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Abstract

The simple method for measuring the rotational correlation time of paramagnetic ion chelates via off-resonance rotating frame tech-
nique is challenged in vivo by the magnetization transfer effect. A theoretical model for the spin relaxation of water protons in the pres-
ence of paramagnetic ion chelates and magnetization transfer effect is described. This model considers the competitive relaxations of
water protons by the paramagnetic relaxation pathway and the magnetization transfer pathway. The influence of magnetization transfer
on the total residual z-magnetization has been quantitatively evaluated in the context of the magnetization map and various difference
magnetization profiles for the macromolecule conjugated Gd-DTPA in cross-linked protein gels. The numerical simulations and exper-
imental validations confirm that the rotational correlation time for the paramagnetic ion chelates can be measured even in the presence of
strong magnetization transfer. This spin relaxation model also provides novel approaches to enhance the detection sensitivity for para-
magnetic labeling by suppressing the spin relaxations caused by the magnetization transfer. The inclusion of the magnetization transfer
effect allows us to use the magnetization map as a simulation tool to design efficient paramagnetic labeling targeting at specific tissues, to
design experiments running at low RF power depositions, and to optimize the sensitivity for detecting paramagnetic labeling. Thus, the
presented method will be a very useful tool for the in vivo applications such as molecular imaging via paramagnetic labeling.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Paramagnetic labeling permits to image the specific pro-
cess in molecular/cellular events non-invasively by MRI.
The dynamic parameters such as the motional correlation
time of the labeling can be an important marker to high-
light the binding processes of labeled ligands to targets.
Traditionally, the dynamics of paramagnetic agents are
extracted from the field dependent relaxivity using a specif-
ic spectrometer called field cycling spectrometer that
sweeps from 0.01 kHz to 30 MHz at proton Larmor fre-
quency [1,2]. Recently, we have demonstrated a novel
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method to determine the rotational correlation time of
paramagnetic ion chelates with single magnetic field. This
method is established on the basis of paramagnetic relaxa-
tion enhancement in off-resonance rotating frame at the
magnetic field strength higher than 3T [3,4]. With the guid-
ance of a simulation tool called magnetization map [4], the
residual z-magnetization profiles are acquired in such way
that their characteristics are directly correlated with the
rotational correlation time. Three types of difference mag-
netization profiles are generated from the residual z-mag-
netization profiles. By comparing these profiles with the
standards, the rotational correlation time of the paramag-
netic ion chelates can be identified. Because the paramag-
netic relaxation enhancement efficiency is proportional to
(xHsR)2, this method can effectively differentiate the

mailto:h-zhang1@northwestern.edu


276 H. Zhang, Y. Xie / Journal of Magnetic Resonance 184 (2007) 275–291
rotational correlation time for the in vivo applications at
high magnetic fields.

However, the off-resonance rotating frame is achieved
by the long off-resonance pulse as shown in the previous
paper [3], which is the same routine sequence used in
NMR/MRI for the spin saturations or magnetization
transfer (MT) [5,6], and for the spin relaxations in the
off-resonance rotating frame [7–11]. One of the challenges
for the in vivo applications is the interference of magnetiza-
tion transfer effect [6], which is the dominant relaxation
mechanism for the proton spins in tissues under the off-res-
onance irradiations. Since the paramagnetic ion chelates
can relax water proton at much faster time scale than the
magnetization transfer, the contribution of magnetization
transfer effect is considered only for the pulse duration
(<0.5 s) that is much shorter than that for reaching the
steady state (a few seconds). Although applying short RF
irradiations can reduce the contribution from the magneti-
zation transfer, there are four important issues needed to
be addressed for the in vivo applications. (1) What is the
spin relaxation mechanism for water protons in the pres-
ence of paramagnetic agents and magnetization transfer?
(2) What is the effect of magnetization transfer on the mag-
netization map of paramagnetic agents as a function of
rotational correlation time? (3) What is the effect of magne-
tization transfer on the difference magnetization profiles of
paramagnetic agents as a function of rotational correlation
time? (4) How to suppress the magnetization transfer? To
address these issues, we need a method to generate the tran-
sient residual z-magnetization for the magnetization trans-
fer effect and a spin relaxation model for water protons in
the presence of paramagnetic agents and magnetization
transfer effect.

Magnetization transfer in a magnetic resonance imaging
context was introduced by Wolff in 1989, who used the off-
resonance irradiations to selectively detect the protons with
different mobility that are coupled together via chemical
exchange or through space dipolar interactions [6]. The
mechanism of the spin coupling is described traditionally
by a two-pool model for the protons of different mobility:
the free water is denoted as the liquid pool and the water
bound to the biopolymers is denoted as the semi-rigid pool
[12,13]. Several groups have considered a three-pool model
by further dividing the liquid pool into two pools: one for
the free water and the other for the mobile biopolymers
[14,15]. The comprehensive reviews on the methodology
of magnetization transfer can be found elsewhere [12,13].
Here we only present those approaches that are relevant
to the derivation of the formalism in this paper. Among
the quantitative interpretations based on the two-pool
model, Henkelman’s approach permits to calculate the
residual z-magnetization profiles in a simple way [16,17].
The formalism uses six parameters to calculate the steady
state magnetization Ms at pulse duration s fi1 and most
of them can be measured experimentally. This model has
been used to simulate the residual z-magnetization profiles
for Agar gels [17,18], where a lineshape function such as
Lorentzian, Gaussian, super-Lorentzian or flexible func-
tion was used to describe the distribution of the spin–spin
relaxation rate constant in the semi-rigid pool. Among
these lineshape functions, only the Lorentzian and Gauss-
ian have the simple analytical expressions, the other two
lineshape functions were used to fit experimental data via
numerical simulations. The transient residual z-magnetiza-
tion for the liquid pool at an arbitrary pulse duration s was
derived as a single exponential function M(s) =
Aexp (�Rapps) + B [19,20], and as a multi-exponential
function M(s) = Ae�as + Be�bs + Ce�cscos (ss) + D/se�cs-

sin (ss) + E [21,22]. But these analytical expressions do
not contain any lineshape function for the semi-rigid pool.
The effect of short pulse delay (TR) can be included in the
formalism by using M(TR) = Ms(1 � exp(�TR/T1)
[12,23]. Sled etc. have included the effect of the super-
Lorentzian lineshape function in the transient magnetiza-
tions for gradient spoiled MRI by adding a fifth differential
equation in the coupled magnetization equations, which
provides a numerical approach to simulate the effect of
transient magnetization transfer [24]. Gadolinium contrast
agents have been used to shorten the T1 for clinic applica-
tions, which also causes the reduction of magnetization
transfer [25–27]. The theoretical understanding for this
reduction is limited to the replacement of a shorter T1 for
the liquid pool. The analysis has been reported for the
measurement at magnetic fields lower than 2 Tesla [28,29].

The system we considered here is a situation in which
the paramagnetic relaxation pathway and magnetization
transfer pathway coexist. In order to extract the informa-
tion for the paramagnetic relaxation pathway, the off-reso-
nance irradiations are selected at the RF conditions that
can generate efficient paramagnetic relaxation enhance-
ment. The typical experiments are set at x1 P 2 kHz with
pulse duration ranges from 25 ms to 500 ms, as we have
shown in the previous paper [3,4]. Although there is a
numerical simulation method to assess the residual z-mag-
netization profiles for the magnetization transfer effect [24],
an analytical formalism approach will permit to directly
examine the relations between various parameters. Based
on the assumption of single exponential function, we pro-
pose a simple equation for calculating the residual z-mag-
netization by including the steady state magnetization
Ms, and introduce an experimentally measurable parame-
ter, the apparent relaxation rate constant RMT in the rotat-
ing frame. This equation permits to evaluate the transient
residual z-magnetization caused by the magnetization
transfer for various biological systems.

To explore the effect of magnetization transfer on the
relaxation enhancement of paramagnetic agents experi-
mentally, we have used paramagnetic ion chelates trapped
in gels to generate a system in which both paramagnetic
relaxation and magnetization transfer effect exist. We have
chosen the cross-linked bovine albumin (BSA) as the gel,
which has been extensively used as tissue models in MRI
[30]. Its parameters for simulating the steady state magne-
tization Ms can be found elsewhere [14,29]. This system has



Fig. 1. Schematic illustration of the spin relaxation pathway for water
proton in the presence of magnetization transfer effect and paramagnetic
ion chelates. RMT denotes the apparent relaxation rate constant for the
magnetization transfer effect in the off-resonance rotating frame, R1q,Gd

denotes the off-resonance rotating frame relaxation rate constant for the
paramagnetic ion (Gd(III)) chelates.
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intense magnetization transfer effect with Ms as low as 0.1
[14]. The typical Ms for tissue/organs ranges from 0.95 to
0.2 [12], the smaller Ms normally represents the larger mag-
netization transfer effect. Using paramagnetic ion chelates
in BSA gels permits us to quantify the magnetization trans-
fer theoretically and verify them experimentally. In order
to demonstrate the change in the gel media with respect
to the aqueous media reported in the previous paper [4],
the same macromolecules conjugated Gd-DTPA are used
in this study, which are the (Gd-DTPA)8-Dextran and
(Gd-DTPA)41-PAMAM-g5. In the gels, in additional to
the magnetization transfer effect, the diffusion coefficient
of water molecules will decrease from �2 · 10�5 cm2 to
�5 · 10�6 cm2 and the motional correlation time of the
paramagnetic ion chelates will increase. Both will alter
the rotating frame relaxation rate constant and the relaxa-
tion enhancement efficiency, as predicted by the relaxation
theory [3,4].

In this work, we present a spin relaxation model for
water protons in the presence of paramagnetic ion chelates
and magnetization transfer effect, which is further validat-
ed experimentally by examining Gd-DO3A in 10% BSA
gels later. Based on this spin relaxation model, we expand
the method described in the previous paper [4] for extract-
ing the rotational correlation time of paramagnetic ion che-
lates in the presence of magnetization transfer effect.
Starting with a theoretical model, the formalism for calcu-
lating the total residual z-magnetization is derived by
including the contributions from the paramagnetic relaxa-
tion pathway and the magnetization transfer pathway.
An analytical expression for the transient z-residual mag-
netization is derived for the magnetization transfer path-
way, which contains the formalism for the steady state
magnetization Ms obtained by Henkelman [16]. The tran-
sient z-residual magnetization is further converted into a
function of effective field angle h so that the influence of
the magnetization transfer can be included in the magneti-
zation map. Thus, the magnetization map can be used as a
simulation tool for the paramagnetic ion chelates in the
presence of magnetization transfer effect. In the similar
way as in the previous paper [4], the magnetization map
and the difference of magnetization profiles are correlated
with the rotational correlation time sR of Gd-DTPA
through the numerical simulations, which are further vali-
dated by the experimental data for the macromolecule con-
jugated Gd-DTPA in 7% cross-linked BSA gel. A new type
of difference magnetization profiles based on the suppres-
sion of magnetization transfer are explored with the theo-
retical simulation and validated with the experimental
data. The inclusion of the magnetization transfer effect
allows us to use the magnetization map as a simulation tool
to design efficient paramagnetic labeling targeting at specif-
ic tissues, to design experiments running at low RF power
depositions, and to optimize the sensitivity for detecting
paramagnetic labeling. Thus, the presented method will
be a very useful tool for in vivo applications such as molec-
ular imaging via paramagnetic labeling.
2. Method

2.1. Theoretical model

For the cross-linked protein gels containing paramag-
netic ion chelates in the region of (R1,1q)diamag

� (R1,1q)paramag, where (R1,1q)diamag and (R1,1q)paramag is
the rotating frame relaxation rate constant for the diamag-
netic contribution and the paramagnetic contribution,
respectively, we consider the transient response of proton
spins in the liquid pool to the off-resonance long pulse.
Assuming the paramagnetic ion chelates are not bound to
the protein gels, there are two relaxation pathways for
the proton spins in the liquid pool. As described in the
schematics of Fig. 1, one is the paramagnetic relaxation
with the rate constant denoted as R1q,Gd in the off-reso-
nance rotating frame; the other is the magnetization trans-
fer with the rate constant denoted as RMT, representing the
apparent relaxation rate constant for the protons in the
liquid pool that is in chemical exchanging or magnetization
transferring with the protons in the semi-rigid pool. Micro-
scopically, the protons in the liquid pool are primarily
relaxed by any relaxation center that approximates to
them, either the paramagnetic ion chelates or the semi-rigid
proton lattice. At the condition that the pulse delay TR is
much longer than the pulse duration s, TR� s, the spins
relaxed by the paramagnetic ion and the spins relaxed by
the semi-rigid pool are considered as uncoupled. The
rational for this assumption is based on three facts: (1)
the effective distance for spins relaxed by the paramagnetic
ions are as short as a few nm [3]; (2) both relaxation path-
ways originate from independent chemical/magnetization
exchange processes; (3) the water bound to the paramag-
netic ion has much faster chemical exchange rate than
those bound to the semi-rigid pool. Since paramagnetic
agents are uniformly distributed in the gel media, water
in the liquid pool has equal chance to exchange with either
relaxation centers. The population for each pathway
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depends on their relaxation rate constant, R1q,Gd and RMT.
Thus, the spin relaxations for the liquid pool in the limit of
TR� s can be considered as the sum of two independent
relaxation processes and the rate constant for each path-
way determines the contribution. Based on this physical
picture as shown in Fig. 1, the total transient residual
z-magnetization Me(h,s) can be described as follows:

M eðh; sÞ ¼ pGdMGdðh; sÞ þ pMTMMTðh; sÞ ð1Þ

where h is the effective field angle in the off-resonance rotat-
ing frame, h = tg�1(x1/D), in which x1 is the RF amplitude
and D is the frequency offset. MGd(h,s) and MMT(h,s) are
the magnetization for the paramagnetic relaxation pathway
and the magnetization transfer pathway, respectively.
Their analytical expressions will be provided below. pGd

is the contribution fraction for the paramagnetic relaxation
pathway and pMT is the contribution fraction for the mag-
netization transfer pathway, expressed as follows,

pGd ¼ R1q;GdðhÞ=ðR1q;GdðhÞ þ RMTÞ ð2Þ

pMT ¼ 1� pGd ð3Þ

where R1q,Gd(h) is the rotating frame relaxation rate con-
stant for the paramagnetic ion chelates, its formalism is
provided in the Appendix A, the apparent relaxation rate
constant RMT is an empirical parameter to characterize
the spin relaxation rate of magnetization transfer under
the long pulse and will be discussed later in details in
Section 2.3.

Eq. (1) states that the total residual z-magnetization
yields from the competitive relaxations of two pathways.
In the limit of R1q,Gd (h)� RMT, where either the magne-
tization transfer relaxation rate constant RMT is small or
the paramagnetic relaxation rate constant R1q,Gd(h) is very
large, the contribution from the magnetization transfer
pathway can be neglected completely. RMT is determined
by the tissues of various anatomy/physiology in vivo, but
R1q,Gd(h) can be increased by numerous ways [3,4]. Thus,
dynamics of paramagnetic ion chelates in various biologi-
cal systems can be extracted in vivo. However, if the condi-
tion TR� s is not satisfied, the spins of metal ion bound
water and the spins of semi-rigid pool may be forced to
couple together. In this case, Eq. (1) may not be validated
anymore.

Eq. (1) naturally fits the physical model shown in Fig. 1.
The dynamic features of this equation are generalized in
details in Section 2.4. The method can be easily used for
signal editing, parameters extraction and experimental
designing as shown below. However, the question is if there
is alternative analytical description for the spin relaxation
model? One would think if the equation can be simplified
by either replacing the relaxation rate constant for the pro-
ton in the liquid pool with the relaxation enhanced rate
constant R1q,Gd in the well-known coupled equation for
the magnetization transfer model [19–21], or simply adding
a factor to the R1q,Gd to reflect the effect of magnetization
transfer on the paramagnetic relaxation enhancement. The
first approach is not appropriate; because it assumes that
liquid pool is in equilibrium with the paramagnetic relaxa-
tion and neglects the fact that paramagnetic enhancement
also affects the semi-rigid pool via the chemical exchange
of water. The water in liquid pool actually in exchange with
two sources, the semi-rigid pool and the paramagnetic
relaxation center, each has its own exchange rate constant.
The substitution of relaxation rate constant sets the water
in liquid pool with the wrong exchange rate constant.
The second approach may be worth to considerate if the
extraction for the dynamics parameters can be assessed
with a simple mathematic model.
2.2. Paramagnetic relaxation pathway

The transient residual z-magnetization for the paramag-
netic relaxation pathway has been derived in the previous
paper [4], which is expressed as follows:

MGdðh; sÞ ¼ M0 cos2 h½ð1� R1;Gd=R1q;GdðhÞÞ
� expð�R1q;GdðhÞsÞ þ R1;Gd=R1q;GdðhÞ� ð4Þ

with

R1;Gd ¼ RIS
1;Gd þ sROS

1;Gd ð5Þ

R1q;GdðhÞ ¼ RIS
1q;GdðhÞ þ sROS

1q;GdðhÞ ð6Þ

where s is the space assessable coefficient for the outer shell
water for the macromolecule conjugated paramagnetic ion
chelates [3]. RIS

1;Gd, ROS
1;Gd are the laboratory spin–lattice

relaxation rate constants for the inner shell water (IS)
and the outer shell water (OS), respectively. RIS

1q;GdðhÞ,
ROS

1q;GdðhÞ are the rotating frame spin–lattice relaxation rate
constants; their formalisms are provided in the Appendix
A. R1,Gd and R1q,Gd(h) are the total spin–lattice relaxation
rate constants for the laboratory frame and the rotating
frame, respectively. Using Eq. (4), we can calculate the
magnetization map and various magnetization profiles
for the paramagnetic relaxation pathway in the similar
way the paramagnetic ion chelates in aqueous media [4].

Considering a short pulse delay TR is applied in the
limit of TR� s, TR can be included in the expression of
the residual z-magnetization below,

MGdðh; s;TRÞ ¼ MGdðh; sÞ½1� exp ð�R1;Gd � TRÞ� ð7Þ

where R1,Gd is the laboratory frame relaxation rate con-
stant for the paramagnetic ion chelates. Because R1,Gd is
larger than the laboratory frame relaxation rate constant
for the spins in the liquid pool, the use of short TR will
benefit the paramagnetic relaxation pathway.
2.3. Magnetization transfer pathway

For the spin relaxations of magnetization transfer path-
way, we assumed that the transient residual z-magnetiza-
tion is a simple exponential function of pulse duration s
as follows:
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MMTðh; sÞ ¼ Aþ B exp ð�RMTsÞ ð8Þ

In this equation, RMT defines the speed of the residual
z-magnetization toward the equilibrium, A, B are the
constants associated with the residual z-magnetization at
equilibrium. Since most steady state magnetizations Ms

are measured with the pulse duration as long as a few sec-
onds, this RF condition is very close to the measurement of
the residual z-magnetization at equilibrium in our study.
Thus, the magnitude of Ms can be used as an approxima-
tion for the residual z-magnetization at equilibrium, which
leads to A = Ms and B = M0cos2h �Ms. Note that RMT is
different from the exchange rate constant R in the spin cou-
pling model of magnetization transfer. R is a rate constant
depending on chemical structures of the exchangeable sites
in the semi-rigid pool, the value ranges for tens to hundreds
per second [16,17]. Much smaller than R, RMT characteriz-
es the decay rate of residual z-magnetization under the off-
resonance irradiation, which may need as long as a few sec-
ond to reach the equilibrium status. This RMT is equivalent
to the parameter ksat used for the magnetization transfer ef-
fect in the literature. ksat depends on the saturation scheme
in general [13]. However, the saturation scheme in our
experiment is uniquely defined as a hard pulse. Thus, the
RMT defined in this paper is a constant.

This assumption simplifies the complicated transient
response for the magnetization transfer. Because RMT is
independent of h angle, the dependence of MMT(h,s) on h
angle will be reflected through the coefficients A and B,
both are a function of Ms. Here we use the formalism of
Ms developed by Henkelman et al [16,17],

M s ¼ M0 Rb½RMb
0=Ra� þ Rrfb þ Rþ Rb

� �
=
�
½RMb

0=Ra�ðRb þ RrfbÞ þ ð1þ ðx1=DÞ2Þ
�½1=RaT 2a�ðRb þ Rþ RrfbÞ

�
ð9Þ

where Ra,b is the spin–lattice relaxation rate constant for
the liquid pool and the semi-solid pool, respectively, R is
the exchange rate constant of the liquid pool (a) and the
semi-solid pool (b), T2a is the spin–spin relaxation rate con-
stant for the liquid pool, RMb

0 is the pseudo-first-order rate
constant for exchange from the liquid pool to the semi-sol-
id pool, Rrfb is the spin–spin relaxation rate constant with
specific lineshapes, Rrfb ¼ x2

1pgið2pDÞ, where gi(2pD) is a
lineshape function. Here, the Lorentzian or Gaussian line-
shape functions are used. The Gaussian lineshape gg(2pD)
fits well to the residual z-magnetization as a function of
the frequency offset in logarithm scale for gels [16,17].
The formalism of gg(2pD) is as follows:

ggð2pDÞ ¼ T 2ffiffiffiffiffiffi
2p
p e�

ð2pDT 2Þ2
2 ð10Þ

and

RrfbðGÞ ¼
ffiffiffi
p
2

r
x2

1T 2Be�
ð2pDT 2Þ2

2 : ð11Þ
Thus, the residual z-magnetization for the magnetization
transfer pathway as a function of frequency offset is as
below

MMTðh; sÞ ¼ ðM0 cos2 h�M sðGÞÞ exp ð�RMTsÞ þM sðGÞ:

ð12Þ

where Ms(G) is the residual z-magnetization at the steady
state with the Gaussian lineshape function for Rrfb. The ef-
fect of TR can be included in the same way as that for the
paramagnetic relaxation pathway as follows:

MMTðh; s;TRÞ ¼ MMTðh; sÞ½1� exp ð�Ra � TRÞ� ð13Þ

The formalism of Gaussian lineshape function is not
directly related to h, which will make it difficult to correlate
the lineshape function with the magnetization map. How-
ever, in the limit of RrfbðgÞ � R;Rb;Rb½RMb

0=Ra�, Ms(G) can
be simplified as a function of h as follows:

M sðGÞ ¼ M0

1

½RMb
0=Ra� þ ð1þ tgðhÞ2Þ½1=RaT 2a�

ð14Þ

This limit depends primarily on the T2 of the semi-rigid
pool. For T2B in tens of ls, Eq. (14) is valid at h as low
as 2�.

In order to obtain the h-dependence that is valid for all h
angles, we consider the Lorentzian lineshape function
gL(2pD),

gLð2pDÞ ¼ T 2

p
1

½1þ ð2pDT 2Þ2�
ð15Þ

In the limit 2pDT2B� 1 or the small h angle, this lineshape
function can be directly expressed as a function of h angle
as follows:

RrfBðLÞ ¼
T 2Bx2

1

½1þ ð2pDT 2BÞ2�
	 tgðhÞ2

T 2B

ð16Þ

Substitute Eq. (16) to Eq. (9), the residual z-magnetization
at steady state Ms(L) becomes,

M sðLÞ ¼ M0 Rb½RMb
0=Ra� þ tgðhÞ2=T 2B þ Rþ Rb

n o

= ½RMb
0=Ra�ðRb þ tgðhÞ2=T 2BÞ þ ð1þ tgðhÞ2Þ

n

�½1=RaT 2a�ðRb þ Rþ tgðhÞ2=T 2BÞ
o

ð17Þ

where the subscript L denotes for the Lorentzian lineshape.
Eq. (17) can be extended to the large h angle for semi-

rigid pools with T2B in tens of ls. At this condition,
tgðhÞ2=T 2B � R;Rb;Rb½RMb

0=Ra�, Eq. (17) can be simplified
to Eq. (14). Thus, Eq. (17) can be used to generate h depen-
dent Ms for all h angles. Therefore, the magnetization map
for the magnetization transfer pathway can be generated
by using the following equation to calculate the residual
z-magnetization,

MMTðh; sÞ ¼ ðM0 cos2 h�M sðLÞÞ expð�RMTsÞ þM sðLÞ:

ð18Þ
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In summary, steady state magnetization Ms with Lorentz-
ian lineshape function for the semi-rigid pool can provide
a direct dependence of h angle and is suitable for generating
magnetization map. For the semi-rigid pools with T2B in
tens of ls, Ms(L) is different from Ms(G) at h less than a
few degrees. However, this region is beyond the most sen-
sitive region of paramagnetic relaxation enhancement
(h � 45�). Ms in this region is expressed by Eq. (14), where
RrfbðgÞ � R;Rb;Rb½RMb

0=Ra�. This condition can be used to
explore the effect of the exchange rate constant on the
magnetization map, as shown in Section 4.2 below.

2.4. Total residual z-magnetization

The total residual z-magnetization as a function of h
angle is the sum of the two relaxation pathways as follows:

M eðh; sÞ ¼ pGdfM0 cos2 h½ð1� R1;Gd=R1q;GdðhÞÞ
� exp ð�R1q;GdðhÞsÞ þ R1;Gd=R1q;GdðhÞg
þ pMTfðM0 cos2 h�M sðLÞÞ expð�RMTsÞ þM sðLÞg

ð19Þ

which permits to calculate the magnetization map for the
protons in the liquid pool in the presence of the paramag-
netic ion chelates and magnetization transfer effect.

Eq. (19) suggests that the total residual z-magnetization
is a two-exponential function that can be generalized as
M(s) = A1exp(�k1s) + A2exp(�k2s) + (B1 + B2), where
the subscript denotes the nth-pathway, Ai and Bi are the
constant related to the initial and equilibrium/steady state
magnetizations, ki is the relaxation rate constant, i = 1, 2.
In the limit of kis� 1, by using exp (x) 	 1 � x relation,
M(s) can be simplified as a single exponential function as
below

MðsÞ ¼ ðA1 þ A2Þ exp ð�A1k1 þ A1k2

A1 þ A2

sÞ þ ðB1 þ B2Þ ð20Þ

This condition corresponds to the short s or small relaxa-
tion rate constants, where M(s) is a single exponential func-
tion that has the mixed contributions from two relaxation
pathways. The separation of the relaxation information for
the two pathways will be difficult. In the limit of kis� 1,
M(s) = B1 + B2, which corresponds to the equilibrium/
steady state. Since the total magnetization has the contri-
bution from the paramagnetic relaxation pathway, its mag-
nitude will be larger than that without the paramagnetic
agents, as shown the reduction of magnetization transfer
previously [25–27]. Between the two limits and with
k1 > k2, the contribution of the slow relaxation component
(the 2nd-component) can be reduced or eliminated by
selecting appropriate s. For k1s > 1 and k2s� 1, assuming
A2[exp (�k2(h1)s) � exp(�k2(h2)s)] � 0, the difference
between M(s) obtained at two RF conditions is directly
related to the fast relaxation component as below

Mðh1; sÞ �Mðh2; sÞ � A1½exp ð�k1ðh1ÞsÞ � exp ð�k1ðh2ÞsÞ�
ð21Þ
Eq. (21) suggests the difference magnetization can be used
to extract the relaxation parameters for the fast relaxation
component. This has been the strategy for extracting the
dynamic parameters of paramagnetic ion chelates in aque-
ous media [4], where no magnetization transfer effect exists.
Thus, we can use the previous developed method to extract
the dynamics of paramagnetic agents in the presence of
magnetization transfer effect.

2.5. Numerical simulations

Calculations of residual z-magnetizations were per-
formed for macromolecule conjugated Gd-DTPA in
cross-linked protein gels. For Gd-DTPA, the parameters
are the same as those used in previous paper [3,4]. They
are S = 7/2, q = 1, sv = 38 ps, ss0 = 85 ps, sm = 0.244 ls,
r = 3.05 Å, sR = 80, 1500 and 3000 ps, d = 3.6 Å,
D = 5 · 10�6 cm2/s, s = 0.75, cGd = 1 or 10 mM. In this
list, S is the electron spin number, q is the number of water
molecular bound per metal ion, sv is the correlation time
characterized the fluctuation of the zero field splitting
(ZFS), sS0 is related to ZFS constant B as sS0 = sv/5B, sm

is the residual time of structural water, r is the electron–
proton distance, sR is the rotational correlation time, d is
the distance of closest approach of the water molecule to
the metal complex, D is the sum of the diffusion coefficients
of water molecule (DI) and metal ion complex (DS), s is the
space assessable coefficient for the outer shell water for
macromolecule conjugated paramagnetic ions, cGd is the
gadolinium concentration. RF amplitude x1 is 2, 4 and
6 kHz, and offset D varies from 5 kHz to 60 kHz. For pro-
tein gels, the parameters are T1A = 2.2 s, T1B = 1 s,
T2A = 50 ms, T2B = 12 ls, RMB

0 =RA ¼ 2, R = 2 s�1,
RMT = 3.5 s�1, RrfB ¼ 2px2

1gið2pDÞ. The definition for
these parameters can be found elsewhere [16], where sub-
scripts A, B are denoted for the liquid pool and semi-rigid
pool, T1A,B is the spin lattice relaxation time, T2A,B is spin–
spin relaxation time, R is the exchange rate constant, RMB

0

is the pseudo-first-order rate constant (exchange from
A fi B), Ra = 1/T1A, and RMT is the apparent relaxation
rate constant for magnetization transfer. All calculations
were performed with Mathematica software.

3. Experimental

3.1. Sample preparations

(Gd-DTPA)8-Dextran and (Gd-DTPA-SCN-Bz)41-
PAMAM-g5 were synthesized as reported elsewhere [1].
Ligand 1,4,7,10-tetraazacyclododecane-1,4,7-tris-acetic
acid (DO3A) from Macrocycles (Dallas, TX) was reacted
with stoichiometric gadolinium (III) oxide to yield Gd-
DO3A. Atomic emission spectroscopy (AES) was used to
determine the concentration of the gadolinium in the final
products. 7% and 10% bovine albumin (BSA) solution was
cross-linked with 25% glutaraldehyde to form protein gels
[31].
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3.2. NMR measurements

All NMR experiments were carried with volume coils on
a 9.4 T Bruker Avance micro-imaging spectrometer. Para-
magnetic ion chelates at 1 mM Gd(III) in BSA gels were
placed in a 5 mm tube in a Bruker 1H 10 mm resonator
at room temperature for the 9.4 T. The off-resonance rotat-
ing frame magnetization profiles were obtained by applying
a long pulse with a 5–60 kHz frequency offset followed by a
90� reading pulse. The residual z-magnetization was plot-
ted as a function of offset frequency to generate the magne-
tization profiles. Their fitted curves were used to generate
the difference magnetization profiles. The off-resonance
pulses were 500 ms long with RF amplitudes of 2, 4 and
6 kHz, the width of 90� pulse was 30 ls and the relaxation
delay was 20 s.
4. Results and discussion

4.1. Contribution from each relaxation pathway

Fig. 2(A) shows the contribution fraction of the para-
magnetic relaxation pathway pGd as a function of h angle,
which is calculated from the relaxation rate constant of the
two pathways R1q,Gd(h) and RMT by Eq. (2). Fig. 2(B)
shows the relaxation rate constant ratio of R1q,Gd(h)/RMT

as a function of h angle. These calculations are for the gad-
olinium chelates with one coordinated water (q = 1) at
1 mM Gd(III). A typical value of 5 · 10�6 cm2/s is used
for the water diffusion coefficient in the gel media [32,33].
RMT is defined as 3.5 s�1 by comparing the theoretically
calculated residual z-magnetization with the experimental
Fig. 2. Theoretically predicted contribution fraction of the paramagnetic rela
pathways R1q,Gd(h)/RMT (B) at 9.4 T. Molecular parameters are discussed in t

Fig. 3. Theoretically predicted magnetization map for cross-linked protein gel
R = 100 (B). Parameters used for simulation include T1A = 2.2 s, T1B = 1 s, T2A
measurement for 7% cross-linked BSA gels (data are not
shown). Fig. 2(A) demonstrates the dependence of pGd on
the rotational correlation time sR. For sR of 80 ps pGd is
around 0.7, indicating that the paramagnetic relaxation
pathway dominates the spin relaxation of the liquid pool.
As sR increases from 1500 ps to 5000 ps, pGd is in the range
of 0.8–0.98 at h > 10�. This arises from the dependence of
R1q,Gd(h)/RMT on sR, as shown in Fig. 2(B). R1q,Gd(h)/
RMT increases rapidly as sR increases at h > 20� with the
amplitude as high as �50. Such large ratio provides
dynamic range for the concentration of paramagnetic
agents. The dose for paramagnetic agents can be reduced
as long as R1q,Gd(h)/RMT is sufficiently large. This result
suggests that using the paramagnetic ion chelates with large
sR can completely eliminate the interference of magnetiza-
tion transfer at most h angles (x1,D). In this ratio,
R1q,Gd(h) also depends on the coordinated water number
q and effective angle h. Increase of q will increase R1q,Gd(h)
by q-fold. For tissues with small apparent relaxation rate
constant RMT, the paramagnetic relaxation pathway can
easily dominate the total relaxation of water spins.
4.2. Magnetization map for magnetization transfer effect

Fig. 3 shows the magnetization maps for the magnetiza-
tion transfer effect with exchange rate constant R = 2, 100
by using Eq. (18). R for biological tissues has wide distribu-
tions [35,36]. R = 2 is close to the value reported for the
cross-linked 10% BSA gels [14,29,34]; while R = 100 is rel-
evant to the in vivo systems [35,36]. The Lorentzian line-
shape is used to calculate RrfB, which can provide
accurate magnetization dependence of h at small h angle,
xation pathway pGd (A) and the relaxation rate constant ratio of the two
he text.

s at 9.4 T with relaxation rate const exchange rate constant R = 2 (A) and
= 50 ms, T2B = 12 ls, RMB

0 =RA ¼ 2, RMT = 3.5 and RrfB ¼ 2px2
1gið2pDÞ.
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as discussed in Section 2.3. The apparent relaxation rate
constant RMT is 3.5 s�1 for the magnetization transfer
pathway. In these calculations, the pulse duration s is kept
the same as that for the paramagnetic agents in the aque-
ous media [4] and assuming the pulse delay TR is sufficient-
ly long. As h increases, the residual z-magnetization
decreases rapidly at short s but slowly at long s. The influ-
ence of this pathway on the total magnetization is deter-
mined by its contribution fraction pMT, the apparent
relaxation rate constant RMT and the pulse delay TR.
Among these parameters, TR is an experimental parameter
and short TR reduces the residual z-magnetization. pMT

and RMT are determined by the structure of tissues, but
pMT can be reduced by using paramagnetic ion chelates
with high relaxation enhancement efficiency.
Fig. 4. Theoretically predicted magnetization map for gadolinium chelates i
paramagnetic relaxation contribution with pGd = 1; the center panels are the tot
contribution from the magnetization transfer pathway. These maps are corre
3000 ps (C) and 3000 ps (D). Molecular parameters are discussed in the text.
Fig. 4 shows the magnetization maps for the paramag-
netic relaxation (the left panels), the total magnetization
(the central panels) and the magnetization transfer portion
(the right panels) at 9.4 T, which are calculated by using
Eq. (4), Eq. (19) and the product of pMT with Eq. (18),
respectively. The magnetization maps are calculated for
gadolinium chelates with one structural water (q = 1) at
1 mM Gd(III). The rotation correlation time sR is 80,
1500, 3000 and 5000 ps, respectively. The exchange rate
constant R for the gels equals to 2. Comparing with the cal-
culations in the aqueous media [4], the diffusion coefficient
is reduced from 3.16 · 10�5 cm2/s in the solutions to
5 · 10�6 cm2/s in the gels. Along with this reduction, the
following alterations are as expected. With the same sR,
the dynamic range of the magnetization maps in the gels
n cross-linked protein gels at 9.4 T with R = 2. The left panels are the
al contribution from both relaxation pathways; and the right panels are the
sponding to the rotational correlation time sR of 80 ps (A), 1500 ps (B),
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is much smaller than those in the aqueous media [4], which
suggests the smaller relaxation enhancement efficiency
R1q,Gd(h)/R1,Gd. The magnetization at s = 100 ms appears
much closer to that at s = 500 ms, indicating a larger relax-
ation rate constant R1q,Gd(h). For the magnetization trans-
fer pathway, the large contributions are located at the small
h angle region with amplitude ranging from 0.2 to 0.3. For
the total magnetization, the contribution of magnetization
transfer alters the magnetization map. The region being
distorted varies as a function of sR. For small sR of
80 ps, the magnetization map is distorted seriously. For
large sR > 1500 ps, most distortions occur at h < 10�. The
region (h � 45�) that is most sensitive to the paramagnetic
relaxation enhancement remains the same as that for the
paramagnetic relaxation alone. This allows us to extract
the rotational correlation time in the same way as that in
aqueous media [4].

The contribution of magnetization transfer effect can be
included into the magnetization map for various tissues
in vivo. Many experimentally measured Ms have been
reported for human tissues such as brain grey/white mat-
ter, heart muscle, articular cartilage etc. [12,18], the magne-
tization map can be built with the additional measurement
of RMT. Based on RMT value, the structures of paramag-
netic ion chelates and the RF parameters for experiments
can be optimized to minimize the influence of magnetiza-
tion transfer. Thus, the magnetization map as the simula-
tion tool can be used to design efficient paramagnetic
labeling to target various anatomy/physiology in molecular
imaging.

4.3. Theoretical magnetization profiles

Fig. 5 shows the residual z-magnetization profiles and
three types of difference magnetization profiles for sR of
80 ps, 1500 ps and 3000 ps at 9.4 T. The same parameters
as those in Fig. 4 are used except that the Gaussian line-
shape function is used for RrfB. The definition for the three
types of difference magnetization profiles is provided in the
Appendix A. These calculations are compared with those
for the paramagnetic ion chelates in the aqueous media
[4]. Fig. 5(A) shows the equilibrium residual z-magnetiza-
tion profiles at s = 500 ms. This equilibrium status is refer-
eed to the paramagnetic relaxation pathway; because the
magnetization transfer pathway needs as long as a few sec-
onds to reach the equilibrium. The magnetization profiles
have two major changes in the gels: (1) the amplitude of
magnetization profiles is reduced from �100% to �80%
for D > 20 kHz due to the magnetization transfer effect;
(2) the dispersion at the low offset (D < 30 kHz) is
decreased due to the reduction of diffusion coefficient.
The paramagnetic relaxation dominates the spin relax-
ations at the small offsets (large h angle), where the reduc-
tion of dispersion in the residual z-magnetization profiles is
expected for a smaller diffusion coefficient in gels [4].

Fig. 5(B) shows the type-1 difference magnetization pro-
files DM1,2–6, DM1,2–4 and DM1,4–6 generated from those
shown in Fig. 5(A). The notations used in this paper are
consistent the previous paper [4]. The subscript 1 denotes
the type-1 difference magnetization profiles, 2–6 denotes
the magnetization difference between x1 of 2 and 6 kHz,
2–4 denotes the magnetization difference between x1 of 2
and 4 kHz, and 4–6 denotes the magnetization difference
between x1 of 4 and 6 kHz. These calculations are com-
pared with those for the paramagnetic ion chelates in the
aqueous media [4]. The type-1 difference magnetization
profiles also have two changes in the gels: (1) the amplitude
of the maximum reduces to �0.4 in the gels instead of 0.5
in the solutions due to the magnetization transfer effect; (2)
the distribution becomes narrower and the maxima shift to
the lower frequency offset due to the reduction of diffusion
coefficient, except for the sR of 80 ps. However, the features
for characterizing the dynamics of paramagnetic ion che-
lates are preserved. Very similar to those in the aqueous
media [4], the difference magnetization profiles shifts to
the higher frequency offset and the maxima become broad-
er as sR increases from 80 ps to 3000 ps. Thus, the type-1
difference magnetization profiles can be used to detect the
dynamics of paramagnetic ion chelates in the presence of
strong magnetization transfer effect.

Fig. 5(C) shows the type-2 difference magnetization pro-
files DM2,2–6(si) = Me(si,h1) �Me(si,h3) generated from the
transient magnetization profiles with RF amplitude of 2
and 6 kHz at pulse duration of 25 ms, 100 ms and
500 ms. The subscript 2 denotes the type-2 difference mag-
netization profiles and 2–6 denotes the magnetization dif-
ference between x1 of 2 and 6 kHz. These calculations
are compared with those for the paramagnetic ion chelates
in the aqueous media [4]. The changes in the type-2 differ-
ence magnetization profiles are somewhat different. The
distribution is expected to become narrower for a reduced
diffusion coefficient and the maximum is shifted to the low-
er frequency offset, except for the sR of 80 ps. However, the
amplitude of the maximum decreases gradually as the pulse
duration increases for all sR, from �0.5 for s = 25 ms to
�0.4 for s = 500 ms. This is directly related to the magne-
tization transfer effect, because there is more magnetization
loss due to the magnetization transfer effect at the longer
pulse. This feature is different from that in the aqueous
media, where the amplitude reaches a maximum between
the short pulse and the long pulse. But the width and the
frequency offset for the distribution are still correlated with
the rotational correlation time in the gels. Thus, the type-2
difference magnetization profiles can be used for identifying
the dynamics of paramagnetic ion chelates in the presence
of magnetization transfer effect.

Fig. 5(D) shows the type-3 difference magnetization pro-
files DM3;xi

¼ M eð0:025; hiÞ �M eð0:5; hiÞ generated by sub-
traction of Me(0.5,h) from Me(0.025,h) with RF amplitude
of 2, 4 and 6 kHz. The subscript 3 denote the type-3 differ-
ence magnetization profile. These calculations are com-
pared with those for the paramagnetic ion chelates in the
aqueous media [4]. The type-3 difference magnetization
profiles in the gels is seriously distorted by the magnetiza-



Fig. 5. Theoretically predicted various magnetization profiles for gadolinium chelates in cross-linked protein gels at 9.4 T. (A) Equilibrium residual z-
magnetization profiles with RF amplitude of 2, 4 and 6 kHz, the profile with a larger dispersion corresponds to the higher RF amplitude. This equilibrium
status is with respect to the paramagnetic relaxation pathway. (B) Type-1 difference magnetization profiles, DM1,2–6, DM1,2–4 and DM1,4–6. (C) Type-2
difference magnetization profiles DM2,2–6(si) with si = 25, 100 ms and 1, the maximum of the profiles shifts to higher offset as the pulse duration si

increases. (D) Type-3 difference magnetization profiles DM3;xi
with xi = 2, 4 and 6 kHz, the maximum of the profiles shifts to higher offset as the RF

amplitude xi increases. Definition for the type of the magnetization profiles is shown in the Appendix A.
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tion transfer at the large frequency offset (D > 25 kHz). The
distortion is much less for the sR of 3000 ps than that for
the sR of 1500 ps. However, the maximum generated by
the paramagnetic relaxation enhancement effect is pre-
served at the low frequency offset with amplitude depend-
ing on sR. Thus, the type-3 difference magnetization
profiles still can be used to characterize the dynamics of
paramagnetic ion chelates in the presence of magnetization
transfer effect.

In summary, the presence of magnetization transfer
effect does not affect the identifications of the rotational
correlation time of paramagnetic ion chelates from the dif-
ference magnetization profiles. These calculations are for
the paramagnetic ion chelates at 1 mM Gd(III) and a
semi-rigid pool of 12 ls T2B and 3.5 s�1 RMT. In this case,
the magnetization maps, the equilibrium residual z-magne-
tization profiles and three types of difference magnetization
profiles can be correlated with the rotational correlation
time sR directly. For most biological systems in vivo, the
magnetization transfer is much weaker than the example
shown here. Therefore, the dynamics of the paramagnetic
agents is expected to be distinguishable by the pattern of
the difference magnetization profiles. All above calcula-
tions are based on assumption of applying long TR.
According to Eqs. (7), and (13), the magnetization transfer
effect can be further suppressed by using short TR. In the
discussion of experimental magnetization profiles present-
ed in the following section, we will present the transient dif-
ference magnetization profiles obtained at short pulse
duration s and short TR, which permit the dynamics of
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paramagnetic ion chelates in the presence of magnetization
transfer effect to be extracted without the interference of
the magnetization transfer effect.
4.4. Experimental magnetization profiles for Gd-DO3A in

10% BSA gels

Fig. 6(A) shows the residual z-magnetization profiles for
Gd-DO3A in 10% cross-linked BSA gels with a 500 ms
pulse at 9.4 T at 1 mM or 10 mM Gd(III). This experiment
is used to confirm the proposed spin relaxation model. The
cross-linking takes place between the –CHO on the glutar-
aldehyde and the primary amines on the protein [31], but
no direct linkage is built between the chelates and the pro-
tein gels. Thus, Gd-DO3As are considered to be trapped in
the protein gels. The residual z-magnetization profiles for
10 mM Gd(III) in the gels are very similar to those for
the small sR in the aqueous media [4]. pGd is �1 at this con-
centration for all frequency offsets and the influence of
magnetization transfer completely disappears. This sup-
ports the competitive mechanism for the spin relaxation
model shown in Section 2.1.

Fig. 6(B) shows the type-1 difference magnetization pro-
files DM1,2–6, DM1,2–4 and DM1,4–6 generated from those
shown in Fig. 6(A). The difference magnetization profiles
for 10 mM Gd-DO3A are very similar to those for the
small sR in the aqueous media [4]. The amplitude for the
maximum is �0.38 in the gels, which is smaller than that
in aqueous media (�0.5). As the concentration of
Gd-DO3A decreases to 1 mM, the maxima are located at
Fig. 6. Experimentally measured various magnetization profiles for aqueous G
Residual z-magnetization profiles obtained with pulse duration of 500 ms an
profiles, DM1,2–6, DM1,2–4 and DM1,4–6.
nearly the same frequency offset except for the wider distri-
butions. Thus, these frequency offsets are the inherent char-
acteristics for identifying the dynamics of paramagnetic ion
chelates in the presence of magnetization transfer effect
regardless the contribution fraction pGd.

Note that Gd-DO3A is a small chelate, its small sR does
not generate notable relaxation enhancement in the off-res-
onance rotating frame, R1q,Gd(h)/R1 � 1. For the paramag-
netic chelates with large sR and significant enhancement
effect (R1q,Gd(h)/R1� 1), the Gd(III) concentration can
be lower than 1 mM. The increase of hydration number q
also helps to increase the relaxation rate constant ratio
R1q,Gd(h)/RMT. Thus, this method is expected to be appli-
cable in vivo.
4.5. Experimental magnetization profiles for (Gd-DTPA)n-

macromolecule in 7% BSA gels

Fig. 7(A) shows the residual z-magnetization profiles
obtained at 9.4 T for Dextran attached Gd-DTPA and
Dendrimer attached GD-DTPA at 1 mM Gd(III) in 7%
cross-linked BSA gels. These paramagnetic ion chelates
are the same as those used in the aqueous media [3,4].
The averaged molecular formula are (Gd-DTPA)8-Dextran
and (Gd-DTPA-SCN-Bz)41-PAMAM-g5, respectively. The
two chelates have quite different sR as demonstrated by
their difference magnetization profiles in the aqueous media
[4]. Thus, these chelates are chosen to demonstrate the cor-
relation of the sR with various magnetization profiles in the
gels. Dextran does not react with the cross-linking agent
d-DO3A at 1 or 10 mM Gd(III) in 10% cross-links BSA gels at 9.4 T. (A)
d RF amplitude of 2, 4 and 6 kHz. (B) Type-1 difference magnetization



Fig. 7. Experimentally measured various magnetization profiles for aqueous (Gd-DTPA)n-macromolecules at 1 mM Gd(III) in 7% cross-linked BSA gels
at 9.4 T. (A) Residual z-magnetization profiles obtained with pulse duration of 500 ms and RF amplitude of 2, 4 and 6 kHz. (B) Type-1 difference
magnetization profiles, DM1,2–6, DM1,2–4 and DM1,4–6. (C) Type-2 difference magnetization profiles DM2,2–6(si) with si = 25, 100 ms and 1. (D) Type-3
difference magnetization profiles DM3;xi

with x1 = 2, 4 and 6 kHz.
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glutaraldehyde. Dendrimer have many bulky chelates that
prevents the effective cross-linkage. These paramagnetic
ion chelates are more likely to be trapped in the gels instead
of binding to the immobilized proteins. Comparing with
the aqueous media, RIS

1q;Gd increases due to the increase of
rotation correlation time sR in the gels; ROS

1q;Gd, ROS
1;Gd also

increase because the decrease of diffusion coefficient D in
the gels. The increase of sR will increase the relaxation
enhancement efficiency; while the decrease in D will reduce
the relaxation enhancement efficiency. If the effect of sR is
larger than the effect of D, the dynamic range of magneti-
zation map will increase. This change will be reflected on
the residual z-magnetization profiles and the difference
magnetization profiles. For the residual z-magnetization
profiles shown here, it is consistent with the theoretical
predictions shown in Fig. 5(A) that the amplitude of the
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magnetization decreases to �0.85 accompanying with
slight reduction in the dispersion. The dispersion of these
residual z-magnetization profiles suggests that the rotation-
al correlation time is larger for (Gd-DTPA-SCN-Bz)41-
PAMAM-g5 than that for (Gd-DTPA)8-Dextran, which
is consistent with that in the aqueous media [4].

Fig. 7(B) shows the type-1 difference magnetization pro-
files generated from those shown in Fig. 7(A). These exper-
imental data in the gels are used to compare with those in
the aqueous media [4]. For both paramagnetic ion chelates,
the amplitude of the maxima is reduced to 0.3–0.35 in the
gels instead of 0.45–0.5 in the solutions because the magne-
tization transfer effect. This is consistent with the above
theoretical predictions. The distributions are much wider
and the maxima are located at higher frequency offset in
the gels. These alterations are more apparent for
PAMAM-g5 than that for Dextran, which suggests the
substantial increase of sR for both paramagnetic ion che-
lates. When we compare the features for the same sR in dif-
ferent media in the theoretical calculations, the only
parameter changed is the diffusion coefficient D. However,
when we compare the experimental results for the same
paramagnetic ion chelates in the gels, both sR and D are
altered. Comparing with the theoretical calculations shown
in Fig. 5(B), sR is �1000 ps for Dextran attached chelates
and �3000 ps for PAMAM-g5 attached chelates in the
gel media, which are much larger than those in the aqueous
media. However, the maxima in the gels remain at nearly
the same frequency offset as that in the solutions [4], which
suggests that the increase of sR has larger effect on
R1q,Gd(h)/R1 than the decrease of D.

Fig. 7(C) shows the type-2 difference magnetization pro-
files DM2,2–6(si) for (Gd-DTPA)8-Dextran and (Gd-DTPA-
SCN-Bz)41-PAMAM-g5 at 1 mM Gd(III) in 7% BSA gels
at 9.4 T with pulse duration of 0.025 s, 0.1 s and 0.5 s.
The amplitude of the maximum decreases as s increases
because the magnetization transfer effect, which is consis-
tent with theoretical prediction shown in Fig. 5(C). The dis-
tributions are much wider and the maxima are located at
higher frequency offset in the gels than those in the solu-
tions, suggesting that the increase of sR has larger effect
on R1q,Gd(h)/R1 than the decrease of D. The maxima for
PAMAM-g5 appears much broader at long pulses than
the theoretical predictions, partly due to that the calcula-
tions are not completely fitted with the experimental data
at the high frequency offset (D > 30 kHz). However, this
error does not affect the identification of the rotational cor-
relation time via the maxima at the low offset. The rota-
tional correlation times extracted from the type-2
difference magnetization profiles are consistent with that
from the type-1, which is �1000 ps for Dextran attached
chelates and �3000 ps for PAMAM-g5 attached chelates.

Fig. 7(D) shows the type-3 difference magnetization pro-
files DM3;xi

¼ M eð0:025; hiÞ �M eð1; hiÞ for (Gd-DTPA)8-
Dextran and (Gd-DTPA-SCN-Bz)41-PAMAM-g5 at
1 mM Gd(III) in 7% BSA gels at 9.4 T with RF amplitude
of 2, 4 and 6 kHz. For the Dextran attached chelates, the
distributions in the gel media are very similar to that in
the aqueous media [4]. But the amplitude for the maxima
is �0.25 in the gels, which is higher than that in the solu-
tions (�0.12). For the PAMAM-g5 attached chelates, the
distributions are much broader than those in the solutions.
The maxima shift to the high frequency offset with the
amplitude �0.39 in the gels, which is higher than that in
the solutions (�0.31). Since the amplitude of the maxima
is proportional to the rotational correlation time, the
increase in the amplitude of maxima for both paramagnetic
ion chelates suggests that their sR increases substantially in
the gels. Note that the theoretical predictions are quite dif-
ferent from the experimental data at the large frequency
offsets, as shown by comparing Fig. 5(D) with Fig. 7(D).
The calculated profiles have much higher intensity in this
region; while the experimental profiles are actually very
similar to those in the aqueous media. All these differences
are located at the large frequency offset, which should not
affect the identification of the dynamics via the maxima
located at the low frequency offset. The experimental data
from the type-3 difference magnetization profiles suggest
that sR is �1000 ps for the Dextran attached chelates and
�3000 ps for the PAMAM-g5 attached chelates.

In agreed with the numerical simulations, all three types
of experimental difference magnetization profiles demon-
strate the dynamics difference for the macromolecules con-
jugated chelates in the gels. This suggests that any of these
difference magnetization profiles can be used to efficiently
differentiate the dynamics of paramagnetic ion chelates in
the presence of magnetization transfer effect.

4.6. Theoretical and experimental magnetization profiles at

short s and TR

Fig. 8 shows transient residual z-magnetization profiles
for (Gd-DTPA)8-Dextran and (Gd-DTPA-SCN-Bz)41-
PAMAM-g5 at 1 mM Gd(III) in 7% BSA gels at 9.4 T.
The residual z-magnetization profiles for 7% BSA gels
alone are also shown in Fig. 8 as a reference. This experi-
ment compares the magnetizations obtained with a set of
short s and TR in the limit of TR� s. RF conditions
can be defined from this study to obtain a new type of dif-
ference magnetization DM(s,TR) that is solely contributed
from the paramagnetic relaxation pathway. This
DM(s,TR) must meet two criteria: (1) it is predominated
by the paramagnetic relaxation for the paramagnetic
agents/gels compartment (>95%); (2) it is negligible for
the gels compartment. Based on the theoretical discussions
in Section 2.4, a short TR is expected to saturate the spins
associated with the magnetization transfer pathway but not
those spins associated with the paramagnetic relaxation
pathway; and a short s allows sufficient paramagnetic
relaxation but negligible magnetization transfer.

For the PAMAM-g5 attached chelates in the gels, the
residual z-magnetization profiles obtained with the pulse
duration of 25 ms and 100 ms are identical for 1 s TR
and 20 s TR at the frequency offset D < 35 kHz. This result



Fig. 8. Experimentally measured magnetization profiles for aqueous (Gd-DTPA)n-macromolecules at 1 mM Gd(III) in 7% cross-linked BSA gels at 9.4 T.
The experiments were carried out at short pulse duration s and short TR with x1 = 6 kHz. The left and center panels are for the protein gels with
paramagnetic ion chelates, the right panel is for the protein gels alone.

Fig. 9. Experimentally measured (A) and theoretically predicted (B) difference magnetization profiles for aqueous (Gd-DTPA)n-macromolecules at 1 mM
Gd(III) in 7% cross-linked BSA gels at 9.4 T. The experimental data were generated from Fig. 8. Molecular parameters are discussed in the text.

288 H. Zhang, Y. Xie / Journal of Magnetic Resonance 184 (2007) 275–291
suggests that the total spin relaxation at 1 s TR is predom-
inated by the paramagnetic relaxation pathway. s and TR
in this experiment are selected arbitrarily, only for the pur-
pose of demonstrating the trend. The spins that are primar-
ily relaxed by the magnetization transfer effect are
saturated at D > 35 kHz. The magnetization for 1 s TR
begins to decrease and more decrement occurs at the longer
pulse. The Dextran attached chelates have smaller para-
magnetic relaxation rate constant R1q,Gd(h) than the
PAMAM-g5 attached chelates, the decrement caused by
the magnetization transfer effect takes place at much lower
offset. However, the decrement at s = 25 ms is nearly the
same as that at s = 100 ms. Their difference magnetization
is affected. The residual z-magnetizations for the BSA gels
are very different at 1 s TR and 20 s TR. The difference
magnetization obtained at the two pulse durations is
�0.2 for 20 s TR, which is large enough in comparing with
that with the paramagnetic agents; but it reduces to than
0.03 for 1 s TR, which is negligible in comparing with that
with the paramagnetic agents. Thus, short TR will suppress
the signal originated from the magnetization transfer effect
so that the paramagnetic relaxation pathway becomes
dominant.

Fig. 9(A) shows the experimental difference magnetiza-
tion profiles generated from those shown in the left panel
and the middle panel of Fig. 8. This type of difference mag-
netization profiles has a broad distribution. The amplitude
and the frequency offset for the maxima are a function of
the rotational correlation time sR. For the PAMAM-g5
attached chelates, the amplitude is 0.25 and the frequency
offset is 15 kHz. The Dextran attached chelates have a
smaller sR, the amplitude reduces to 0.14 and the frequency
offset shifts down to 10 kHz. The dependence on sR is fur-
ther confirmed by the theoretical calculations shown in
Fig. 9(B). As sR increases, the maximum shifts to the high-
er frequency offset with increased amplitude. The simula-
tions suggest that sR is �1000 ps for the Dextran
attached chelates and �3000 ps for the dendrimer attached
chelates, which is consistent with the results discussed in
Section 4.5. This type of difference magnetization profiles
has many advantages for the in vivo applications: (1) the
short pulse duration reduces the RF power depositions
substantially; (2) the amplitude and frequency offset of
the maxima can be used to define sR accurately; (3) the
magnitude has little contribution from the magnetization
transfer effect for the compartments with the paramagnetic
agents; and (4) the magnitude is negligible for the compart-
ments without the paramagnetic agents.

5. Conclusions

A theoretical model is established for the spin relax-
ations of water protons in the presence of paramagnetic
ion chelates and magnetization transfer effect in off-reso-
nance rotating frame. Based on this spin relaxation model,
the total residual z-magnetization is the sum of the contri-
butions from two relaxation pathways: the paramagnetic
relaxation and the magnetization transfer. The contribu-
tion fraction for each pathway is determined by the compe-
tition of the two pathways, in which the paramagnetic
relaxation pathway can dominate the total relaxation via
paramagnetic relaxation enhancement effect. The model is
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further validated with the experimental measurement for
Gd-DO3A at 1 and 10 mM Gd(III) in 10% BSA gels. Using
this model, the effect of magnetization transfer on the total
residual z-magnetization are quantified in the context of
the magnetization map and various difference magnetiza-
tion profiles, which have been shown to be the powerful
tool in evaluating the rotational correlation time of para-
magnetic ion chelates in aqueous media [4]. This permits
us to apply the techniques established for the aqueous
media to the gel media, including the use of the magnetiza-
tion map as a simulation tool to select RF parameters for
experiments and the difference magnetization profiles to
generate standards for identifying the dynamics of para-
magnetic ion chelates. In the similar way as in the previous
paper [4], the magnetization map and the difference of mag-
netization profiles are correlated with the correlation time
sR of Gd-DTPA through numerical simulations, which
are further validated by the experimental data for the mac-
romolecule conjugated Gd-DTPA in 7% cross-linked BSA
gel. These studies confirm that the rotational correlation
time for paramagnetic ion chelates can be determined even
in the presence of magnetization transfer effect. This spin
relaxation model also provides guidance for editing the
relaxation contributions to the signal, such as using short
pulse duration to reduce the amount of magnetization
transfer and short TR to saturate the spins involved in
the magnetization transfer pathway. Along this line, a
new type of difference magnetization profiles has been
explored with the theoretical simulations and experimental
measurements. Like in the aqueous media, this method not
only can determine the dynamics for the T1-type paramag-
netic agents but also can evaluate the relaxation enhance-
ment efficiency for the T2-type paramagnetic agents in the
presence of magnetization transfer effect [4]. The inclusion
of the magnetization transfer effect allows us to use the
magnetization map as a simulation tool to design efficient
paramagnetic labeling targeting at specific tissues, to design
experiments running at low RF power depositions, and to
optimize the sensitivity for detecting paramagnetic label-
ing. Thus, the presented method will be a very useful tool
for in vivo applications such as molecular imaging via
paramagnetic labeling.
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Appendix A

We provide here the rotating frame spin–lattice relaxa-
tion rate constants for the inner shell water RIS

1qðhÞ and
for the outer shell of water ROS

1q ðhÞ that are used in Eq.
(4). The detailed derivations for these parameters have
been originally described in the previous paper [3].

The rotating frame spin–lattice relaxation rate constant
for inner shell water is as follows:
RIS
1qðhÞ ¼

P M q
1=R1q;dðhÞ þ sm

ðA:1Þ

where Pm is the molar fraction of metal ion, q is the num-
ber of water molecular bound per metal ion, sm is the resid-
ual life time of the bound water. R1q,d(h) is the rotating
frame spin lattice relaxation rate constant caused by elec-
tron-dipolar coupling interaction and is expressed as
follows:

R1q;dðhÞ ¼ Kf2 sin2 hJðxeÞ þ sin4ðh=2ÞJðxS � xH þ xeÞ
þ cos4ðh=2ÞJðxS � xH � xeÞ þ 3 cos4ðh=2ÞJðxH þ xeÞ
þ 3 sin4ðh=2ÞJðxH � xeÞ þ 3=2 sin2 hðJðxS þ xeÞ
þ JðxS � xeÞÞ þ 6 cos4ðh=2ÞJðxS þ xH þ xeÞ
þ 6 sin4ðh=2ÞJðxS þ xH � xeÞg:

ðA:2Þ

At the high magnetic field, xS� xH� xe, R1q,d (h) can be
simplified as

R1q;dðhÞ � Kf2f 1ðhÞJðxeÞ þ 3f 2ðhÞJðxHÞg ðA:3Þ

In this formalism,

f1ðhÞ ¼ sin2ðhÞ

f2ðhÞ ¼ sin4ðh=2Þ þ cos4ðh=2Þ

ðxÞ ¼ sc

1þ x2s2
c

s�1
c ¼ s�1

R þ s�1
m þ T�1

1e

T�1
1e ¼

1

5sS0

1

1þ x2
Ss

2
v

þ 4

1þ 4x2
Ss

2
v

� �

where h is the angle for the effective field, sv is the correla-
tion time characterizing the fluctuation of the zero field
splitting (ZFS) and sS0 is related to ZFS constant B as
sS0 = sv/5B. For the macromolecule conjugated paramag-
netic chelates, sm is the residual time of structural water,
T1e is electronic relaxation time. sR is the rotational corre-
lation time, which is a sum of contributions from internal
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reorientation motion (si) and global tumbling motion (sg)
and s�1

R ¼ s�1
i þ s�1

g .
The rotating frame spin lattice relaxation rate constant

for the outer shell ROS
1q ðhÞ is expressed as,

ROS
1q ðhÞ ¼ K 0f2f 1ðhÞð1þ aB2

SðxÞÞJ 1OSðxeÞ þ 3f 2ðhÞ
� ½ð1þ aÞB2

SðxÞJ 1OSðxH; sD; T 1e !1Þ
þ ð1� B2

SðxÞÞJ 1OSðxH; sD; T 1eÞ�g ðA:4Þ

with

J 1OSðxH; sD; T 1eÞ ¼ Re
�

1þ ð1=4ÞðixsD þ sD=T 1eÞf g
�

1þ ðixsD þ sD=T 1eÞ1=2 þ ð4=9Þ
n

�
	
ixsD þ sD=T 1eÞ þ ð1=9ÞðixsD þ sD=T 1eÞ3=2

o


sD ¼ d2=D

BSðxÞ ¼
2S þ 1

2S

� �
coth

2S þ 1

2S

� �
x

� �
� 1

2S

� �
coth

x
2S

h i

where x = lB0/RT, a = (2S � 1)/(S + 1), l is the magnetic
moment of metal ion, , NA is the number of metal
ion per cubic centimeter, d is the distance of closet ap-
proach of the water to the metal complex, sD is the relative
translation diffusion time, sD = d2/3(DH + DS), DH and DS

are the diffusion coefficients of water and metal ion.
Three types of difference magnetization profiles generat-

ed from the magnetization map are shown in Fig. A1 in
this appendix section [4]. In the magnetization map,
Me(0+) defines the upper limit and Me(1) defines the lower
limit. A, B, C and D are the labels for the magnetization
Me(s,h) selected arbitrarily, where A denotes forMe(s,h1),
B denotes for Me(1,h1), C denotes for Me(s,h2) and D
denotes for Me(1,h3). The dark black lines represent
the path for generating the difference magnetization.
Three types of difference magnetization profiles can be
generated: type-1 is defined by the path BD,
DM1 = Me(1,h1) �Me(1,h3); type-2 is defined by the
path AC, DM2 = Me(s,h1) �Me(s,h2); and type-3 is
defined by the path AB, DM3 = Me(s,h1) �Me(1,h1).
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