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Abstract

A novel mechanism of MRI contrast enhancement, based on the detection by a balanced steady-state free precession (SSFP) sequence of

the proton resonance frequency shift induced by bulk magnetic susceptibility (BMS) contrast agents, was investigated. The potential for this

contrast mechanism to image blood vessels was explored. The relaxation time and the frequency shift effects of gadolinium- and

dysprosium-DOTA on SSFP signal was first simulated and evaluated on a water phantom at 1.5 T. In vitro, a 5-mM concentration in

contrast agent induced a 20-Hz frequency shift, leading to a signal increase of 92% for Dy-DOTA, and a 10-Hz frequency shift, leading to a

signal increase of 58% for Gd-DOTA at the reference frequency, taking into account the nonlinear SSFP signal response on frequency

offset. The concept was then evaluated in vivo on anesthetized rabbits. Low doses of dysprosium-DOTA were injected in their vascular

system, and imaging was performed at the level of neck vessels. Following a bolus injection, mean signal changes of 31%, 20% and 14%

were observed in the carotid arteries, the vertebral veins and the jugular veins, respectively. The bolus peak times in arteries and veins were

consistent with the rabbit vascular circulation. This frequency-shift based contrast mechanism presents interesting potential for contrast-

enhanced MR angiography (CE-MRA) compared to usual relaxation-based contrast, but further investigations on reproducibility will

be necessary.

D 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Steady-state free precession (SSFP) techniques, such as

TrueFISP or FIESTA, are becoming widely used, as they

enable high contrast-to-noise ratios to be obtained with very

short acquisition times [1]. Although these techniques have

been developed long ago [2–4], recent advances in fast

gradient hardware have made possible their successful

application in the field of cardiac MRI [5–7]. Their

potential for 3-D time-of-flight (TOF) MR angiography

(MRA) [8], as well as for the detection of T1 paramagnetic

contrast agents [9,10], has also been reported recently.

Compared to other MR imaging techniques, SSFP sequences

are very sensitive to off-resonance effects. This sensitivity

makes SSFP sequences suitable to detect locally induced
0730-725X/$ – see front matter D 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.mri.2004.12.006

T Corresponding author. Tel.: +33 1 69 86 78 26; fax: +33 1 69 86 77 86.

E-mail address: lebihan@shfj.cea.fr (D.L. Bihan).
frequency shifts. For instance, SSFP has been proposed in the

context of BOLD fMRI to monitor frequency shifts induced

in small vessels by their endogenous deoxyhemoglobin

content [11–13].

With conventional contrast-enhanced MRA (CE-MRA),

contrast enhancement of the vasculature is obtained by

artificially shortening the T1 of blood through the injection

of a specific paramagnetic contrast agent, usually gadolinium

chelates [14–17]. The high contrast between tissues and

blood is generated by using a strongly T1-weighted radio-

frequency (RF) spoiled gradient echo sequence that damps

the signal of the surrounding tissue. However, relaxation-

based CE-MRA presents some limitations. For instance,

saturation effects may appear with high concentrations or

repeated injections leading to decreased contrast and to

nonlinearities in the signal–concentration relationship.

On the other hand, most contrast agents also behave as

bulk magnetic susceptibility (BMS) agents, inducing a shift

in the proton resonance frequency within blood vessels. Our
aging 23 (2005) 453–462
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aim was thus to investigate a novel mechanism of contrast

enhancement in MRI using SSFP techniques to detect the

frequency shift induced by BMS contrast agents. The effects

of gadolinium- and dysprosium-DOTA on the SSFP signal

were evaluated through theoretical simulations and in vitro

experiments. The feasibility of using this contrast mecha-

nism to detect vessels was then investigated in vivo by

injection of Dy-DOTA in the vascular system of anesthetized

rabbits. A preliminary account of this study was reported in

Refs. [18] and [19].
Fig. 1. Examples of simulated plots of signal versus frequency, without or

with a frequency shift (A), and of signal change caused by the shift (B,

obtained by subtraction of the two plots in A). According to the receiver

frequency and the initial signal level, an increase (+), a decrease (�), or no

change in signal intensity can be theoretically detected. The signal change is

linear only for a short range of frequencies.
2. Theory

2.1. Frequency-sensitive balanced SSFP sequences

With short TR gradient echo techniques, the MR signal

Mxy in a voxel at the time of the echo (TE) reaches a

coherent steady-state level that depends on the tissue proton

density q, the T1 and T2, the acquisition parameters (flip

angle a and TR), and on the resonance offset angle b
acquired by the magnetization between two consecutive RF

pulses [20–24]:

M
xy
SSFP

q
¼ ð1� E1Þ

d
d sinad e�TE=T2d ð1þ E 2

2�2E2cosbÞ1=2 ð1Þ

with

Ei ¼ e�TR=Ti i ¼ 1;2
d ¼ 1�E1cosaÞd 1�E2cosbÞ�E2d E1�cosaÞd E2�cosbÞ:ðððð

Details on the calculation of this equilibrium signal are

given in Appendix A. The resonance offset angle is

given by

b ¼ cd DBdTRþ cdYr d

ZTR
0

Y
G tð Þdt þ /rf þ /m ð2Þ

where c is the magnetogyric ratio, DB the local magnetic

field offset, Yr the voxel spatial position,
Y
G tð Þ the spatial

encoding gradients, /RF the RF phase, and /v the phase

contribution due to spin motion. In a perfectly balanced

SSFP sequence, b, also known as the bfree precession

angle,Q is proportional to the sum of the local resonance

frequency offset of the sample m and of the RF receiver

frequency mRF:

b ¼ 2pd mþ mRFÞd TRð ð3Þ

Consequently, the signal is strongly sensitive to local

resonance frequency offsets: the image of a homogeneous

object placed in an imperfectly shimmed field displays

local signal variations. By taking advantage of this off-

resonance sensitivity, local shifts in proton resonance

frequency y m can be detected through variations in signal

intensity (Fig. 1A). Signal increase or decrease can be

selectively obtained by choosing the initial receiver
frequency (Fig. 1B). The signal change is large if the

frequency is settled exactly at the minimum of the response

curve, which requires the B0 field to be shimmed uniformly

to yield the most uniform nulling of the background signal

in the region-of-interest.

One may object that with a change of the resonance

frequency offset, the magnetization does not repeat exactly

and the steady-state condition is broken. Indeed, if the

phase increment bis slow compared to TRQ (in other words,

if the frequency increment ym in a TR interval is small

compared to 1/TR), the magnetization remains in a steady

state (see Ref. [25] for details in the case of a slow

variation of the flip angle). Therefore, in our approach, we

have assumed that the frequency shift did not affect the



Table 1

Simulation parameters

Water Blood

Contrast agent R1 (s
�1 mM�1) r2 (s

�1 mM�1) vm (cm3 mol�1) r1 (s
�1 mM�1) r2 (s

�1 mM�1) vm (cm3 mol�1)

Gd-DOTA 3.5 4.5 0.027 3.85 4.95 0.027

Dy-DOTA 0.11 0.12 0.048 0.121 0.132 0.048

Without contrast agent or r NR T1 (ms) T2 (ms) T1 (ms) T2 (ms)

2600 1370 1200 150

T1V (ms) T2V (ms) yv (Hz), h =p/2 T1V (ms) T2V (ms) ym (Hz), h =0
r bR r bR r bR r NR rbR rbR rbR

C =5 mM, Gd-DOTA 56 43 �18 14 50 32 36

C =5 mM, Dy-DOTA 1070 752 �32 24 695 136 64

C =10 mM, Gd-DOTA 28 22 �36 27 25 18 72

C =10 mM, Dy-DOTA 674 518 �64 48 489 125 128

Contrast agents data were obtained from Refs. [32,33] and [35]. T1V, T2V, and ym were calculated according to Eqs. (4–7). For the water simulation, both the

inside compartment (r bR) and the surrounding compartment (r NR) were considered. Before the contrast agent is uptaken in this latter compartment, it has no

effect on T1 and T2, but induces a frequency shift (calculated here for r =2R and / =0). For the blood simulation, the contrast agent has no effect on the

surrounding compartment since h =0.
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steady-state condition, so that the signal is simply shifted

in frequency.

2.2. Resonance frequency shift induced by BMS

contrast agents

Paramagnetic compounds have been widely used in

preclinical and clinical MR studies to increase image

contrast. They induce local changes in water relaxation rate

constants and/or shifts in proton resonance frequency,

mainly by hyperfine dipolar interactions with water hydro-

gen protons and BMS effects [26–29]. Bulk magnetic

susceptibility effects result from the compartmentalization

of the contrast agent, for instance, in blood vessels. The T1

and T2 modulation and the local susceptibility difference

(ym ) between the agent compartment and surrounding

tissue can be approximated by

1

T V
i

¼ 1

Ti
þ rid C i ¼ 1;2 ð4Þ

dv ¼ 4pd vmd C ð5Þ

where r1 and r2 are the longitudinal and transverse

relaxivities of the contrast agent, C the agent concentration,

and mm the agent molar susceptibility. In general, metal

chelation can dramatically affect relaxivities but has a much

smaller effect on susceptibility.

The water resonance frequency shift yr induced by a

BMS contrast agent in the vascular compartment depends

on the shape of the vessel and on its orientation relative to

B0. By modeling a vessel by an infinite cylinder and

correcting for the sphere of Lorentz, a construct employed

to account for molecular scale susceptibility cancellation,

this frequency shift, yr , is

dm ¼ cB0

4p
d dvd cos2h� 1

3

��
ð6Þ
where h is the angle between B0 and the cylinder axis

[29–31]. In the surrounding compartment, the frequency

shift dm ext is given by

dmext r;/ð Þ ¼ cB0

4p
dyvd sin2hd cos 2/ð Þd

 
R

r

!2

; for rNR ð7Þ

where R is the cylinder radius, r the distance to the

cylinder axis, and / the polar angle between r and

the component of B0 in the plane normal to the cylinder. If

the cylinder axis is parallel to B0 (h=0), there is no

frequency shift.

Elements of the lanthanide series exhibit different

magnetic properties [26–28,32,33]. Gadolinium is both an

efficient dipolar relaxation enhancer and a susceptibility

agent. On the contrary, dysprosium is mainly an efficient

susceptibility agent, inducing larger frequency shifts (more

than 50 Hz at 5 mM and 1.5 T).

With a balanced SSFP technique, a strong signal differ-

ence should thus be observed between BMS contrast

agent filled vessels and surrounding tissues because of

the frequency shift induced. In this study, this contrast

mechanism was evaluated with gadolinium and dyspro-

sium chelates.
3. Methods

3.1. Simulations

The effects of contrast agents on SSFP signal intensity

was first evaluated through simulations with Matlab 5.3

Software (MathWorks, Natick, MA). The agents were

assumed to be in a water compartment perpendicular to

B0 (h=p/2) and in a blood compartment parallel to B0

(h=0), to model, respectively, the phantom for the in vitro

experiments and the rabbit neck vessels for the in vivo
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experiments. For the outside compartment (rNR), the

simulation was considered only in the perpendicular case,

as the frequency shift cancels out when h=0. Both

relaxation time effects and resonance frequency shifts

at 1.5 T were taken into account. Signal variations induced

by contrast agents were evaluated for the frequency which

minimizes signal in the absence of contrast agent. Contrast

enhancement is presented in percentage of the maximum of

theoretical signal in water (noted S0
th).

3.2. MRI data acquisition

Experiments were performed on phantoms and on

anesthetized rabbits. The FIESTA sequence was imple-

mented in a 1.5-T MRI system (Signa LX, GEMS). For the
Fig. 2. Simulated plots of signal versus frequency for a 3.5-ms TR and a 358
flip angle, in the water compartment with h =p/2, for gadolinium (A) and

dysprosium (B) at different concentrations (0, 5, 10 mM). The signal

variations described in the text were obtained for the frequency which

minimized signal in the absence of contrast agent (m =0, arrows in

the figures).

Fig. 3. In vitro experimental plots of normalized signal versus frequency for

solutions of Gd-DOTA (A) and Dy-DOTA (B) at different concentrations

(0, 5, 10 mM). The signal variations described in the text were obtained for

the frequency which minimized signal in the absence of contrast agent

(m =0, arrows in the figures).
in vitro experiments, a head coil was used. The acquisition

parameters were 20-cm FOV, 128�128 matrix, 1.56�
1.56�3-mm3 voxels, 358 flip angle, 125-kHz bandwidth,

3.5-ms TR, 1.7-ms TE, and 100 preparation RF pulses. A

coronal slice was acquired in 1.4 s. For the in vivo

experiments, a GP-FLEX surface coil was used. The

parameters were 12-cm FOV, 96�96 matrix, 1.25�
1.25x4-mm3 voxels, 358 flip angle, 62.5-kHz bandwidth,

4.1-ms TR, 1.9-ms TE, and 30 preparation RF pulses. A 358
flip angle was used because it theoretically maximizes the

on-resonance SSFP signal in blood [20]. An axial slice was

acquired in 850 ms, at the rabbit neck level. Time-of-flight

and phase-contrast acquisitions were also performed in order

to precisely localize the vessels and provide a basis for

comparison with the SSFP approach.
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3.3. In vitro experiments

Experimental evaluation was first performed on a

phantom roughly modeling vessel geometry (a cylindrical

tube with a ratio between length and diameter of 6:1). The

tube, perpendicular to B0 and surrounded by water, was

filled with various solutions of extracellular contrast agents,

Gd-DOTA and Dy-DOTA (Guerbet Research, Aulnay-sous-

Bois, France), at different concentrations (0, 5, 10 mM). The

concentration range matched those expected in a blood

vessel following a bolus injection (the arterial blood agent

peak concentration is typically of 10 mM for a clinical dose

of 0.1 mmol kg�1 [34]). In order to assess the relaxation

effects and the frequency shift amplitudes induced by the

contrast agents, images were acquired with several acqui-

sition RF pulse frequency offsets, over a range of 100 Hz,

with a 2-Hz step. The signal was measured in a region-of-

interest of 70 voxels in the tube.

The signal intensities in water and in the contrast agent

solutions were compared for the acquisition frequency

which minimized the signal in water. In Results, contrast

enhancement is presented in percentage of the maximum of

experimental signal in water (noted S0
exp).

3.4. In vivo experiments

Feasibility for MRA was then evaluated on three mature

New Zealand white rabbits (mean weight, 2.5 kg). The

experiments were performed in accordance with all institu-

tional regulations governing the performance of animal

studies. During the experiments, the rabbits were under full

anesthesia with ketamine (Imalgene 1000: 0.5 ml kg�1) and

xylazine (Rompun 2%: 0.5 ml kg�1). The neck vessels were

approximately parallel to B0.

Before each injection, images were first acquired by

scanning different RF pulse frequencies, to pick-up the

frequency minimizing the signal in most of the slice. One

test was also purposely performed at a nonoptimal

frequency to bear out frequency shift effects and reveal

residual relaxation effects, if present.

To inject the contrast agent in the vascular system of the

rabbit, the ear marginal vein was catheterized (Insyte Vialon
Table 2

Signal changes and peak times following in vivo bolus injections

Injection number Signal variation (% S0
exp)

Jugular vein Carotids Vertebral

1 �7 21 9

2 �7 15 �23

3 �38 �56 �24

4 _ _ _

5 �3 �35 16

6 16 �28 30

Mean 14 31 20

S.D. 14 16 8

Injections 1 and 2 were performed in the first rabbit, injections 3 and 4 in the s

observed following injection 4, which was purposely performed at a nonoptim

according to absolute values.
22G). Based on the in vitro experiment results, only

Dy-DOTA was used. Bolus injections were performed

(0.1-mmol kg�1 dose) and repeated (two injections per

rabbit, separated by 10 min). The agent was injected ma-

nually, using a 5-ml syringe connected to the catheter. The

volume was adjusted to 2.5 ml with saline before injection.

The mean injection rate was 0.3 ml s�1.

With the selected acquisition frequency, 400 images were

acquired before, during, and after the injection. The signal

time course was measured in regions-of-interest of seven

voxels in the carotid arteries and the vertebral and jugular

veins. Signal was normalized by maximal signal obtained in

a water phantom (S0
exp).

The FIESTA signal stability was assessed before injection

in the rabbit vessels over 200 baseline images. It is presented

in percentage in Results (standard deviation divided by mean

intensity). To evaluate the effect of Dy-DOTA injection on

signal, contrast enhancement was calculated by comparing

the peak and the mean baseline intensities (in percentage of

S0
exp). Peak times of agent detection were recorded in

vessels from the end of the injection. Finally, image

subtraction was performed to selectively visualize vessels

at different time points. A mean image of the neck before

injection was calculated to smooth out flow effects. This

image was then subtracted from the images acquired at peak

signal changes in the vessels.
4. Results

4.1. Simulations

Simulation parameters (relaxation times and resonance

frequency shifts) are detailed for gadolinium and

dysprosium at a 0-, 5-, 10-mM concentration in Table 1.

Plots of theoretical signal in the water compartment versus

frequency are presented in Fig. 2. For gadolinium (Fig. 2A)

at 5 mM, a decrease in T1 (from 2600 to 56 ms) and T2 (from

1370 to 43 ms), leading to an increase in maximal and

minimal signal, respectively, of 26% and 27% of S0
th, and a

18-Hz frequency shift were predicted. Both relaxation time

effects and frequency shift induced an important SSFP
Peak time (s)

veins Jugular vein Carotids Vertebral veins

0 4.1 5.4

2.7 8.1 8.6

0.9 4.3 5.1

_ _ _

0 4.3 7.7

5.6 6.3 15.4

1.8 5.4 8.4

2.4 1.7 4.2

econd one, and injections 5 and 6 in the third one. No signal change was

al acquisition frequency. Means and standard deviations were calculated



Fig. 4. Examples of in vivo normalized signal time course in a carotid, a

vertebral vein, and a tissue following a Dy-DOTA bolus injection at 0 s

time for three different injections (numbers 1, 3, and 5 in Table 2). A signal

increase or decrease was observed in the vessels, depending on the

adjustment of the receiver frequency.
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signal variation for the frequency which minimized signal

in the absence of contrast agent (95% of S0
th for m=0). In

comparison, dysprosium at 5 mM induced a significant

frequency shift (32 Hz) and reduced decrease in T1 (from

2600 to 1070 ms) and T2 (from 1370 to 752 ms), which led

to an increase in maximal and minimal signal, respectively,

of 16% and 1% of S0
th (Fig. 2B). This also led to a

significant signal change for the frequency which mini-

mized signal in the absence of contrast agent (115% of

S0
th for m=0), but through a different mechanism.

4.2. In vitro experiments

Experimental plots of normalized signal (compared to

S0
exp) versus frequency are presented in Fig. 3. Signal in water

differed from simulation on two points. First, the minimum

signal was not zero but 10% of S0
exp (noise level). Second,

the range of frequencies inducing a fall in signal intensity

was shallower than expected (full-width half maximum of

8 Hz instead of 22 Hz).

The effects of contrast agents on signal were compared.

With respect to water, Gd-DOTA induced a frequency shift of

10 Hz at 5 mM and important T1 and T2 effects (decrease in

maximal signal of 26% of S0
exp and increase in minimal

signal of 24% of S0
exp) (Fig. 3A). A 5-mM concentration

increased signal by 58% of S0
exp, at the reference frequency

(minimizing the signal in the absence of contrast agent,

m=0). As expected, Dy-DOTA induced a more important

frequency shift (20 Hz at 5 mM), and the relaxation time

effects were lower (increase in maximal and minimal signal,

respectively, of 10% and 18% of S0
exp) (Fig. 3B). The

increase in signal intensity was 92% of S0
exp for a 5-mM

concentration, at the reference (m=0).
Although the experimental signal change was smaller

than predicted by simulation, the frequency shift effect on

signal was more important than relaxation effects. Hence,

the signal change induced by Dy-DOTA was almost twice

that induced by Gd-DOTA at identical concentration.

4.3. In vivo experiments

Before contrast agent injection, fluctuations in the signal

time course amplitude of about 27%, 12%, and 7% were

observed in the carotids, the vertebral veins, and the jugular

veins, respectively, because of the pulsating nature of the flow

[36,37]. In surrounding tissues, signal stability was within

4%. Due to imperfect shimming, it was not possible to find

a unique acquisition frequency minimizing signal throughout

the entire slice. Therefore, the frequency was optimized for

the slice center.

Following the bolus injections, Dy-DOTA-filled vessels

were clearly visible through induced signal variations

(Table 2). Examples of normalized signal time courses

are presented in Fig. 4 for three different injections

(numbers 1, 3, and 5 in Table 2). In a vessel, signal level

was either increased or decreased, according to the local

vessel baseline frequency (see Fig. 1B). Mean changes in

intensity of 31%, 20%, and 14% of S0
exp were, respectively,



Fig. 5. Images of the vessels for two rabbits (1–2): mean image of the neck before injection (A), jugular vein on the injection side (B), carotids (C), vertebral

veins (D). The vessel images were obtained by subtracting the mean image before injection and the image acquired at different time points (corresponding to

signal changes peaks). According to signal time course, the obtained images correspond to carotids or veins.
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observed in the carotid arteries, the vertebral veins, and the

jugular vein compared to baseline. Signal peaks were

observed in vessels at different times, consistently with the

contrast agent vascular circulation pattern (Table 2). An

early signal change was observed in average 1.8 s after the

end of the injection in the jugular vein on the injection side,

while no change was detected on the contralateral side. In

the carotids and in the vertebral veins, the bolus was

detected, respectively, 5.4 and 8.4 s in average after the end

of the injection.

The experiment performed with a nonoptimal acquisition

frequency (number 4 in Table 2) led to no significant signal

change, within the normal signal fluctuations, in vessels

after bolus injection, confirming that relaxation effects were

negligible with Dy-DOTA. The possibility of repeating

contrast agent injections was evaluated. With conventional

contrast agents, repeated injections are prohibited since they

lead to saturation effects. With Dy-DOTA agent, several

injections would lead to a further frequency shift, so

equivalent signal changes would be expected, providing

that the receiver frequency is adjusted before each injection

at the minimum of the signal curve, in order to decrease the

baseline signal. Experimentally, after two successive injec-

tions, equivalent absolute signal change amplitudes were

observed (Table 2).

The distinction between arteries and veins was easily

obtained by subtracting the mean image before injection and

images acquired at different time points, corresponding to

peak signal changes in the respective vessels (Fig. 5). The

vessels colocalized with those observed with the TOF and

phase-contrast acquisitions.
5. Discussion

This work introduces a novel mechanism for contrast

enhancement in MRI using balanced SSFP techniques to

detect the frequency shift induced by BMS contrast agents.
The effects of gadolinium and dysprosium chelates on

signal were evaluated. The feasibility of using this

mechanism to detect blood vessels was explored.

Experiments on phantoms demonstrated that Dy-DOTA,

a still rarely used shift reagent producing important

frequency shifts, induced larger signal variations than

Gd-DOTA. Relaxation and frequency shift effects could

be decoupled by measuring the signal at different acquisi-

tion frequency offsets. Relaxation effects were shown to be

small, while most observed signal changes were linked to

the frequency shift. However, the shift observed in vitro was

lower than expected from theory. A possible source for this

discrepancy is that the theory assumed a truly cylindrical

infinite phantom perpendicular to B0 whereas the tube size

was finite.

Experiments performed on anesthetized rabbits high-

lighted the potential and the limits of the contrast mechanism

to image blood vessels. Dy-DOTA is an extracellular agent

that is rapidly eliminated. A clinically acceptable dose was

used. After bolus injections, high signal changes compared

to baseline could be observed in the neck vessels. The signal

changes peak could be observed at times consistent with

the vascular circulation physiology. The contrast agent first

pass was observed in vessels and enabled to distinguish

between arteries and veins. Images of the vessels could then

be produced.

The method that consists in detecting a frequency shift

induced by a contrast agent presents advantages compared

to the detection of relaxation effects. Using conventional,

relaxivity-based agents, signal saturation effects occur,

which make the use of multiple injections difficult

(typically at least 15 min are necessary between injections

with rapid-clearance contrast agents). With the proposed

approach, protocols requiring repeated injections will be

easier to implement as frequency shifts will add without

saturation effects, providing that the receiver frequency is

adjusted before each injection. Even if an uptake of the
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contrast agent in the surrounding tissues causes an addi-

tional frequency offset, which might blur the contrast

between the vessel and the tissue, it is always possible to

shift the signal curve versus frequency. Furthermore, the use

of a dysprosium-based blood pool contrast agent could

improve the CNR available between vessels and tissues.

Another approach has been suggested to image blood

vessels using chemical shift contrast agents [38]. The

method consists in suppressing nonshifted water signal with

a binomial pulse and a spoiling gradient introduced before a

3-D gradient echo sequence. The major drawback is that it

requires high dose (1.2 mmol kg�1) to induce large

frequency shift (300 Hz). With our approach, a clinically

acceptable dose of agent also led to significant effects.

With our low-dose method, the signal change amplitude

was equivalent with those found in the MRA literature for

relaxation contrast agents. For Gd-DOTA, Scheffler et al.

[9] reported blood signal changes of about 15% to 25% of

M0 with conventional imaging methods and 40% to 50% of

M0 with T1-weighted FIESTA imaging. Foo et al. [10]

described a stable relative signal increase of 50% of

maximal signal obtained in blood following an injection

of 0.2 mmol kg�1 of gadoteridol with FIESTA.

The proposed contrast mechanism still presents several

drawbacks for its application in CE-MRA. First, SSFP

technique is sensitive to flow [36,37]. However, although

the signal was not perfectly stable, it reached an average

level that was always sufficiently high for vessel detection.

Second, the observation of a signal increase or decrease

was a bpredictable drawback.Q It is intrinsically caused by

the frequency shift origin of the signal enhancement. As

outlined in the theoretical section, the initial signal in a

voxel depends on its initial local resonance frequency

offset. According to this offset, a frequency shift can

induce an increase, a decrease, or no change in signal

intensity (see Fig. 1B). Therefore, following contrast agent

injection, the sign of signal changes should strongly

depend on the acquisition frequency offset selected before

injection. This dependence was experimentally observed.

Furthermore, the test purposely performed at a nonoptimal

frequency led to no significant signal change, as expected.

This technique, thus, requires particular care in adjusting

the acquisition parameters (shimming and frequency

offset). Third, signal was not homogeneous throughout

the slice because of underlying B0 variation due to

imperfect shimming and normal susceptibility variation in

the rabbit neck. The imperfect shimming prevented us from

finding a single frequency offset to minimize baseline

signal in all vessels. Moreover, the variations in the form

and orientation of the vessels might explain why the

amplitude and sign of the signal changes following contrast

agent injection were variable within the vessels and the

experiments. Actually, the BMS effect should go to zero in

the inside compartment for vessels making a specific angle

with B0 (h ¼ cos�1 1=
ffiffiffi
3

p� �
) and in the surrounding

compartment for vessels parallel to B0.
For this approach to be clinically useful, several improve-

ments should be first considered to increase reliability.

Especially, shim homogeneity should be increased over the

imaged volume. Moreover, analyzing signal phase should

be helpful. The phase is only discontinuous for the signal

minimum [1,39,40]. Therefore, by adjusting the acquisi-

tion frequency before injection to obtain a single phase

through the whole slice, the sign of signal variation follow-

ing the frequency shift could be identical in all vessels.

However, the proposed contrast mechanism might be

particularly suitable for imaging small fields-of-view or

regions-of-interest with higher field homogeneity, as in

microcirculation and tumor imaging. Another potential

application would be bmolecularQ imaging: as the BMS ef-

fect depends on the contrast agent compartmentalization,

cells which have internalized a BMS agent would exhibit

a frequency shift and could, therefore, be detected with

the SSFP technique.

Another important feature of this approach is that the

effect is expected to increase linearly with B0. As bclinicalQ
high-field MRI systems operating at 3 T or above are rapidly

extending, shift reagents may become especially useful, as

the effects of conventional relaxation-based agents decrease

with increasing B0. Nevertheless, the greater difficulty in

shimming at high field should not be underestimated.

Finally, from another perspective, our study highlights

the limits of using SSFP techniques for the detection of

gadolinium chelates based on relaxation effects at high field.

Off-resonance effects are artifacts in conventional methods,

and the acquisition frequency is set to minimize them. This

may not be possible with increasing field and TR, because

BMS contrast agents would induce reasonable frequency

shift, which would add to or cancel the relaxation effects

detected with SSFP.
6. Conclusion

The monitoring of the proton frequency shift induced by

BMS contrast agents with SSFP techniques is a novel

mechanism of contrast enhancement in MRI. Strong

contrast between vessels and tissue can be obtained in real

time following injections of Dy-DOTA, but it requires that

the B0 field is uniformly shimmed in the region-of-interest.

Because there is no saturation effect due to T1 and T2

relaxation, repeated bolus injections can be detected without

loss of sensitivity, when the receiver frequency is adjusted

before each injection. In the future, this contrast mechanism

might become an alternative approach for CE-MRA, on

condition that method reproducibility is improved.
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Appendix A

SSFP signal

This appendix is derived from Ref. [20] and describes the

calculation of SSFP signal. The magnetization status before

and after a RF pulse are noted
Y
M� and

Y
Mþ , respectively.

The nth RF pulse is first considered. The rotation through

a flip angle a around the x axis implies that

Y
Mþ nð Þ ¼ Rx að ÞYM� nð Þ

where Rx að Þ ¼
1 0 0

0 cosa sina
0 � sina cosa

1
A:

0
@

During the TR time interval, the magnetization acquires a

resonance offset angle b around the z axis and evolves

through longitudinal T1 recovery and transverse T2 relax-

ation. Therefore, the magnetization existing before the nth

pulse and after the (n�1)th pulse is linked through:
Y
M� nð Þ ¼ D TRð Þ:YMþ n� 1ð Þ þ q 1� E1Þ:Yz

�
where q is the proton density,

D TRð Þ ¼
E2cosb E2sinb 0

� E2sinb E2cosb 0

0 0 E1

1
A

0
@

and

Ei ¼ e�TR=Ti i ¼ 1; 2:

Besides, the steady-state condition implies that

Y
M�

SSFP nð Þ ¼ Y
M�

SSFP n� 1ð Þ and

Y
Mþ

SSFP nð Þ ¼ Y
Mþ

SSFP n� 1ð Þ:

By solving the equations

Y
M�

SSFP

q
¼ ð1� E1Þ:

h
1� D TRð Þ:Rx að Þ

i�1

:Yz

and

Y
Mþ

SSFP ¼ Rx að ÞdYM�
SSFP;

the magnetization at equilibrium can be obtained before and

after a RF pulse, respectively:

Y
M�

SSFP

q
¼ ð1� E1Þ

d

�
 

E2sinbsina
E2sinaðcosb� E2Þ

ð1� E2cosbÞ � E2cosaðcosb� E2Þ

!

Y
Mþ

SSFP

q
¼ ð1� E1Þ

d

�
 

E2sinbsina
sinað1� E2cosbÞ

cosað1� E2cosbÞ � E2ðcosb� E2Þ

!

where

d ¼ 1�E1cosaÞd 1�E2cosbÞ�E2d E1�cosaÞd E2�cosbÞ:ðððð

Finally, the magnetizations in the transverse plane,

respectively, after and before the RF pulse, and at the time

of the echo (TE) are

M
þxy
SSFP

q
¼ ð1� E1Þ

d
d sinad ð1þ E2

2 � 2E2cosbÞ1=2

M
�xy
SSFP ¼ E2dM

þxy
SSFP

M
xy
SSFP ¼ e�TE=T2 dM

þxy
SSFP
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