy-based PARACEST agents are indicated
on the graph. The Ln–DOTA-4AmCE complex ex-
change lifetimes and chemical shifts change with Ln size
[11] (Table 1). For typical Gd-based relaxation agents, a
zero chemical shift difference and nanosecond exchange
lifetime was assumed. To achieve a maximal effect, free
water-exchange lifetimes of the order of 0.5–1 s are
desirable, with the largest possible chemical shift of the
bound water. The Tm and Dy compounds provide the
largest effect. Both of these agents have short exchange



Fig. 3. Simulations showing the decrease of the free water relative
magnetization, Ma

z=M
0
z , as a function of the free water-exchange

lifetime (sa) and transverse relaxation time (T2a). Values of Ma
z=M

0
z

vary from 0% (black) to 100% (white) in the increments of 10%. A
chemical shift difference of 500 ppm (typical of Tm complexes) and
400 MHz B0 field was assumed. Other simulation parameters are
detailed in the text.
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lifetimes and short T1b values prohibiting efficient sup-
pression at low RF powers and providing a very small
effect with off-resonance CW saturation. The exchange
lifetime, sa, can be decreased by increasing agent con-
centration (see Eq. (2)), but a chemical shift difference
cannot be changed for a specific Ln ion. Hence, com-
plexes with smaller D, like Eu, are not as favorable for
this type of experiment. These results can be understood
intuitively by viewing the process as a leak or drain of
magnetization from the on-resonance pool A due to
exchange. When the pulse is applied, part of the
magnetization ‘‘leaks away’’ via the exchange and,
hence, does not experience a full 360� rotation. Conse-
quentlyMa

z is decreased. The bigger chemical shift differ-
ence, the less effect the pulses will have on the
‘‘escaping’’ magnetization.

In the presence of RF irradiation, the magnetization
behavior is governed by longitudinal and transverse
relaxation times in the interaction frame, T1q and T2q,
governing relaxation parallel and perpendicular to the
RF effective field, respectively. The exact analytical solu-
tion for T1q in the presence of composite pulses current-
ly is not available. In addition, WALTZ-16* is not cyclic
for all RF off-resonance and intensity values [31]. Under
the conditions when the WALTZ-16* irradiation is cyc-
lic (e.g., exactly on-resonance or when tpx1 = p/2), the
behavior of the Z magnetization at the end of the
WALTZ-16* train will be governed by T1q. Based on
the theoretical treatments of exchange in the presence
of CW [28,29,32] and adiabatic pulses [20], it can be as-
sumed that the T1q will contain contributions from T2,
exchange lifetimes, and T1. Hence, the effective decrease
will be determined not only by exchange parameters but
also by the T2a and T1a of bulk water. To study this ef-
fect, the magnetization ratio Ma

z=M
a
0 was simulated as a

function of sa and T2a, Fig. 3. This simulation assumed a
chemical shift difference of 500 ppm (typical of Tm com-
plexes), a 9.4T B0, a B1 intensity of 200 Hz, and an agent
concentration of 100 lM (pool B to A ratio of
1.8 · 10�6). The simulated results indicate that T2a will
have a strong influence on the total decrease in
Ma

z=M
a
0. It is evident from the data that for a T2 on

the order of 0.4 s or higher, the biggest decrease is ob-
served for sa of 0.4–1 s. In this region the total effect size
will be determined by both T2a and sa. Hence, strong
relaxation agents, like Gd complexes will provide a big
effect in this type of experiment.

Based on these results, it follows that for quantitative
measurements in tissues two experiments need to be per-
formed: one before contrast injection to quantify signal
decrease due to intrinsic T2a, and one after the injection.
The relative signal difference between the two experi-
ments will give a quantitative measure of the ex-
change-mediated effects.

It also follows that in a semi-solid tissue with short
T2a, saturation will also be created, thus leading to
MT effects. However, if two experiments are performed,
as described before, the MT effects will be canceled.

The influence of the T1a was simulated, at 100 lM
(pool B to A ratio of 1.8 · 10�6), a B0 of 9.4T, and
T1b = T2b = 0.2 s. Using T2a values between 0.01 and
2 s, the T1a was varied between T2a and 10 s. Both relax-
ation times have an influence when they are the same or-
der of magnitude as the RF train length, i.e., less than
1 s. Again, T2a has a much stronger influence on the
determination of the total effect size than T1a. Overall,
for T1a values of 1 s and longer or for T1a � T2a, the de-
crease in the magnetization has a very weak dependence
on T1a.

The influence of T1b and T2b was also simulated. For
T1b of the order of 100 ls and higher, the effect is found
to be negligible, and the total effect size is governed by
the relaxation and exchange parameters of the free
water. However, very short T1b values, of the order of
few tens of microseconds and lower, do influence the ef-
fect size. For 100 lM of a contrast agent (pool B to A
ratio of 1.8 · 10�6) with an exchange lifetime of 3 ls,
varying T1b between 10 and 100 ls results in Ma

z=M
a
0

change of 5%. Very short T1b results in ‘‘memory loss’’
of the magnetization residing in the bound state. The
bound lifetime is very short, however, it is long enough
for partial or full return of the magnetization to the ini-
tial state. Hence, magnetization will go astray from the
WALTZ dictated trajectory, and the observed Ma

z=M
a
0

will decrease. Short T1b enhances exchange-mediated
dephasing mechanism. This suggests that even very
effective relaxing ions, such as Dy3+ and Tb3+, could
be used in this type of experiment.
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To summarize, the total effect size will be governed by
T2a, sa, and T1b.
5. Experimental results

5.1. Spectroscopy

Spectroscopy measurements were performed to vali-
date the simulations and to estimate the signal decrease
in real systems. Since the largest effect (decrease in
Ma

z=M
a
0) was predicted for Tm compounds, solutions

containing variable concentrations of TmDOTAM
([TmDOTAM]) as a prototype agent were investigated.
The offset behavior was verified by shifting the frequen-
cy of the WALTZ-16* train from that of bulk water and
measuring Ma

z=M
a
0 (Fig. 4). The B1 field was fixed and

approximately equal to 200 Hz. To estimate the disper-
sion of the results over the off-resonance range, the
mean and standard deviation of Ma

z=M
a
0 were calculated.

The values for the [TmDOTAM] are as follows:
90.6 ± 0.8% for pure water (0 lM), 86 ± 0.9% for
12 lM, 75 ± 2% for 125 lM, 64 ± 1% for 250 lM,
40 ± 2% for 600 lM, and 27 ± 3% for 1000 lM. From
these values and from the figure it is evident that the
Ma

z=M
a
0 varies less than 10% for offsets of ±100 Hz. This

variation increases with effect size, with larger deviations
for samples containing higher [TmDOTAM]. In an
imaging experiment, B0 inhomogeneities are expected
to be higher than in the high-resolution experiments so
one would anticipate a larger standard deviation in the
Fig. 4. Experimental measures of Ma
z=M

a
0 at 400 MHz B0 field after

application of a WALTZ-16* pulse train using a fixed RF intensity of
200 Hz and variable RF offsets (da). Each symbol represents a different
[TmDOTAM]: j, 1 mM; d, 600 lM; m, 250 lM; �

¨
, 125 lM; .,

12.5 lM; and b, 0 (water only). The solid lines correspond to the
simulations that best matched the experimental results visually. The
simulation parameters are given in the text.
signal decrease for samples measured in an imaging ver-
sus a spectroscopy measurement.

Simulated results (solid lines) are also shown in Fig.
4. The simulation parameters were derived as follows:
T1a values were measured experimentally and are 4.2,
4.0, 3.8, 3.9, 2.4, and 2.2 s for water, 12.5, 125, 250,
600 lM, and 1 mM, respectively. The displayed T1a

shortening can be attributed to the exchange effects
[17,21]. T2a values, also influenced by exchange, were
measured using CPMG in water and 12.5 lM solution
and are equal to 2.02 and 1.48 s, respectively. Relaxation
times measured in the water sample were longer than
expected from exchange contribution alone, probably
because of the addition of D2O. T1a and T2a values used
in the simulations were taken as equal to the values mea-
sured in 12.5 lM solution. The assumption was that at
this low concentration the exchange-mediated changes
in the relaxation times will be minor to negligible. In
the simulations, an exchange lifetime for the bound
water of TmDOTAM was assumed equal to sb = 2.6 ls,
a value close to the experimentally measured 3 ls for an
analogous compound, TmDOTA-4AmCE [33]. T1b and
sb were the parameters varied to achieve the simulation
that best matched the experimental results visually. Note
that since the total effect size is governed by T2a, T1b,
and sa there might be another set of parameters produc-
ing similar effect sizes. The purpose of the simulation
was to provide a qualitative description of the experi-
mental results.

The RF inhomogeneity dependence was verified by
varying the RF intensity level of the WALTZ-16* train
while fixing the frequency of the RF irradiation to that
of bulk water. These results are shown in Fig. 5, together
with the best visually matched simulations. The simula-
tion parameters were the same as described above except
that in some cases an offset of 10–20 Hz was assumed.
These offsets may come from B0 fluctuations in the spec-
trometer due to a nearby subway. In the 100–300 Hz
range the effect size was 90 ± 1, 86 ± 2, 77 ± 1, 65 ± 1,
44.6 ± 0.6, and 30 ± 1% for water, 12.5, 125, 250, 600,
and 1000 lM, respectively. These values are in agree-
ment with the average values measured before. The sim-
ulation shows a few dips between 300 and 500 Hz,
consistent with the ‘‘bad areas’’ predicted in Fig. 2. In
the experiments, those dips are smoothed out, probably
due to the above-mentioned field inhomogeneities and
field fluctuations.

Overall, the effective decrease in the free water signal
due to the presence of TmDOTAM was 4% for 12.5 lM,
14% for 125 lM, 26% for 250 lM, 53% for 600 lM, and
61% for 1 mM agent.

5.1.1. Imaging

Typical images of the phantoms containing various
[TmDOTAM] measured at 400 MHz are presented in
Fig. 6. These phantoms are tubes (maximum diameter



Fig. 5. Experimental measures of Ma
z=M

a
0 at 400 MHz B0 field after

application of a WALTZ-16* pulse train at zero offset and different RF
intensity levels (x1/2p). Each symbol represents a different [TmDO-
TAM]: j, 1 mM;d, 600 lM;m, 250 lM; �

¨
, 125 lM;., 12.5 lM; and

b, 0 (water only). The solid lines correspond to the simulations that
best matched the experimental results visually. The simulation
parameters are given in the text. The vertical dotted lines mark an
optimal region of x1/2p for the experiment.
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8 mm) filled with the solutions of TmDOTAM. Fig. 6A
shows a spin-echo image of the phantom with a
WALTZ-16* pulse applied far off-resonance, and Fig.
Fig. 7. Spin-echo images at 200 MHz of phantoms containing water and diff
16* placed very far off-resonance (effectively switched off) (A), on-resonance
TR/TE = 1 s/15 ms, FOV = 20 · 20 mm2, matrix size 256 · 256, and NEX =

Fig. 6. Spin-echo images collected at 400 MHz of phantoms containing water
WALTZ-16* placed very far off-resonance (effectively switched off) (A),
parameters were TR/TE = 9 s/30 ms, FOV = 25 · 25 mm2, matrix size 128 ·
6B shows the same slice but with WALTZ-16* on bulk
water. Contrast is clearly seen in all samples except the
sample containing 12.5 lM TmDOTAM. To quantify
the effect and compare it to the spectroscopic results,
the relative difference image was calculated according
to Eq. (11) and is shown in Fig. 6C. In this experiment
the relative differences (Eq. (11)) were equal to
11.0 ± 0.5% ðMa

z=M
0
z ¼ 89%Þ for water, 12.5 ± 0.9%

ðMa
z=M

0
z ¼ 87.5%Þ for 12.5 lM, 25.2 ± 0.6% ðMa

z=M
0
z ¼

74.8%Þ for 125 lM and 62 ± 1% ðMa
z=M

0
z ¼ 38%Þ for

1 mM. The ratios measured by spectroscopy experi-
ments were, within error, identical to those measured
by imaging at the same B0. As anticipated, the error in
the relative magnetization measured by imaging is some-
what larger than that measured by spectroscopy due to
poorer B0 and B1 homogeneities combined with lower
signal-to-noise ratio in the imaging probe versus high-
resolution probe. For imaging, the enhancement ratio
of 12.5 lM TmDOTAM was within error identical to
that of water.

Images were also acquired for a phantom containing
different [DyDOTAM] at 200 MHz field using a surface
coil. These results are presented in Fig. 7. The relative
differences in this case are equal to 24 ± 6%
ðMa

z=M
0
z ¼ 76%Þ for water, 36 ± 5% ðMa

z=M
0
z ¼ 64%Þ

for 125 lM, 64 ± 4% ðMa
z=M

0
z ¼ 36%Þ for 1 mM and

82 ± 3% ðMa
z=M

0
z ¼ 18%Þ for 2 mM DyDOTAM. The

effective decrease in the free water signal due to the pres-
erent [DyDOTAM]: 125 lM, 1 mM, and 2 mM. Images with WALTZ-
(B) and a relative difference image (C). The imaging parameters were
1.

and different [TmDOTAM]: 12.5 lM, 125 lM, and 1 mM. Images with
on-resonance (B), and a relative difference image (C). The imaging
128, and NEX = 16.
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ence of DyDOTAM is about 12% for 125 lM, 40% for
1 mM, and 58% for 2 mM agent.

To verify the performance at lower concentrations,
phantoms containing different [TmDOTA-4AmC] (a
different ligand only, Scheme 1) and water were also im-
aged at 200 MHz. At the RF intensity of 180 Hz, the rel-
ative differences were approximately 19% ðMa

z=M
0
z ¼

81%Þ, 25% ðMa
z=M

0
z ¼ 75%Þ, 28% ðMa

z=M
0
z ¼ 72%Þ,

and 32% ðMa
z=M

0
z ¼ 68%Þ for water, 7.3, 15, and

41 lM TmDOTA-4AmC, respectively. The standard
deviation of the magnetization ratios between pixels
was about 5%.

5.2. Effect size versus concentration

Fig. 8 summarizes the experimental results and shows
the relative magnetization decrease achieved for differ-
ent [TmDOTAM] in spectroscopic and imaging experi-
ments. The agreement between spectroscopic and
imaging experiments is good, with imagingMa

z=M
0
z being

somewhat lower than spectroscopy. In the spectroscopy
experiments, concentrations as low as 12 lM can be dis-
tinguished. In imaging experiments, the errors were
somewhat higher yet, on average, the image intensity
of a sample containing 12.5 lMTmDOTAM can be dis-
tinguished from that of pure water. In practice, howev-
er, concentrations of 30–100 lM will be needed to
produce an obvious contrast effect.

It is evident that the total effect size is determined by
sa, T2a, and T1b at the specific [PARACEST] (Fig. 8).
Solid line shows a simulated dependence of the decrease
of Ma

z=M
a
0 of TmDOTAM compound as a function of
Fig. 8. Summary of experimental measures of Ma
z=M

a
0 for different

[TmDOTAM] after an application of a 200 Hz WALTZ-16* pulse
train on resonance. Squares and circles correspond to the spectroscopy
and imaging results, respectively. The concentration region, 10–
200 lM, is shown expanded in upper right corner. Solid line shows a
simulated dependence of the decrease of Ma

z=M
a
0 as a function of

[TmDOTAM].
concentration. T2a plays a major role in the determining
the effect size. It is tempting to speculate that the results
suggest that the total effect originates in changes in
transverse relaxation rates due to exchange and the
chemical shift effect of the paramagnetic complex. These
changes should be possible to detect and quantify with
T2-sensitive experiments.

To study the MT effects and the behavior in the semi-
solid system, experiments with agarose phantoms were
performed. First, the effect sizes were measured spectro-
scopically. As expected, WALTZ-16* resulted in de-
crease of the signal in agarose, with Ma

z=M
a
0 after the

pulse application of 33%. Addition of Tm resulted in a
further decrease of the relative magnetization to about
5% (effective decrease of 27%). These spectroscopy re-
sults were confirmed qualitatively by imaging, with
Ma

z=M
a
0 of 20 ± 7% and 9 ± 5% for agarose and aga-

rose + Tm phantoms, respectively. The big error in
imaging values stems from the irregular shape of the
phantom and large susceptibilty artifacts. Overall, these
results support the view that the WALTZ-16* can be
used in a semi-solid system to visualize effects due to
the presence of the PARACEST agents with suitable ex-
change and relaxation parameters (Tm,Dy).

For comparison purposes, Z spectra measured with
5 s CW irradiation were recorded for 1 mM samples of
TmDOTAM and DyDOTAM. In the Tm sample
5 kHz RF resulted in no detectable effect. In Dy 2 kHz
irradiation resulted in almost 7% reduction. A comment
should be made about compounds with slower exchange
lifetimes and longer T1b and T2b, like Eu complexes. In
these compounds off-resonance CW irradiation is effi-
cient (e.g., application of CW irradiation of 1 kHz inten-
sity on bound water peak for 1 s in 2mM EuDOTAM
compound results in a 4% reduction of the signal). At
the same time WALTZ-16* is not that efficient. Hence,
WALTZ-16* can potentially serve as a complementary
experiment in compounds with short exchange and
relaxation times.

Finally, a comment should be made about the model
system assumed in the simulations. We have assumed a
two-pool model, while in reality there are at least three
pools: bulk water, bound water, and amide protons.
This third pool of the exchanging protons will definitely
influence the exchange and relaxation parameters of the
bulk water. However, the overall agreement between
experimental results and the two-pool simulation was
satisfactory and in this stage the third pool was not
included.
6. Conclusions

A low-power WALTZ-16* train was employed for
contrast generation of PARACEST agents. Based on
both simulations and experiments, this pulse can be used
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to visualize effects of PARACEST agents in concentra-
tions as low as 30–100 lM with an RF field as low as
200 Hz. We hope that with further modifications and
improvements it should be possible to detect 20–50 lM
range in vivo. WALTZ-16* is sensitive to exchange life-
times and transverse relaxation times of bulk water. The
sensitivity to T2a and MT effects might be a major draw-
back of this sequence, requiring acquisition of a refer-
ence image for quantitative studies. However, this is
only one example of possible contrast generation by
phase- and amplitude-modulated RF pulses. This path
can potentially lead to more sensitive and less power
demanding RF trains. Work is in progress to verify if
this approach can be used in vivo.
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