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Abstract

The off-resonance rotating frame technique based on the spin relaxation properties of off-resonance T1q can significantly increase the
sensitivity of detecting paramagnetic labeling at high magnetic fields by MRI. However, the in vivo detectable dimension for labeled cell
clusters/tissues in T1q-weighted images is limited by the water diffusion-exchange between mesoscopic scale compartments. An experi-
mental investigation of the effect of water diffusion-exchange between compartments on the paramagnetic relaxation enhancement of
paramagnetic agent compartment is presented for in vitro/in vivo models. In these models, the size of paramagnetic agent compartment
is comparable to the mean diffusion displacement of water molecules during the long RF pulses that are used to generate the off-reso-
nance rotating frame. The three main objectives of this study were: (1) to qualitatively correlate the effect of water diffusion-exchange
with the RF parameters of the long pulse and the rates of water diffusion, (2) to explore the effect of water diffusion-exchange on the
paramagnetic relaxation enhancement in vitro, and (3) to demonstrate the paramagnetic relaxation enhancement in vivo. The in vitro

models include the water permeable dialysis tubes or water permeable hollow fibers embedded in cross-linked proteins gels. The MWCO
of the dialysis tubes was chosen from 0.1 to 15 kDa to control the water diffusion rate. Thin hollow fibers were chosen to provide sub-
millimeter scale compartments for the paramagnetic agents. The in vivo model utilized the rat cerebral vasculatures as a paramagnetic
agent compartment, and intravascular agents (Gd-DTPA)30–BSA were administrated into the compartment via bolus injections. Both
in vitro and in vivo results demonstrate that the paramagnetic relaxation enhancement is predominant in the T1q-weighted image in the
presence of water diffusion-exchange. The T1q contrast has substantially higher sensitivity than the conventional T1 contrast in detecting
paramagnetic agents, especially at low paramagnetic agent volumetric fractions, low paramagnetic agent concentrations, and low RF
amplitudes. Short pulse duration, short pulse recycle delay and efficient paramagnetic relaxation can reduce the influence of water dif-
fusion-exchange on the paramagnetic enhancement. This study paves the way for the design of off-resonance rotating experiments to
detect labeled cell clusters/tissue compartments in vivo at a sub-millimeter scale.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The paramagnetic relaxation enhancement in off-reso-
nance rotating frame can increase the relaxivitiy and detec-
tion sensitivity of paramagnetic agents at magnetic fields
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higher than 3 T [1]. The enhanced relaxation rate constant
depends on several factors, including the hydration number
q, the rotational correlation time sR and the diffusion cor-
relation time sD of T1-type agents, and the nano-particles’
diameter d of T2-type agents [1,2]. These factors are critical
to the smart labeling of molecular MR imaging. For
instance, the alteration of hydration number reports the
enzyme activations [3], the change of rotational correlation
demonstrates the ligand binding [4,5], and the increase of
relaxation rate indicates the DNA oliogmerizations [6].
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The off-resonance rotating frame technique can amplify the
small difference in the relaxation rate constant, thus,
enables the smart labeling strategy to become very efficient
at high magnetic fields. In our previous paper, we have
reported a novel method to quantify sR of T1-type agents
based on the paramagnetic relaxation enhancement effect
in off-resonance rotating frame [2], where sR was extracted
through the measurement of various residual z-magnetiza-
tion profiles or difference magnetization profiles of water
protons in off-resonance rotating frame. This method can
be further extended to quantify the alterations of other fac-
tors such as q, sD and d, and to distinguish the small differ-
ence between the relaxation rate constants for T1/T2-type
agents. Since the paramagnetic relaxation enhancement
increases as the square of magnetic field strength [1], high
sensitivity is expected for the detection of paramagnetic
agents at high magnetic fields.

For the in vivo applications, the challenge arises from the
interference of other relaxation pathways. In our previous
paper, we have reported various methods used to quantify
and suppress the contribution from the magnetization
transfer pathway, and the strategies used to extract the
dynamics of paramagnetic agents in the presence of a
strong magnetization transfer effect [7]. However, biologi-
cal systems are highly heterogeneous and contain numer-
ous mesoscopic scale compartments in various tissues.
Assuming that paramagnetic agents are restrained in a sin-
gle compartment, water molecules can diffuse in/out of the
influence region of paramagnetic agent molecules and
exchange between different compartments via Brownian
motion. Thus, the long off-resonance pulse, which is used
to generate the effective field for off-resonance rotating
frame, induces magnetization transfer inside tissue com-
partments [7] and allows water diffusion-exchange between
different compartments. This raises an important and fun-
damental question for in vivo applications besides the mag-
netization transfer effect: how are the NMR signals affected
by the water exchange between different compartments?
Normally, the relaxation rate in the paramagnetic agent
compartment is much higher than that in the tissue com-
partment (no paramagnetic agents). Thus, the diffusion-
exchange between the tissue compartment and the para-
magnetic agent compartment reduces the water relaxation
rate for the paramagnetic agent compartment. This effect
depends on the properties of compartment boundary. With
water permeable membrane as the boundary, the effective
diffusion distance is defined as �x ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
6Detm

p
for three-

dimensional diffusion, where De is the effective diffusion
constant, and tm is the diffusion time window. For a mem-
brane of d thickness, the water permeability Pd is expressed
as Pd = De/d. The time window for the diffusion-exchange,
tm, is determined by the off-resonance pulse duration
s,tm � s. Since the water diffusion-exchange between com-
partments dilutes the apparent concentration of the para-
magnetic agents in the paramagnetic agent compartment,
the water relaxation rate for the paramagnetic agent com-
partment is expected to be reduced after a sufficiently long
RF pulse is applied. A typical 25–500 ms pulse corresponds
to a �x of 10–50 lm at De = 10�5 cm2/s. For paramagnetic
agents with compartment dimension l around a few milli-
meters, the water diffusion-exchange should not cause
any serious problems because l� �x. For cell clusters, the
compartment dimension may be comparable to the �x since
the size of cell is about 10–100 lm. Thus, the water diffu-
sion-exchange is expected to affect the detection of para-
magnetic agent labeled cell clusters. If the labeled cell
clusters can be detected at a size smaller than 1 mm, most
cancers then can be screened out at an early curable stage
[8]. Therefore, the water diffusion-exchange effect for para-
magnetic agents located in sub-millimeter compartments is
extremely important for early detection of cancers. Here we
are interested in how the NMR signal intensity for the
paramagnetic agent compartment is altered by the
diffusion-exchange effect, especially at low paramagnetic
agent concentration with sub-millimeter compartment
dimension.

Due to the effect of water diffusion-exchange, the NMR
signal from paramagnetic agent compartment is mixed
with those from other compartments. Extensive studies
for a variety of situations have been carried out in the lab-
oratory frame for T1, T2-weighted imaging, as shown in the
comprehensive reviews elsewhere [9–14]. Theories based on
the diffusion-Bloch equation were used to develop various
models such as spatial distributions [10], two-site exchange
[9–12,14], three sites exchange [12], and general moment
expansion [13]. These studies used T1-type paramagnetic
agents [14–17] in order to evaluate blood volumes, blood
vessel permeability, and perfusion in vivo [18–22]. The
related parameters include the relaxation rate constant,
the exchange rate constant and the population fraction
for each compartment. Here, we only review the parame-
ters and equations that are relevant to the models used in
this paper. The compartment with T1-type paramagnetic
agents has a relaxation rate constant R1c, and the compart-
ment without paramagnetic agents has a relaxation rate
constant R1nc. Depending on the water exchange rate 1/se

and the relaxation rate constant difference R1c � R1nc,
there are three regions for the exchange kinetics: the fast
exchange (1/se� R1c � R1nc), the intermediate exchange
(1/se � R1c � R1nc), and the slow exchange (1/se� R1c �
R1nc). For the membrane-separated compartments, 1/se is
a function of water permeability Pd, membrane surface
area S, and compartment volume V, 1/se = PdS/V
[11,12,17]. The fast or intermediate exchange kinetics will
mix the NMR signals from different compartments, but
the slow exchange will have a much less effect on the
NMR signals. For the vasculatures in vivo, the intra-
cellular/extra-cellular compartments of red blood cells are
considered as one compartment due to the fast exchange
kinetics. The red blood cells and plasma together form
the intravascular compartment. The parenchymal cells with
the interstitium form the extra-vascular compartment. The
intra-vascular/extra-vascular compartments are considered
as two compartments due to the slow exchange kinetics
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[11]. Thus, the diffusion-exchange affects the detection of
paramagnetic tracer in dynamic contrast-enhanced T1-
weighted MRI [18–22]. The effect of water diffusion-
exchange can be suppressed by using a short diffusion time
window. As shown in the inversion-recovery experiment,
the time window for diffusion-exchange is controlled by
the delay between the inversion pulse and the 90� reading
pulse TI. When TI� tm, the effect of diffusion-exchange
on NMR signal is largely reduced [11].

In the off-resonance rotating frame, water diffusion-
exchange will also affect the NMR signals. However, the
influence is different from that in the laboratory frame.
This is attributed to that the relaxation mechanism in the
paramagnetic agent compartment is different from that in
the tissue compartment (no paramagnetic agents) in the
off-resonance rotating frame. In the paramagnetic agent
compartment, water molecules relaxed through the para-
magnetic relaxation pathway with a rate constant of
R1q,Gd. In the tissue compartment, water molecules relaxed
through magnetic transfer pathway with a rate constant of
RMT. The measured z-magnetization of each pathway
depends on the RF parameters of the long pulse, explicitly,
the RF amplitude (x1), the frequency offset (D), the pulse
duration (s), and the pulse recycle delay (TR) [7]. Applying
a long pulse with high RF amplitude or at low frequency
offset often generates a large relaxation rate constant of
water in the paramagnetic agent compartment and strong
magnetization saturation for the tissue compartment. A
long pulse or a short pulse recycle delay may not affect
the magnetization for the paramagnetic agent compart-
ment due to the relaxation enhancement effect, but it can
reduce the magnetization for the tissue compartment
substantially due to the magnetization transfer and spin
saturation effect. Studies on the exchange kinetics in the
off-resonance rotating frame have been reported for spins
in aqueous media [23–25], but no appropriate mathematic
model has been established for the water diffusion-
exchange between dynamically heterogeneous compart-
ments yet.

Here, we assume that water molecules are in exchange
between the paramagnetic agent compartment with finite
volume Vc and the tissue compartment. By combining the
rotating frame magnetization formalisms [7] with the
exchange theory in the laboratory frame [12], a pair of cou-
pled equations for the residual z-magnetization of water in
the rotating frame can be written as follows,

dDMGdðh; sÞEGd

ds
¼ �ðR1q;Gd þ s�1

e ÞDMGdðh; sÞEGd

þ s�1
e DMMTðh; sÞEMT ð1aÞ

dDMMTðh; sÞEMT

ds
¼ �ðRMT þ s�1

e fcÞDMMTðh; sÞEMT

þ s�1
e fcDMGdðh; sÞEGd ð1bÞ

Where, Ei is a factor accounted for the pulse recycle delay
effect, Ei = 1 � exp(�Ri Æ TR), i = Gd, MT [7]. s�1

e is the
exchange rate constant defined in the previous text,
s�1
e ¼ P dS=V and Pd = De/d. fc is the volumetric frame of

paramagnetic agent, fc = Vc/V. Vc, V is the volume for
the paramagnetic agent compartment and the total volume
respectively. DMi is the change of residual z-magnetization
with respect to their equilibrium values in the rotating
frame, i = Gd, MT. The general expressions of DMi can
be derived from the equations shown in the previous paper
[7]. Qualitatively, Eq. (1) states that the amount of the
water to be mixed is a complex function of the RF param-
eters (x1,D,s,TR) in addition to the intrinsic relaxation
properties (R1q,Gd, RMT, R1,Gd,R1,a), the exchange kinetic
parameter (s�1

e or De) and the volumetric fraction of para-
magnetic agent (fc). The paramagnetic agent concentration
is included in the paramagnetic agent relaxation rate con-
stants R1q,Gd and R1,Gd. Due to the relation of

�x ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
6Detm

p
, the DMi inherently is a spatially dependent

function of the pulse duration s. Thus, analytical deriva-
tion of the residual z-magnetization from Eq. (1) becomes
a challenge.

In this initial study, instead, we will explore the various
dependences of the residual z-magnetization predicted by
the Eq. (1) experimentally through well-designed in vitro/
in vivo models. This will provide protocols for the designing
of in vivo imaging experiments and experimental basis for
the theoretical analysis in the future. There are several cor-
relations we will explore qualitatively via the in vitro/in vivo

models, including (1) the residual z-magnetization of para-
magnetic agent compartment as a function of pulse dura-
tion s, water diffusion coefficient De, paramagnetic agent
volumetric fraction fc, and paramagnetic agent concentra-
tion cc; (2) the imaging contrast as a function of paramag-
netic agent volumetric fraction fc, paramagnetic agent
concentration cc and RF pulse parameters.

In consistent with our previous studies [1,2,7], the imag-
ing sequence used in this study contains a long off-reso-
nance pulse in the preparation, followed by a routine
spin echo imaging sequence for the spatial encoding. The
RF amplitude (x1) and the frequency offset (D) for this
long pulse are sufficiently large to overcome the magnetiza-
tion dephase induced by B0 inhomogeneities (Dx0). With
typical values of x1 P 2 kHz and D = 5–15 kHz, the effec-

tive field strength of the rotating frame xe, xe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1 þ D2
q

,
ranged from 5.4 to 15.1 kHz, is much larger than the B0

inhomogeneities, which typically is about a few hundred
Hz. At these conditions, the spins in the liquid pool are
aligned with the effective field during the long pulse. As
demonstrated in our previous papers [2,7], the large x1

benefits the paramagnetic enhancement and the large D is
required to differentiate the dynamics of paramagnetic
agents. Thus, this pulse scheme allows us to generate the
effective field of rotating frame efficiently and to explore
the spin relaxation properties with the established theories
and methods conveniently. There are several other imaging
sequences that are also based on the spin relaxations in the
off-resonance rotating frame [26,27], namely off-resonance
rotating frame spin-locking. This type of sequences is an
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extension of the on-resonance spin-locking [28], in which
the magnetization is prepared and the RF is subsequently
phase and frequency shifted to align with the effective field
of the rotating frame. Using the off-resonance condition
instead of the on-resonance condition permits to maintain
the same xe with smaller x1 (lower RF power) than that in
the on-resonance version. With typical parameters of
x1,D < 1 kHz used in the off-resonance spin locking, the
B0 inhomogeneities (� a few hundred Hertz) induced mag-
netization dephase can not be avoided [26]. Thus, the spin
locking pulse was used to align the spin in phase. Since the
detected signal contains the T1q dependence, the magneti-
zation obtained from this off-resonance spin locking
sequence also can be used to obtain the information about
the paramagnetic agents if large x1 and D are applied.
However, the analytical formalism is complicated by other
contributions, such as T2q [29].

Another issue related to this long off-resonance pulse is
the distribution of RF amplitude x1 in various RF coils.
The distribution of RF amplitude can cause inhomoge-
neous dephasing of the nutation. This dephasing effect
can mitigate the contribution from T2q and is very effective
at short pulse duration. Nevertheless, we are interested in
the magnetization along the effective field with pulse dura-
tion of a few hundred milliseconds. At this condition, all
the components transversed to the effective field are
dephased, which are irrelevant to the magnetization to
be measured in this study. The components along the effec-
tive field are determined by T1q and T1 only, and read out
as the residual z-magnetization. Since the effective field
strength xe is dominated by the frequency offset D at
D > x1, spins are aligned to the effective field with slightly
different xe, which generates a inhomogeneous distribution
of residual z-magnetization Iz. If the x1 homogeneity varies
in the range of ±10%, the deviation of residual z-magneti-
zation Iz is estimated to be negligible based on our previous
studies [2,7].

In this work, we present an experimental investigation
of the water diffusion-exchange effect on the paramagnetic
relaxation enhancement for in vitro/in vivo models where
the size of the paramagnetic agent compartment is compa-
rable to the mean diffusion displacement of water mole-
cules during the long RF pulse. In vitro, the dialysis
membrane tubes and hollow fibers were used to isolate
(Gd-DTPA)30–BSA from 7% cross-linked bovine albumin
(BSA) gels. The influence of water diffusion-exchange rate
was explored by varying the molecular cutoff (MWCO) of
the dialysis tubes. Very small paramagnetic agent volumet-
ric fractions were obtained by using the hollow fibers with a
sub-millimeter diameter. This hollow fiber sample also
allows us to examine the influence of low paramagnetic
agent concentrations on the paramagnetic relaxation
enhancement. The in vivo analogue to the dialysis hollow
fibers is the cerebral vasculature of the rat brain. The intra-
vascular agents (Gd-DTPA)30–BSA were administrated
into the compartment via bolus injection. In these
in vitro/in vivo models, all paramagnetic agents were
located in the fluid compartments, where the contribution
from the magnetization transfer pathway was negligible.
This study quantifies the residual z-magnetization as a
function of the diffusion coefficient and the RF pulse
parameters. The imaging contrast for the paramagnetic
agent compartment is evaluated in vitro/in vivo as a func-
tion of the paramagnetic agent volumetric fraction, the
paramagnetic agent concentration, and the RF parameters.
This study may provide guidance in detecting labeled cell
clusters/tissue compartments at a sub-millimeter scale
in vivo.

2. Experimental

2.1. In vitro phantoms

Dialysis tube phantoms: Seven percent bovine albumin
(BSA) solution was cross-linked with 25% glutaraldehyde
[30] to form gels inside a 1 ml dialysis tube that was made
from regenerated cellulose esters by Spectrum Laboratories
Inc (Rancho Dominquwz, CA). The MWCO of the mem-
brane of the dialysis tube was 0.1, 2, 10, and 15 kDa,
respectively. Following the formation of the gels, the dial-
ysis tube was placed into a 10 mm glass tube containing
aqueous (Gd-DTPA)30–BSA (Mw � 85 kDa) at 1 mM
Gd(III), which was synthesized as reported elsewhere [1].

Hollow fiber phantoms: aqueous (Gd-DTPA)30–BSA at
0.1 mM Gd(III) were filled into a single hollow fiber made
by Spectrum Laboratories Inc (Rancho Dominquwz, CA).
The hollow fibers with 150 lm diameter and �10 lm wall
thickness were made from regenerated cellulose esters with
13 kDa MWCO, the hollow fibers with 500 lm diameter
and �10 lm wall thickness made from polysulfone with
10 kDa MWCO. The hollow fiber was placed inside a
10 mm glass tube. Seven percent bovine albumin (BSA)
solution was added in and cross-linked with 25% glutaral-
dehyde to form gels. In order to evaluate the NMR signal
loss for the hollow fiber compartment, a 1.5 mm diameter
glass capillary filled with the same contrast agent solution
was used as a reference. This sample did not have the water
diffusion-exchange across the boundary or a NMR signal
loss due to the water diffusion-exchange effect.

2.2. In vivo animal preparations

Paramagnetic agent concentration in rat blood plasma:
(Gd-DTPA)30–BSA/0.9% NaCl solution was filtered
through a 0.2 lm sterilized filter before injecting it into
rats. Eight 240–270 g female rats (Sprague Dawley, Har-
lean, IN) were anesthetized with pentobarbital (40 mg/kg,
i.p.) and incubated. The rats were maintained under anes-
thesia with 0.5% isoflurane in 50%/50% O2/air, and their
respiration rate was maintained with a UGO BASIL
rodent ventilator. The femoral artery and the femoral vein
were catheterized to sample blood and inject contrast
agents respectively. Immediately after the bolus injection
of Gd-DTPA)30–BSA, 0.2 ml blood was drawn from the
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femoral artery every 5 min. A total 13 samplings were col-
lected in 60 min. 0.8 ml of 1:1 of concentrated sulfuric acid
and concentrated nitric acid was added into each blood
sample in an ice bath and allowed to digest at room tem-
perature overnight. The digested sample was diluted with
deionized water to 2 ml, and filtered through a 0.2 lm fil-
ter. Atomic emission spectroscopy (AES) analysis demon-
strated that the gadolinium concentration was nearly
constant for �40 min after the injection, which was
1.3 mM Gd(III) for the 0.1 mmol Gd/kg dosage and
0.13 mM Gd(III) for the 0.01 mmol Gd/kg dosage.

Rat in vivo experiments: All animal experiments were
carried out under IACUC approved protocols. Eight
240–270 g female rats (Sprague Dawley, Harlan, IN) were
anesthetized with pentobarbital (30 mg/kg, i.p.) and the
femoral vein was catheterized to inject (Gd-DTPA)30–
BSA/0.9% NaCl solution. During the MRI experiments,
the rats were maintained under anesthesia with 0.5% isoflu-
rane in 50%/50% O2/air. The respiration rate of the ani-
mals was monitored with the Biopac MP150, and the
body temperature was maintained by a water bag. The
(Gd-DTPA)30–BSA/0.9% NaCl solution was I.V. injected
into rats at 0.01 mmol/kg or 0.1 mmol Gd/kg dosage.

2.3. In vitro MRI experiments

All in vitro MRI experiments were carried out with vol-
ume coils on a 9.4 T Bruker Avance microimaging spec-
trometer. For the T1q-weighed imaging, a 500 ms RF
pulse with 2 kHz RF amplitude and 10 kHz frequency off-
set was used. In order to evaluate the enhancement in the
imaging contrast, additional T1-weighted images were
required for the hollow fiber phantoms. Other imaging
parameters were: 1.28 cm FOV, 2 mm slice thickness,
2 ms sinc3 pulse, 9.13 ms TE, and a 50 · 50 lm2 in-plane
resolution. TR was 0.75 s for those images in which the
slices were parallel to the orientation of the hollow fibers
and 3 s for all others.

2.4. In vivo MRI experiments

All in vivo MRI experiments were carried out on a 4.7 T
Bruker Biospec imaging spectrometer. Images were
acquired with a single loop coil wrapped on the surface
of an acrylic tube with 4.5 cm OD. The loop was made
from an 8 mm wide copper foil orientated at 45� with
respect to the magnet z-axis. Six ATC 100C series chip
capacitors from American Technical Ceramics (Hunting-
ton Station, NY) were distributed in the loop and two high
voltages variable capacitors (NMRAJ40HV) from Vol-
tronics (Daenville, NJ) were used to match and tune the
coil, respectively. This coil provided 90% homogeneity
for three 2-mm coronal slices. The distribution of the RF
amplitude B1 along the normal of the loop was calibrated
with a modified version of the reported sequence [31].

Anatomical images were collected with standard
RARE sequence. Double spin echoes were acquired for
T1, T1q, and MTC-weighted images. For the T1q-weighted
image, a 500 ms hard pulse with 0.7–2 kHz RF amplitude
and 5–15 kHz frequency offset was applied. MTC-
weighted images were acquired at the same RF parame-
ters except for 0.3 kHz RF amplitude and 5 kHz offset.
Other imaging parameters were: 5.0 cm FOV, 2 mm slice
thickness, 1.5 ms sinc3 pulse, TE/TR 6.8 ms/1s, 80 kHz
bandwidth, 195 · 195 lm2 in-plane resolution and 4 min
18 s per image.

The images were acquired for each rat in the following
order: control images fi injection of (Gd-DTPA)30–BSA
at 0.01 mmol Gd/kg dosage fi imaging for the dosage
1 fi injection of (Gd-DTPA)30–BSA at 0.1 mmol Gd/kg
dosage fi imaging for the dosage 2. All T1, T1q and
MTC-weighted images were collected within the 40 min
post injection, during which the paramagnetic agent con-
centration was nearly constant. All imaging data were pro-
cessed off-line with Bruker ParaVison software.

3. Results and discussion

3.1. Dialysis tube phantoms

Fig. 1a shows the schematics of a membrane boundary
between two compartments. The water compartment con-
tains aqueous paramagnetic agents, and the gel compart-
ment contains cross-linked protein gels. Assuming the
MWCO of the membrane is much smaller than the molec-
ular weight of the paramagnetic agents, only water mole-
cules can penetrate through the membrane. There are
three environments for water molecules: the aqueous para-
magnetic agent compartment, the membrane, and the gel
compartment. The water diffusion coefficient for each envi-
ronment is denoted as Dw, Dm, and Dg, respectively. The
porous size of the membrane determines Dm, which is char-
acterized by the MWCO. If the membrane thickness is
comparable to the effective diffusion distance �x, there exist
two water exchange processes: (1) the water exchange
between the membrane and the paramagnetic agent com-
partment, and (2) the water exchange between the mem-
brane and the gel compartment. Because the gel
compartment has much lower diffusion coefficient than
the paramagnetic agent compartment, the exchange
between the membrane and the paramagnetic agent com-
partment (the second process) is expected to occur at
longer pulse duration. In this study, the membranes with
MWCO of 0.1, 2, 10, and 15 kDa were chosen to control
the translational diffusion coefficient of the membrane
water so as the water exchange rate between the paramag-
netic agent compartment and the gel compartment. Since
the RF amplitude (x1), frequency offset (D) and pulse
recycle delay TR are fixed, the signal alterations for the
membrane of different MWCO are related to the change
of the pulse duration s.

Fig. 1b shows the T1q-weighted imaging intensity profile
at pulse duration s = 0 for a dialysis tube phantom, in
which two compartments were separated by a membrane



Fig. 1. Water diffuses across a membrane that separates two compartments. (a) Schematic illustration of a phantom that consists of a water compartment
and a protein gel compartment. The water compartment contains the macromolecule attached paramagnetic ion chelates (the open ellipses) that cannot
pass through the membrane. The water molecules (the solid dots) can diffuse into three environments with the effective diffusion coefficients denoted as Dw

for the water compartment, Dm for the porous membrane, and Dg for the gel compartment. The diffusion coefficient Dm and the membrane thickness d
limit the water transfer from the water compartment to the gel compartment and vice versa. (b) Intensity profile of T1q-weighted imaging at s = 0 for
membrane of 0.1 kDa MWCO. The water compartment (w) contained aqueous (Gd-DTPA)30–BSA at 1 mM Gd(III). The gel compartment (g) was made
from 7% cross-linked BSA gel. (c) T1q-weighted imaging intensity Iw, Ig, and Im as a function of pulse duration s for the membrane of 0.1 kDa MWCO. (d)
Normalized T1q-weighted imaging intensity Im as a function of pulse duration s for various membranes. The MWCO of these membranes was 0.1, 2, 10,
and 15 kDa, respectively. All T1q-weighted images were at 50 · 50lm2 in-plane resolution, and the off-resonance pulse was irradiated at 10 kHz offset with
2 kHz RF amplitude.
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with 0.1 kDa MWCO. The inner compartment contained
7% cross-linked BSA gel, and the outer compartment
contained (Gd-DTPA)30–BSA (Mw � 85 kDa) at 1 mM
Gd(III). This intensity profile corresponds to one line in
the coronal image; its amplitude reflects the water diffu-
sion-exchange across the membrane boundary between
the two compartments. The membrane thickness d is
�50 lm, corresponding to 1 pixel point in the distance axis.
Both the paramagnetic agent compartment and the gel
compartment have dimension (d � 4 mm) much larger than
the membrane thickness (d � 50 lm). Thus, the water pool
of the two compartments is considered to be infinitely large
compared with that of the membrane. This experiment was
used to obtain the initial reference for the residual z-mag-
netization at different pulse duration s. Since there is no
diffusion-exchange at s = 0, the water in the three environ-
ments was well distinguished by their imaging intensity.
The water in the paramagnetic agent compartment was
fully relaxed at 3 s TR, but neither the water in the gel com-
partment nor the water in the membrane boundary was
fully relaxed. The imaging intensity appears in the order
of Iw > Ig > Im, where the subscript w, g, m denotes the
water compartment, the gel compartment, and the mem-
brane, respectively. Thus, the paramagnetic agent compart-
ment has the largest initial residual z-magnetization among
all the compartments.
Fig. 1c shows the T1q-weighted imaging intensity as a
function of the pulse duration s for the water in the three
environments. The resultant imaging intensity is in the
order of Iw > Ig > Im for 0 6 s 6 1 s. The same phantom
shown in the Fig. 1b was used in this experiment. The pulse
with 2 kHz RF amplitude was irradiated at 10 kHz offset
with the duration s ranging from 0 to 1 s. Since this mem-
brane has the lowest MWCO, the phantom is referred as
the slowest water diffusion-exchange in the series. Assum-
ing the magnetization alterations induced by the two water
exchange processes are negligible in the paramagnetic agent
compartment and the gel compartment, the residual z-mag-
netization for each compartment the reflects the intrinsic
relaxation rate of water molecules in that compartment.
The water in the paramagnetic agent compartment is
relaxed through the paramagnetic relaxation pathway.
The intensity Iw deceases as the pulse duration s increases
and gradually approaches to a constant when s is longer
than 500 ms. The water in the gel compartment is relaxed
via the magnetization transfer pathway and its intensity
Ig decreases rapidly as the pulse duration s increases. Since
volume of the membrane is much smaller than the two
compartments, a small quantity of water exchange from
any processes may cause a substantial alteration in Im.
The plot in Fig. 2c suggests that the relaxation mechanism
of the membrane water varies as the pulse duration s



Fig. 2. Water diffusion-exchange in hollow fibers embedded in cross-linked protein gels. (a) Schematic illustration of a phantom contained hollow fibers
(h), glass capillary (c) and protein gels (g). (b) Intensity profiles of T1q-weighted images. The hollow fiber was made from polysulfone with 10 kDa MWCO
and a 500 lm diameter. The glass capillary tube had a 1.5 mm diameter. Both were filled with aqueous (Gd-DTPA)30–BSA at 0.1 mM Gd(III). The protein
gels were made from 7% cross-lined BSA. (c) Intensity profiles of T1q-weighted images. All compartments were the same as those shown in (b) except that
the hollow fiber was made from regenerated cellulose esters with 13 kDa MWCO and a 150 lm diameter. All T1q-weighed images were at 50 · 50 lm2 in-
plane resolution, and the off-resonance pulse was irradiated at 10 kHz offset with 2 kHz RF amplitude. The slices were perpendicular to the longitudinal
direction of the fibers and the capillary. Other imaging parameters are discussed in the text.
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increases. This arises from the fact that the membrane is
very thin, the water from both the paramagnetic agent
compartment and the tissue compartment can enter easily.
Depending on the pulse duration, the magnetization of the
membrane water may behave more like that of the para-
magnetic agent compartment or that of the gel compart-
ment. At s < 400 ms, the water relaxation rate is
predominated by the intrinsic magnetization transfer path-
way of the membrane. As the pulse duration becomes
longer than 400 ms, the contribution of the water molecules
in exchange with the paramagnetic agent compartment
increases. Although water can diffuse in/out from both
compartments, the paramagnetic agent compartment has
higher initial residual z-magnetization, larger relaxation
rate constant and larger diffusion coefficient than the gel
compartment. Thus, the relaxation of the membrane water
exhibits more similarity to that of the paramagnetic agent
compartment than that of the gel compartment. The inten-
sity Im decreases as s increases but the decrement becomes
smaller at s > 400 ms. This result indicates that the water
exchange will increase the effective volume of paramagnetic
agent, but this process depends on the pulse duration s and
the diffusion coefficient De.

Fig. 1d compares the normalized T1q-weighted imaging
intensity as a function of pulse duration s for the mem-
brane water. In this experiment, the MWCO of the mem-
branes was 0.1, 2, 10, and 15 kDa, respectively, and the
RF parameters were the same as those used for the
Fig. 1c. The increase of the MWCO leads to the increase
of diffusion coefficient for the membrane water. Since the
membrane boundary serves as mixing chamber for the
water in/out from the two compartments, the imaging
intensity Im reflects the degree of water exchange with the
two compartments. In this experiment, two independent
variables, the pulse duration and the diffusion coefficient,
were used to correlate with the change of the imaging inten-
sity Im. As shown in the figure, the diffusion-exchange effect
is negligible at pulses shorter than 300 ms, where Im is sim-
ilar for all MWCOs. As the pulse duration increases, the
effect of the water diffusion-exchange on the NMR signal
becomes apparent. At low MWCO, the imaging intensity
Im is affected by the first exchange process, which is the
membrane water in exchange with the water in the para-
magnetic agent compartment. However, the contribution
of the second exchange process, which is the membrane
water in exchange with the water from the gel compart-
ment, increases as the MWCO of the membrane becomes
larger and the pulse duration s gets longer. As shown in
the Fig. 1d, the intensity at s > 400 ms is in the order of
Im (0.1 kDa) < Im (15 kDa) < Im (2 kDa) < Im(10 kDa).
This order demonstrates that the water in exchange with
the paramagnetic agent compartment increases the imaging
intensity Im for MWCO < 10 kDa; and the water in
exchange with the gel compartment dilutes the paramag-
netic relaxation enhancement for MWCO > 15 kDa. In
both case, the applicable pulse duration s ranges from
400 ms to 1 s. Since the water in exchange with the gel com-
partment has less intensity enhancement than that with the
paramagnetic agent compartment, the imaging intensity
Im(15 kDa) is still larger than the least exchange reference
Im(0.1 kDa). Thus, paramagnetic agents that are located
in a compartment with a larger diffusion coefficient are
more ready to be diluted and the application of a longer
pulse duration will accelerate this dilution. On the other
hand, if paramagnetic agents with high relaxation enhance-
ment efficiency are used, sufficient relaxation enhancement
can be achieved with a very short pulse [2,7]. For these
agents, applying short pulse allows us to suppress the mag-
netization transfer effect [7] and reduce the water exchange
simultaneously.

In summary, the dependence of the residual z-magneti-
zation on the water exchange between the paramagnetic
agent compartment and tissue compartment is a function
of several parameters, including the diffusion coefficient,
the intrinsic relaxation rate constant and the initial residual
z-magnetization of each compartment, the rate of water
exchange between compartments, the pulse duration and
pulse recycle delay. By using efficient paramagnetic agents,



Table 1
Image intensity ratio of fibera compartment verse capillary compartment
(Ih/Ic)

CGd (mM) Ih/Ic (0.5 s TR)b Ih/Ic (1 s TR)b Ih/Ic (3 s TR)b

1.0 93 ± 1% 86 ± 1% 85 ± 1%
0.1 85 ± 1% 81 ± 1% 80 ± 1%

a Fiber ID = 150 lm.
b Pulse duration s = 500 ms, RF amplitude x1 = 2 kHz.
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the water diffusion-exchange-induced concentration
dilution for the paramagnetic agent compartment can be
reduced significantly with short pulse duration and short
pulse recycle delay. The experimental results shown in this
section reflect the effect of water diffusion-exchange for two
compartments with comparable dimensions. The results
presented below for the hollow fiber phantoms are for
the situation where the paramagnetic agent compartment
(d � 0.15–0.5 mm) is much smaller than the gel compart-
ment (d � 8 mm). Thus, the residual z-magnetization for
the paramagnetic agent compartment reflects the influence
of the water exchange between a finite pool with an infi-
nitely large reservoir, which determines the detecting sensi-
tivity for paramagnetic agents at very low volumetric
fraction.

3.2. Dialysis hollow fiber phantoms

Fig. 2a shows the setup for the hollow fiber phantom.
The hollow fiber, denoted as h, was parallel to the glass
capillary, denoted as c, inside a 10 mm tube. Both the hol-
low fiber and the glass capillary were filled with (Gd-
DTPA)30–BSA at 0.1 mM Gd(III) and surrounded by the
7% cross-linked BSA gels. Here the glass capillary serves
as the paramagnetic agent compartment that does not have
any water diffusion-exchange across the boundary or any
NMR signal loss due to the water diffusion-exchange effect.
Because the diameter of the hollow fiber (0.15–0.5 mm) is
much smaller than that of the gel compartment (d � 8
mm), the water pool for the paramagnetic agent compart-
ment is finitely small compared with the water reservoir in
the gel. With a 10 lm membrane thickness and a 500 ms
pulse duration, the exchange of membrane water with the
paramagnetic agent compartment and the gel compartment
can be simplified as the water exchange between the para-
magnetic agent compartment and the gel compartment,
but the pore size of the membrane controls the exchange
rate. In this study, two orientations were chosen for the
imaging slice: (1) the slice was perpendicular to the fiber
and (2) the slice was parallel to the fiber. For the perpendic-
ular orientation, �100% volumetric fraction were obtained
for the paramagnetic agent compartment. For the parallel
orientation, a series of volumetric fractions were achieved
by selecting different slice thickness.

Fig. 2b and c demonstrates the T1q-weighted imaging
intensity profiles for hollow fiber phantoms with a
500 lm diameter fiber (Fig. 2b) or a 150 lm diameter fiber
(Fig. 2c). These hollow fibers provided compartments for
paramagnetic agents at sub-millimeter scale in the radial
direction and the images slices were perpendicular to the
fiber. The illustrated intensity profiles correspond to one
line from the coronal image. The 500 lm diameter hollow
fiber was made from polysulfone with 10 kDa MWCO
and the 150 lm diameters hollow fiber was made from
regenerated cellulose esters with MWCO of 13 kDa. The
glass capillary has diameter �1.5 mm. Since the in-plane
resolution is 50 lm and the thickness of both membranes
is �10 lm, the highest image intensity point corresponds
to 100% of the volumetric fraction fc for the paramagnetic
agents in the hollow fibers or capillary. Thus, the ratio of
the intensity for the hollow fiber Ih verses the intensity
for the capillary Ic reflects the influence of water diffu-
sion-exchange across the hollow fiber membrane.

The T1q-weighted images were acquired at the same RF
condition as those for the Fig. 1d except that the pulse
duration was 500 ms. Both hollow fibers have significant
water diffusion-exchange because their MWCO P 10 kDa.
This experiment was used to evaluate the signal loss due to
the diffusion-exchange effect and compare the loss at two
different surface/volume ratios (S/V). The thinner hollow
fiber has the larger S/V so as its exchange rate since
s�1

e ¼ P dS=V . As shown in the figure, Ih/Ic is 0.80 � 0.9
and Ih/Ig > 3, suggesting that the water diffusion-exchange
between the hollow fiber compartment and the gel com-
partment is very slow. From the 500 lm fiber to the
150 lm fiber, the S/V or the exchange rate 1/se increases
�3 time. As shown in the figure, the Ih/Ic decreases from
�0.9 for the 500 lm fiber (Fig. 2b) to �0.80 for the
150 lm fiber (Fig. 2c).

Table 1 lists Ih/Ic for the 150 lm fiber by varying the
pulse recycle delay TR or the paramagnetic agent concen-
tration. At 0.5 s TR, Ih/Ic increases 5–8% compared with
that at 3 s TR. This increment also depends on the para-
magnetic agent concentration. The higher concentration
has the larger increment. The use of shorter TR saturates
the water protons in the gel compartment more than that
those in the paramagnetic agent compartment, because
the water molecules in each compartment have different
Ei factor, Ei = 1 � exp(�Ri Æ TR), i = Gd, MT. The
increase of the paramagnetic agent concentration by 10
times only increases 5–8% of Ih/Ic. The effect of paramag-
netic agent concentration is expressed in the formalism of
R1q,Gd. Although R1q,Gd � cGd, the measured residual
z-magnetization is a more complex function of R1q,Gd[7]
and there is no linear relationship between MGd and cGd.
The maximum Ih/Ic obtained with a 500 ms pulse is 0.93
for (Gd-DTPA)30–BSA at 1 mM Gd(III) and 0.85 for
(Gd-DTPA)30–BSA at 0.1 mM Gd(III). Thus, a much
higher Ih/Ic is expected for pulses much shorter than
500 ms.

Fig. 3a compares T1-weighted and T1q-weighted images
for a 150 lm hollow fiber filled with (Gd-DTPA)30–BSA at
0.1 mM Gd(III). These images slices were parallel to the
fibers, which allow for the selection of a paramagnetic



Fig. 3. T1 and T1q-weighed images for hollow fibers embedded in cross-
linked protein gels. (a) The images at 50 · 50 lm2 in-plane resolution were
for the slices that were parallel to the longitudinal direction of the fiber.
The slice thickness was 0.5 and 1 mm, corresponding to the volumetric
fraction of 15% and 30%, respectively. The hollow fibers were made from
regenerated cellulose esters with 13 kDa MWCO and a 150 lm diameter,
and was filled with aqueous (Gd-DTPA)30–BSA at 0.1 mM Gd(III)
concentration. The gels were made from 7% cross-linked BSA. A 500 ms
RF pulse with 2 kHz RF amplitude and 10 kHz frequency offset was
applied in the T1q-weighed imaging. (b) The imaging intensity profiles at
the arrow marked locations. Other imaging parameters are discussed in
the text.
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agent volumetric fraction arbitrarily by varying the slice
thickness. This set of experiments was used to compare
the two imaging contrast methods for paramagnetic agents
at low concentrations and at low different volumetric frac-
tions in vitro. The T1q-weighted images were collected at
the same RF condition as those for the Fig. 2b and c except
that the TR is 0.75 s. For the purpose of comparison, the
T1-weighted images were also acquired with 0.75 s TR.
When the hollow fiber is used as the paramagnetic agent
compartment, it shows a brightened line in the images,
which gradually fades away at the upper of the images.
This is because the fiber was tilted away from the slice
plane. However, this does not affect the comparison of
the two imaging contrast methods. The slice thickness
was chosen as 0.5 and 1 mm, corresponding to the para-
magnetic agent volumetric fraction fc of 0.3 and 0.15,
respectively. For both slice thickness, the imaging contrast
in the T1q-weighted images appears to be much higher than
that in the T1-weighted images. This is because the off-res-
onance pulse in the T1q-weighted image suppresses the sig-
nal of the gel compartment but maintains the signal of the
paramagnetic agent compartment.

Fig. 3b compares the imaging intensity profiles selected
from the arrow marked locations in the Fig. 3a. Here, the
image contrast is quantitatively defined as the relative
intensity change of the hollow fiber verses the intensity of
the gels (Ih � Ig)/Ig. This change is 35% for the 0.5 mm slice
and 26% for the 1 mm slice in the T1-weighted images, but
180% and 77% in the T1q -weighted images. Thus, even
with a significant water diffusion-exchange, the
T1q- weighted images still show a much higher sensitivity
to detect the paramagnetic agents than the T1-weighted
images. Since the 150 lm diameter of this hollow fiber is
comparable to the cell size (10–100 lm), and the concentra-
tion of the paramagnetic agents is as low as 0.1 mM
Gd(III), this result suggests that T1q-weighted imaging
can be used to detect labeled cells clusters at a sub-millime-
ter scale.

3.3. Rat cerebral vasculature

Fig. 4 compares T1 and T1q-weighted brain images of
rats injected with intravascular contrast agents (Gd-
DTPA)30–BSA. This 2 mm coronal slice was located at
an interaural of �5 mm. The distribution of vasculatures
in the slice has been well characterized by the pathological
methods [32] and was further verified in this study by the
difference of the T1-weighted images before and after
injecting high doses of (Gd-DTPA)30–BSA (data are not
shown). Three types of blood vasculatures were selected
for having different paramagnetic agent volumetric fraction
fc. Their locations are marked with arrows and numbers in
the T1q-weighted images. Label 1 denoted the type-1 vascu-
lature that contains a large rhinal vessel perpendicular to
the slice. This blood vessel has �0.2 mm diameter, corre-
sponding to fc � 100% with 195 · 195 lm2 in-plane resolu-
tion. Label 2 denotes the type-2 vasculature that has
longitudinal hippocampal vessels parallel or buried in the
slice. Its fc is estimated 610% for a 2 mm slice. Label 3, 4
denotes the type-3 vasculature that contains blood capillar-
ies in the cortex or subcortex; their fc is �2% in general.
(Gd-DTPA)30–BSA was injected I.V. at two boluses;
0.01 mmol Gd /kg dosage was followed by 0.1 mmol Gd/kg
about 40 min later. These injections provided 0.13 and
1.3 mM Gd in blood plasma, respectively, which are very
similar to those used in the hollow fiber phantoms shown
in Figs. 2 and 3. This model was used to examine the



Fig. 4. T1 and T1q-weighed brain images of rats injected with intravascular contrast agents (Gd-DTPA)30–BSA. A 500 ms RF pulse with 2 kHz RF
amplitude and 10 kHz frequency offset was applied in the T1q-weighed imaging. All images had 2 mm slice thickness and 195 · 195 lm2 in-plane
resolution. The 0.01 and 0.1 mmol Gd/kg dosage corresponded to the 1.3 and 0.13 mM Gd(III) in the blood plasma. Label 1, 2 denoted the type-1, 2
cerebral vasculature; labels 3, 4 denoted the type-3 cerebral vasculatures. Their volumetric coefficients were estimated to be �100%, �10%, and �2%,
respectively. Other imaging parameters are discussed in the text.
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in vivo paramagnetic relaxation enhancement at low
paramagnetic agent volumetric fractions, low paramag-
netic agent concentrations and various RF conditions.

Compared to the 150 lm hollow fiber, the blood vessels
are much less permeable. The vessel membrane has a water
diffusion coefficient of Dm � 10�10cm2/s. Thus, the water
permeability Pd is estimated as 10�4 cm/s for capillaries
(r � 0.0025 mm, d � 0.01 lm), 5 · 10�5 cm/s for arterioles
(r � 0.025 mm,d � 0.02 lm), and 10�5 cm/s for arteries
(r � 0.25 mm, d � 0.1 lm) [12], where r is the diameter
and d is the wall thickness. Their exchange rate constant
1/se (1/se = PdS/V) is small, which is estimated to be
�0.8 s�1 for the capillaries, 0.04 s�1 for the arterioles,
and 0.0008 s�1 for the arteries. The time required for water
molecules in capillaries, arterioles and arteries to diffuse
across the membrane is about 1.7, 6.8, and 160 ms, respec-
tively. Some water diffusion-exchanges can occur during
the pulse duration of 500 ms. It is expected that the water
diffusion-exchange will affect the capillaries more than the
arterioles or the arteries due to their exchange rate con-
stant. Quesson has reported that the apparent relaxation
rate constant Robs

A (the RMT in our previous paper [7]) of
rat brain is �0.85 s�1 [33], which is relatively small com-
pared to the rotating frame relaxation rate constant
R1q(h) for (Gd-DTPA)30–BSA at 1 mM Gd(III) [2] or
0.1 mM Gd(III). Thus, the water diffusions of the arterioles
and arteries are in the slow exchange limit.

The T1 and T1q-weighted images were collected at the
same RF condition as those shown in Fig. 3c except for
the longer TR (1 s), shorter TE (6.8 ms), and double spin
echoes. Assuming arterial blood flow rate is �1 cm/s [34],
the flow-induced phase encoding error is negligible for a
2 mm slice with 6.8 ms TE. In the T1q-weighted images,
the non-selective off-resonance pulse irradiates the spins
in a much larger volume than that in the imaging slice.
The 500 ms pulse duration is much longer than that is
needed for the arterial blood to flow through a 2 mm
distance (�200 ms). Thus, the detected residual z-magneti-
zation reflects the spins under the off-resonance irradiation
regardless of the blood flow effect.

Fig. 4 demonstrates that the T1q-weighted image has
substantially higher sensitivity for detecting the paramag-
netic agents than the T1-weighted images even though
there are some water diffusion-exchange effects. In the
T1-weighted images, the type-1 vasculature shows hypoin-
tense imaging contrast before the bolus injection. The
vasculature is indistinguishable at 0.01 mmol Gd/kg dose
but becomes clearly defined at 0.1 mol Gd/kg dose. The
type-2 vasculature is barely distinguishable at 0.1 mmol
Gd/kg dose. In the T1q-weighted images, both type-1 and
type-2 vasculatures are easily identified at all dosages,
and the imaging contrast increases as the gadolinium
dosage increases. Note that the blood vessels in the T1q-
weighted images can be easily identified even without
the injection of the intravascular agents. This is due
to the relaxation enhancement effect of the hemoglobin in
the blood, which behaves as a weak T2-type paramagnetic
agent. Here the T1q-weighted imaging shows the hyperin-
tense imaging contrast for the T2-type agents, which are
hypointense in the T2-weighted images. This brightness
transition can significantly increase the detection sensitivity
for the T2-type paramagnetic agents. This in vivo finding
confirmed our previous in vitro studies on the MIONs
[35], suggesting that T1q-weighted imaging provides a
promising method to overcome the ‘‘black holes’’ effect
caused by the super-paramagnetic iron oxide (SPIO) in fol-
lowing the cellular or molecular events [36]. This result also
highlights a possibility of acquiring angiography images
without using paramagnetic agents.

Fig. 5a plots the T1q-weighted image intensity for the
three types of vasculatures as a function of frequency offset
for a 500 ms pulse with 2 kHz RF amplitude. The imaging
intensities used in this plot are from a single pixel for
the type-1 vasculature, 6-pixel average for the type-2



Fig. 5. Imaging intensity and imaging contrast as a function of frequency offset for a 500 ms pulse with 2 kHz RF amplitude. (a) T1q-weighted imaging
intensity for the three type vasculatures. (b) T1 and T1q-weighted imaging contrasts for the type-1 vasculature. (c) T1 and T1q-weighted imaging contrasts
for the type-2 vasculature. All imaging parameters are the same as those for Fig. 4.
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vasculature, and 36-pixel average for the type-3 vasculature.
The dosage of the (Gd-DTPA)30–BSA is 0.0, 0.01, and
0.1 mmol Gd/kg, respectively. In consistent with the volu-
metric fractions, the intensity magnitude is in the order of
I0.1� I0.01 > I0.0, where the subscript denotes the dosage
of (Gd-DTPA)30–BSA in mmol Gd/kg. For the type-1 vas-
culature, the image intensity increases substantially as the
dosages increase, 17–22% from 0.0 to 0.01 mmol Gd/kg
and 18–27% from 0.01 to 0.1 mmol Gd/kg. Using lower fre-
quency offsets for the RF pulse can provide larger increase
in the imaging intensity. This is because the lower frequency
offset corresponds to the larger effective h angle or the
higher paramagnetic relaxation enhancement [1,2]. For
the type-2 vasculature, the increase of the imaging intensity
is 7–8% from 0.0 to 0.01 mmol Gd/kg and 5–7% from 0.01
to 0.1 mmol Gd/kg. For the type-3 vasculature, the increase
is 5–6% from 0.0 to 0.01 mmol Gd/kg and 2–4% from 0.01
to 0.1 mmol Gd/kg. Thus, all three types of vasculatures
have increased residual z-magnetizations in response to
the injection of intravascular agents. The percentage of
increase is proportional to their volumetric fraction.

Fig. 5b and 5c shows the imaging contrast calculated
from the data shown in Fig. 5a and from the T1-weighted
images. Here the imaging contrast is defined quantitatively
as the relative imaging intensity change of the type-1 or the
type-2 vasculature verses the type-3 vasculature. For the
type-1 vasculature, the imaging contrast ranges from
�15% to +50% in the T1-weighted images, but is +47%
to +140% in the T1q-weighted images, depending on the
dosage of the intravascular agents and the frequency offset
of the long pulse. The hemoglobin in the blood contributes
to the paramagnetic relaxation enhancement at zero dos-
age, and the enhancement efficiency at 0.01 mmol Gd/kg
dosage is higher than that of the hemoglobin. For the
type-2 vasculature, the imaging contrast ranges from
�5.6% to �0.5% in the T1-weighted images, but is +3.4%
to 21.7% in the T1q-weighted images. This type of vascula-
ture has volumetric fraction �10%; only the T1q-weighted
imaging is sensitive enough to detect paramagnetic agents.
Thus, this experiment demonstrates that T1q-weighted
images have a much higher sensitivity than T1-weighted
images in detecting the paramagnetic agents at low concen-
trations or the low volumetric fractions.

Fig. 6a plots the T1q-weighted image intensity for the
three types of vasculatures as a function of RF amplitude
for a 500 ms pulse irradiated at 5 kHz offset. The RF
amplitude is represented as the B1 attenuation in decibel
(dB). The zero attenuation corresponds to a 2 kHz RF
amplitude, and the 9 dB attenuation corresponds to a
0.7 kHz RF amplitude that only needs �0.2 W RF power.
The MTC-weighted images were acquired at the 16 dB
attenuation that provided 0.3 kHz RF amplitude. Again,
Fig. 6a shows the imaging intensity from 1 pixel for the
type-1 vasculature, 6-pixel average for the type-2 vascula-
ture and 36-pixel average for the type-3 vasculature. The
intensities are plotted for the (Gd-DTPA)30–BSA at dosage
of 0.0, 0.01, and 0.1 mmol Gd/kg, respectively; the inten-
sity magnitude is in the order of I0.1� I0.01 > I0.0. For
the type-1 vasculature, the imaging intensity increases sub-
stantially as the dosage increases, 16–20% from 0.0 to
0.01 mmol Gd/kg and 19–27% from 0.01 to 0.1 mmol
Gd/kg with the RF amplitude larger than 0.7 kHz. For
the type-2 vasculature, the increase is 6–9% from 0.0 to
0.01 mmol Gd/kg and 6–7% from 0.01 to 0.1 mmol Gd/
kg. For the type-3 vasculature, the increase is 2–4% from
0.0 to 0.01 mmol Gd/kg or from 0.01 to 0.1 mmol Gd/
kg. These increments are very similar to those shown in
the Fig. 5a, suggesting that the paramagnetic relaxation



Fig. 6. Imaging intensity and imaging contrast as a function of RF amplitude for a 500 ms pulse irradiated at 5 kHz offset. (a) T1q and MTC-weighted
imaging intensities for the three type vasculatures, where 0 dB B1 attenuation corresponds to 2 kHz RF amplitude. (b) T1, T1q, and MTC-weighted
imaging contrasts for the type-1 vasculature. (c) T1, T1q, and MTC-weighted imaging contrasts for the type-2 vasculature. All imaging parameters are the
same as those for Fig. 4. The magnetization transfer contrast (MTC) images were acquired at the off-resonance pulses set at the same parameters as the
T1q-weighed images, except for the 0.3 kHz RF amplitude.
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enhancement can be achieved at a low RF power. The
intensity for the type-1 vasculature increases as the attenu-
ation increases (the RF amplitude decreases) at �4 · 104

a.u./dB. Beginning at the 9 dB attenuation (0.7 kHz RF
amplitude), the intensity reaches a plateau. At this condi-
tion, the spin relaxation is dominated by the magnetization
transfer effect, and the increase of imaging intensity as a
function of the paramagnetic agent dosage reduces to
�7%. However, the imaging intensity for the type-2 and
the type-3 vasculatures increases linearly as the B1 attenu-
ation increases at �3 · 104 a.u./db. This suggests that the
magnetization transfer pathway dominates the spin relaxa-
tion process at these anatomical locations.

Fig. 6b and 6c shows the imaging contrast calculated
from the data shown in the Fig. 6a and from the T1-
weighted images. Depending on the RF amplitude, the
contrast of the T1q-weighted image extends from +49%
to +140% for the type-1 vasculatures. These values are
higher than that of the MTC-weighted images, which
ranges from +33 to +46%. For the type-2 vasculatures,
the contrast is from +13% to +25% in the T1q-weighted
images, and �1% to 2.1% in the MTC-weighted images.
These results suggest that the RF power deposition
in vivo should not be a problem since high imaging con-
trasts are obtainable at low RF amplitudes. Thus, it is pos-
sible to apply the T1q-weighted imaging in clinics to detect
the presence of the paramagnetic agents with low RF
power depositions.

4. Conclusions

An experimental investigation of the diffusion-exchange
effect on the paramagnetic relaxation enhancement is pre-
sented for in vitro/in vivo models where the size of the para-
magnetic agent compartment is comparable to the mean
diffusion displacement of water molecules during the long
RF pulse. Water permeable dialysis membranes with
MWCO ranging from 0.1 to 15 kDa were used to separate
the aqueous (Gd-DTPA)30–BSA compartment from the
cross-linked bovine albumin compartment. T1q-weighted
images with 0.1–1 s off-resonance pulses were acquired at
9.4 T. The results demonstrate that using a 300 ms or
shorter off-resonance pulses can substantially suppress the
diffusion-exchange effect. Water permeable hollow fibers
with MWCO � 10 kDa were used to provide sub-millime-
ter compartments for the aqueous (Gd-DTPA)30–BSA.
T1q-weighted images acquired with a 500 ms pulse at
9.4 T. Even at 0.1 mM Gd(III), the signal intensity can
be 80–90% of the intensity for the glass capillary where
the signal is not affected by the water diffusion-exchange
effect. The use of short pulse duration, high paramagnetic
agent concentration and large exchange rate constant can
increase the signal intensity for the paramagnetic agents
in the hollow fiber compartment. The imaging contrast of
the T1q-weighted images at different paramagnetic agent
volumetric fractions fc was compared with that of the
T1-weighted images. For fc equals to 0.15 or 0.3, the
T1q-weighted images have substantially higher sensitivity
to detect paramagnetic agents than the T1-weighted
images, even though the water diffusion-exchange induced
dilution. The in vivo tests were carried out for the cerebral
vasculatures of rat brains at 4.7 T, in which three types of
vasculatures provided the volumetric fraction of �100%,
�10% and �2%. The intravascular agents (Gd-DTPA)30–
BSA were administrated via I.V. bolus at the dosage of
0.01 and 0.1 mmol Gd/kg, which corresponded to the
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0.13 or 1.3 mM Gd(III) in the blood plasma. The in vivo

paramagnetic relaxation enhancement was evaluated as a
function of RF pulse parameters and paramagnetic agent
dosages for the three types of vasculatures. In consistent
with the in vitro results, the in vivo findings confirm that the
T1q-weighted imaging has a substantially higher sensitivity
than the conventional T1-weighted images to detect para-
magnetic agents, especially at low concentrations, low
volumetric fractions and low RF powers. For example,
high imaging contrast was achieved at 5 kHz offset with
RF amplitudes as low as 0.7 kHz, which highlights the
potential clinic applications for detecting the presence of
paramagnetic agents at low RF power depositions. This
study paves the way for the design of off-resonance rotating
experiments to detect labeled cell clusters/tissues in vivo at a
sub-millimeter scale.
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