JOURNAL OF MAGNETIC RESONANCE 130, 321-328 (1998)
ARTICLE NO. MN971326

Magnetization Transfer Imaging of Rat Brain under Non-steady-state
Conditions. Contrast Prediction Using a Binary Spin—Bath Model
and a Super-Lorentzian Lineshape*

Bruno Quesson, Eric Thiaudiéere, Christophe Delalande, Jean-Francois Chateil, Chrit T. W. Moonen, and Paul Canioni
Résonance Magnétique des Systémes Biologiques, UMR 5536, C.N.R.S-Université Victor Segalen Bordeaux 2, Bordeaux, France

Received July 22, 1997

Magnetization transfer contrast imaging using turbo spin echo
and continuous wave off-resonance irradiation was carried out on
rat brain in vivo at 4.7 T. By systematically varying the off-reso-
nance irradiation power and the offset-frequency, the signal inten-
sities obtained under steady-state for both transverse and longitu-
dinal magnetization were successfully analyzed with a simple
binary spin—bath model taking into account a free water com-
partment and a pool of protons with restricted motions bearing a
super-Lorentzian lineshape. Due to important RF power deposi-
tion, such experimental conditions are not practical for routine
imaging on humans. An extension of the model was derived to
describe the system for shorter off-resonance pulse duration, i.e.,
when the longitudinal magnetization of the free protons has not
reached a steady-state. Data sets obtained for three regions of inter-
est, namely the corpus callosum, the basal ganglia, and the temporal
lobe, were correctly interpreted for off-resonance pulse durations
varying from 0.3 to 3 s. The parameter sets obtained from the
calculations made it possible to predict the contrast between the
different regions as a function of the pulse power, the offset fre-
quency, and pulse duration. Such an approach could be extended
to contrast prediction for human brain at 1.5 T.  © 1998 Academic Press

Key Words: magnetization transfer imaging; rat brain; fast im-
aging; transient decay.

INTRODUCTION

Magnetization transfer (MT) imaging is nowadays widely
applied to clinical investigations of CNS diseases such as
multiple sclerosis (1, 2), optic neuritis (3), experimental
Wallerian degeneration (4), and experimental toxic demye-
lination (5). This technique has been shown to improve con-
trast (4, 6), and the tissue dependence of magnetization ex-
change has already been demonstrated (7—9). Moreover, MT
contrasts provide additional information on the composition
of tissues, which cannot be derived from conventional im-
aging based on relaxation behavior of the spins. The principle
of MT imaging is based on the interaction between mobile
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protons of *‘free’” water (pool A) and protons with restricted
motions (pool B) in macromolecules and lipid bilayers (10).
In the presence of such an interaction, a selective irradiation
of the “‘immabile’’ proton pool, at an offset frequency of
several kilohertz with respect to the water resonance, will
cause a partial saturation of the former and a decrease in the
intensity of the latter, thus creating contrast (11). The ob-
served MT contrast can be modulated according to experi-
mental constraints, which are the offset frequency of the MT
pulse along with its amplitude, duration, and shape.

In clinical imaging, MT contrast is generated by many
different acquisition protocols. Short (several milliseconds)
(1,5, 12—-14) or long pulses (several hundreds of millisec-
onds) (9) are used for irradiating the *‘immoabilized’’ protons.
Considering the apparent T, vaues of free water pool in the
human at 0.5-2 T, its longitudinal magnetization is clearly
not under steady-state. Thus it seems difficult to derive the
relaxation parameters and the rate constant of exchange be-
tween the two pools from such protocols. Nevertheless, such
knowledge is essentia to predict the behavior of the system,
and then to estimate the optimal conditions for contrast.

To account for the observed M T contrast, the ssmplest model
by far is the binary spin—bath model (BSBM), first proposed
by Edzes and Samulski (10). A more advanced modd was
proposed which took into account the direct effect of the off-
resonance pulse on the longitudinal magneti zation of free water.
Cainesetal. (15), Wu (16), and Henkelman et al. (17) derived
similar expressions for longitudina magnetization of pool A,
as a function of the irradiation frequency and the amplitude of
the MT pulse, under steady-state saturation.

In order to derive the relaxation parameter from such a
model, it is required to investigate the system under a number
of experimental conditions, namely MT pulse power and off-
set frequency. Moreover, Henkelman’'s model was more ade-
quate to fit experimental data by using a super-Lorentzian
lineshape for the immobilized protons. Such a study has been
conducted successfully in our laboratory on the rat brain in
vivo a 4.7 T (18). Other interesting approaches have been
proposed by Adler, Swanson, and Yeung (19-22). The pur-
pose of those studies was to solve the equations governing
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the transient response of heterogeneous spin systems. Several
methods were investigated, based on the use of the Laplace
transform of Bloch’s equations (19), on the projection opera-
tors (20), or on the reformulation of spin—bath model equa-
tions by the Redfield—Provotorov theory (21). Moreover, the
same authors proposed a more complicated model with three
components (22) . In another very recent work (23), Listerud
used the fixed point lemma technique to solve the Bloch
equations in the transient decay. He supposed a Lorentzian
lineshape for both pools A and B, but no experimental data
sets were analyzed according to the solution presented.

The purpose of thiswork wasto model M T signals obtained
at 4.7 T with afast imaging RARE sequence under transient
decay of magnetization. Signa intensities from the corpus
callosum, the basal ganglia, and the tempord lobe of the
healthy rat brain in vivo were analyzed using a modified two-
pool system derived from Henkelman's mode which was
previoudy found to fit correctly the MT data obtained ex vivo
(17) and in vivo (18). The relaxation parameters obtained
from the fits alowed the prediction of contrast as a function
of the irradiation power, duration, and offset frequency of the
MT pulse. Thus, the acquisition conditions leading to optimal
contrast values between the considered regions were calcu-
lated. This approach was applied to tumora regions of the
rat brain a 4.7 T and to human brain at 1.5 T.

THEORETICAL BACKGROUND

The two-pool system studied in the present work is com-
posed of aliquid pool (conventionally called A) and a semi-
solid pool (called B), both having an independent longitudi-
nal relaxation rate (Ry = 1/Tia, Rs = 1/Ty). M5 and
M are the number of spins of pools A and B, respectively.
Conventionally, M8 is normalized to 1. The magnetization
transfer rate between the two pools is characterized by a
fundamental rate constant R. In fact, as previously discussed
by Henkelman et al. (17), the rate of exchange is
RMEM3 in either direction between the two pools. With
this notation, the Bloch equations can be written to include
the effect of a continuous wave irradiation of amplitude w,
applied at an offset frequency A

dmAB
T = Rua(MB° — M2°) — RMEAMZ®
+ RMAEMEA + w M) [1],[2]
dm® M5®
= — 2rAABMAE [3].[4]
2A.B
AB AB
dl\:lity - '|I\{Iy + 2rAMBMP®E — wM2B, [5],[6]
2A.B

where M2, Mg®, M?® are the longitudinal and transverse
magnetizations of pool A or B, respectively. In order to sim-
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plify the solution of Egs. [1] —[6], the analysis of the MT
mechanism has previously been achieved under steady-state
saturation (dM/dt = 0), requiring an irradiation pulse length
of several seconds. It has been demonstrated that the two-pool
model was successful under such experimental conditions to
account for the observed signals on severa tissue models.

In the present study, the same approach as that of Henk-
elman’sgroup isfollowed to describe signal evolution before
a steady-state has been reached. Therefore, under the condi-
tion that the transverse magnetization has reached a steady-
state during off-resonance RF irradiation, a simplification of
Egs. [3] and [4] is reached:

mas = M —wiTas as (7]

T 2rAM e 14 (21AM Tmg)?
We define a parameter Ry; representing the rate at which
longitudinal magnetization is lost

2
wszA,B

1+ (ZTI'AA’BTQA'B)Z '

(8]

er(A,B) =

which can be written in a more formal way as

R (2rA) = w?ng (2rA), [9]
where g, (2rA) is the absorption lineshape for the pool i.
Aspointed out in several papers, the lineshape of protonswith
restricted motion gg(27A) does not seem to be Lorentzian.
Gaussian and super-Lorentzian functions were suggested to
improve the fit of data acquired from awide scale of irradia
tion amplitude and offset-frequency, because such lineshapes
are expected to arise from partialy ordered materials. For
conciseness, we do not report the mathematical expressions
of these lineshapes, which can be found in Ref. (24).

The differentia equations for longitudinal magnetization
of pool A and B can be modified to introduce Ry as a
parameter

dm2®
dtz = apgM5® + RagM5® + RMGEMEA  [10],[11]

where
aApp = _(RA,B + RM%'A + Rﬁ(A'B)). [12],[13]

The behavior of longitudinal magnetization is bi-exponen-
tial for both pool A and B. The solution for pool A (and B)
is afunction of A and w; and has the expression

M2 (1)

RRsM3 — agRy

n

= ciexp(mut) + cexp(mgt) + [14]



MT CONTRAST IN THE TRANSIENT DECAY

+ =+ - 2 4 4AR?’ME
My, = ap ap \/(aA 5 ag) o [15]

For long pulse duration as compared to (my,)*, M2
reaches a steady-state called M%, corresponding to the third
term of Eq. [14]. M4 has the same expression as that re-
ported in Henkelman's study (Eq. [9] of (17)) as well as
in Caines et al. (15) and Wu (16). ¢, and c, are constants
determined experimentally and m, , represent the longitudi-
nal relaxation rates of pool A (1/T.s) under saturation of
pool B. From Egs. [14] and [15], it appears that m, and m,
are strictly negative and m, < my. If m,/my is high enough
and c,/c, approaches zero, as it will be shown below, it is
possible to assume that the second term in the relaxation
process of EqQ. [14] becomes negligible. Longitudina mag-
netization of pool A is simplified to a monoexponential
decay:

RRsM3 — asR,
mm,

(MG — M%&) exp(myit) + M%.

M2 (t) = ciexp(myt) +

[16]

From this final equation and the expressions of M % and
my, it appears that the determination of the six parameters
Ra, Rs, R, M8, T,a, Tog is necessary to fully describe the
transient decay of observed signals under irradiation of pool
B. Unfortunately, Henkelman’s model was written as afunc-
tion of five independent parameters, namely R, Rg,
RM2/Ra, 1/RaToa, Toa, Tos. Moreover, as has been ob-
served by Caines et al. (15), unique sets of the six parame-
ters mentioned above cannot be obtained by fitting M% in
Eq. [16] to experimental data because steady-state measure-
ments do not contain explicit reference to absolute time
scale.

This problem can be circumvented by estimating R, from
inversion-recovery experiments. A simple relation between
Ra and R2™ can be extracted from Eq. [15], setting w, equal
to zero (i.e, Ria = Rz = 0),

3 R/?\bs
Re = 1, RME&(Rs — RY") 7]
obs
Ra(Re — RA* + R)
and if R> (R — Ra),
Robs
RA ~ RMB 2 [18]
1+ —=(Rs — R
R. (Re A

This equation was already reported by Henkelman et al.
by integrating Egs. [1], [2] without saturation of pool B
(wl = 0) .
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MATERIALS AND METHODS

Male Wistar rats (160—220 g body weight) were anesthe-
tized with halothane (0.5% in air). Animals were positioned
prone within the magnet, their head placed at the center of
the NMR coil (see below). Typically, 120-min anesthesia
was required for shimming and to acquire scout views and
90 sets of MT contrast images. Experiments were carried
out on a Bruker Biospec 47/50 equipped with a 50-cm hori-
zontal bore, superconducting magnet operating at 4.7 T and
additional actively shielded gradients (BGA12, maximum
value: 193 mT/m). Measurements were performed with a
homemade elliptic Helmholtz resonator (4 cm width, 6 cm
length) tuned at 200.3 MHz. Radiofrequency pulses were
calibrated for 90° and 180° flip angles using both rectangular
and sinc pulses. Proton shimming was made within a 10-
mm axial slice localized in the rat brain. Typicaly, a 30-Hz
linewidth at half height was observed for the water proton
resonance.

Scout views and MT images were obtained with the
RARE sequence (TR = 4000 ms). As thirty-two lines of
the k-space were acquired within asingle shot (TE = 5 ms),
four scans were necessary to obtain a 128 X 128 pixels
image.

Longitudinal relaxation time T$® for brain tissues was
measured with an inversion recovery RARE sequence (TR/
TE = 6000/5 ms), varying the recovery delay from 20 to
4000 ms.

Transverse relaxation time T3 was measured with a To-
weighted imaging sequence (TR = 3000 ms), varying the
echo time from 10 to 200 ms.

TS and TS for various regions of interest (ROIs) were
calculated by a least-squares fitting routine (Igor, Waveme-
trics, Lake Oswego, OR).

MT imagesin asingle slice were obtained using a continu-
ous wave irradiation prior to the RARE sequence. Partia
saturation of the restricted motion proton pool was per-
formed using a continuous wave (CW) excitation at three
various w; amplitudes (w; = 660, 1300, and 3000 Hz) and
five offset irradiation frequencies (A = 750, 1700, 3000,
5700, and 8500 Hz) before turbo spin echo imaging. As
mentioned in Table 1, longitudinal relaxation time was about
1sintherat brain at 4.7 T for each ROI. Accordingly to
this consideration, MT pulse duration (D) was set to 0.3,
0.6, 0.9, 1.2, and 1.5 s to observe the transient decay of the
magnetization of pool A. During one experiment carried out
on a given animal, images were collected for the whole set
of A, w;, and D vaues. For each triplet (A, w;, D), two
to four scans were averaged. Signals were collected for three
different ROIs: the corpus callosum (CC), the basal ganglia
(BG), and thetemporal lobe (TL ). The observed magnetiza-
tion M2 of the liquid pool was normalized to the magnetiza-
tion M4 obtained without off-resonance irradiation, which
was measured using 4000 ms repetition time. Due to the
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TABLE 1
Relaxation Times and Parameters of the Fit According to the Binary Spin—Bath Model Using a Super-Lorentzian Lineshape for
Magnetization Transfer Data in the Corpus Callosum (CC), the Basal Ganglia (BG), and the Temporal Lobe (TL) of the Rat Brain

(n=73)
Fitting parameters Measured relaxation times
R(s™) RME/R, VRAToa Tog (u9) Rs (s7) TS (m9) R (s Ra (s7)
cC 26 +45 375 + 04 79 +12 85 +05 141 + 02 53 +3 0.83 + 0.08 0.76 + 0.08
BG 270+ 48 358 + 04 81 =11 935+ 05 133+ 0.14 50.2 + 3 0.85 = 0.07 0.80 + 0.08
TL 34.8 + 6.3 3.14 + 041 673 + 14 83 +05 159 + 0.24 63 +3 0.86 + 0.07 0.80 + 0.08

Note. The last column is the result of the calculation according to Eq. [18]. Values are given as mean = standard deviation.

T values (Table 1), no correction for incomplete longitu-
dinal recovery was required to calculate Mg.

The relative contrast between two ROIs was defined as
| S — S|/Noise where i and j represent the different ROIs.

RESULTS

MT imaging experiments were performed on the healthy
rat brain in vivo a 4.7 T, varying the MT pulse power,
duration, and offset-frequency. Thefast RARE sequence was
employed to produce MT images corresponding to very dif-
ferent acquisition conditions. For the sake of comparison,
Fig. 1 shows two typical RARE images (TR/TE = 4000/5
ms), without (Fig. 1A) and with (Fig. 1B) saturation of the
restricted pool (w; = 660 Hz and A = 3000 Hz, D = 3 s)
of arat brain. The relaxation parameter valueslisted in Table
1 were found to vary weakly according to the brain region.

Thus, the image of Fig. 1A could be considered as a proton
density image. Conversely, Fig. 1B displays an image in
which the contrast is emphasized, due to MT mechanisms.
Moreover, the small differencesin TS values (see Table 1)
were consistent with the poor contrast generally observed
with standard T.-weighted spin echo imaging (not shown)
on therat brain at 4.7 T.

In a previous work (18), we derived the five independent
parameters R, Rg, RM2/Ra, 1/RaT2a, and Ty (reported in
Table 1) for severa regions of the rat brain under steady-
state. Spin echo images were acquired for a number of w,
(600—6000 Hz) and A (500-20,000 Hz) values. The ob-
served intensities in CC, BG, and TL were modeled ac-
cording to the last term of Eq. [14], with a Gaussian and a
super-Lorentzian lineshape for protons with restricted mo-
tions. The latter was found to be more suitable to fit the
experimental data. Similar experiments were performed with

FIG. 1. Axia RARE images from the rat brainin vivo at 4.7 T (3 mm slice thickness, 4 cm FOV, matrix size 128 X 128, 4000 ms repetition time,
5 ms echo time, RARE factor 32, 4 accumulations). (A) Proton density image. (B) MT image (off-resonance irradiation power w; = 660 Hz and
offset-frequency A = 3000 Hz, D = 3000 ms). Three considered ROIs are shown: the corpus callosum (CC), the basal ganglia (BG), and the temporal

lobe (TL).
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the RARE sequence on rat brain bearing implanted glioma.
The parameters derived from the fits with both techniques
were in the same range for CC, BG, and TL and showed
the same hierarchy. To shorten experimental time, the RARE
sequence was used in the present work to acquire transient
decay images. The corresponding fitting parameters are
listed in Table 1.

Signal-to-noise ratios acquired from fast imaging experi-
ments were high enough to quantitate MT under severa
acquisition conditions. Variations of S/N for CC, BG, and
TL as a function of A, w,;, and D are presented in Fig. 2.
Data were normalized to the S/N ratio measured from the
reference image (no MT, see Fig. 1A), to allow comparison
between measurement and computer simulation. According
to the acquisition parameters, it was possible to decrease S/N
from 40 to 1, for each ROI. The observed signal amplitudes
displayed in Fig. 2 showed similar behavior for each ROI.
As expected, they decreased with lengthening pul se duration,
increasing irradiation amplitude, or decreasing A.

The longitudinal magnetization decay of pool A could be
approximated to be monoexponential provided |m,| >
|my.| From the relaxation parameters listed in Table 1, my/
m, was calculated for each ROI as a function of the offset-
frequency and the irradiation amplitude (A and w, > 500
Hz). For dl (A, w,) couples, the ratio was greater than 20.

The (m,) ~* calculated values were in the range of 0.002
to 0.025 s, for (w1, A), varying from (660 Hz, 500 Hz) to
(3000 Hz, 15,000 Hz). Thus, for pulse lengths of 100 ms
the second term of Eq. [14] vanishes. Moreover, experimen-
tal data obtained for off-resonance pulse lengths ranging
from zero to 1.5 s and several combinations (A, w;) were
correctly fitted to a monoexponential decay starting from
M3 (data not shown). This confirmed that the second term
of Eq. [14] could be neglected.

S/N simulations were performed with a super-Lorentzian
lineshape for protons with restricted motions (18) . R, values
presented in Table 1 were derived from the R (1/T%)
values measured using the inversion-recovery method ac-
cording to Eq. [18]. Therefore, R,y values were employed
to calculate signal intensities in the transient decay, ac-
cording to Eq. [16]. Resulting fits were superimposed to
experimental data in Fig. 2. Observed and calculated S/N
were in good agreement for all the acquisition conditions,
which made it possible to simulate signal intensities for each
ROI over awide range of A, w,, and D.

Relative contrast-to-noise ratio (C/N) between two ROIs
were caculated as mentioned above. Contour plots of the
results as a function of the offset-frequency and pulse dura-
tion are displayed in Fig. 3 for w,, giving the optimal C/N
vaue. Maximum contrast values ranged from 3 for BG-CC,
3.1 for BG-TL, and 4.6 for CC-TL (see Figs. 3A, 3B, 3C).
Corresponding acquisition conditions were w, = 400 Hz, A
> 10 kHz, D > 3 sfor BG-CC; w; = 700 Hz, A = 2 kHz,
D =11sfor BG-TL; and w; = 730 Hz, A = 5kHz, D =
3 sfor TL-CC, respectively. For BG-CC, maximum contrast
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FIG. 2. Signal-to-noise ratios for the CC (A), the BG (B), and the TL

(C) as a function of MT pulse offset-frequency. Data are displayed as
columns for different MT pulse durations (from 0.3 to 1.5 s) and for w;
= 660 Hz (O), 1300 Hz (A), and 3000 Hz (< ). Error bars indicate the
standard deviation. Signal intensities in each ROl were calculated (solid
lines) according to Eq. [16] with the fitting parameters listed in Table 1 and
normalized to the measured signal-to-noise amplitudes observed without
irradiation (horizontal lines).

values vary poorly as afunction of the irradiation amplitude,
since a contrast-to-noise of 3 was observed without MT
pulse.

One should emphasize that calculated optimal C/N could
be found for quite different combinations (A, D), according
to the considered ROI.

Additional imaging experiments were performed under
conditions which were chosen to optimize the contrast be-
tween BG and TL, and CC and TL. Measured C/N values
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FIG. 3. Contour plots of the calculated comparative contrast-to-noise
between BG and CC (A), BG and TL (B), and TL and CC (C) as a
function of the offset frequency and irradiation pulse length. w, values are
400 Hz for BG—CC, 700 Hz for BG-TL, and 730 Hz for TL—CC.

were 3.8 + 0.7 for BG-TL and 4.2 = 0.8 for CC-TL, in the
range of the calculated values (see Figs. 3B and 3C).

DISCUSSION

The present work deal s with magnetization transfer in vivo
ontherat brain at 4.7 T under the non-steady-state condition.
A number of previous studies were presented in the literature
to describe the MT phenomenon, with radically different
approaches. Yeung et al. reformulated the spin—bath-model
eguations by the Redfield—Provotorov theory (21), and con-
cluded that a Gaussian lineshape for protons with restricted
motions was more suitable than a Lorentzian lineshape. In
Ref. (22), MT data of cartilage samples were interpreted
by a three-component model and a Gaussian lineshape. It
seemed clear that these models, including parameters more
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independent than those of the model used in the present
study, could have been successfully applied to the data pre-
sented here. Considering the limited accuracy of in vivo
measurements, we chose to develop aformulation depending
on aminimal number of free parameters. With this aim, the
two-compartment model (17) was generalized to account
for the MT signal evolution in the transient decay.

The method proposed here is not fully satisfying from
a theoretical point of view, because the super-Lorentzian
lineshape is not a solution of the coupled Bloch equations,
since a single T, rate cannot give rise to anything other
than a Lorentzian lineshape. However, the good agreement
between observed signal intensities and simulation presented
in this study made it possible to consider this model relevant
in order to account for MT in the transient decay. Thisisin
agreement with other studies suggesting a super-Lorentzian
lineshape for protons with restricted motions. Moreover,
more general mathematical expressions for lineshapes of im-
mobilized protons can be introduced in the presented model,
such as the Kubo—Tomita lineshape (25) or the flexible
lineshape recently presented by Li et al. (26).

The relaxation parameters values listed in Table 1 were
derived from fast spin echo experiments. They were in the
same range of those obtained from standard spin echo. Nev-
ertheless, the fast imaging RARE sequence reduced experi-
mental time, and two to four images could be accumulated
in order to increase the signal-to-noise ratio. Moreover, the
use of halothane to anesthetize animals favored the acquisi-
tion of a complete data set on the same rat brain. For these
reasons, the uncertainties of the fitting parameters were
lower than those reported in our previous study (18). There-
fore, the parameters of Table 1 were chosen to simulate the
behavior of longitudinal magnetization of pool A.

One important condition in this study is that the steady-
state transverse magnetization has been reached at the end
of the MT pulse. For pool B, the T,g values are short enough
(see Table 1) to consider My, reached zero after a few
milliseconds. On the other hand, My, should reach a near
steady-state after several hundreds of milliseconds of MT
pulse length. That is why experimental minimal irradiation
duration was set to 0.3 s. Fortunately, the optimal contrast
values between the selected ROIs were found for pulse dura-
tion to be longer than 1.0 s.

This approximation led to simplifications of Bloch equa-
tions for longitudinal magnetization of pools A and B, which
could be easily integrated. The bi-exponential evolution of
M2 (Eq. [14]) was simplified to a monoexponential decay,
as long as my,/m; > 1 and c;/c, > 1. Experimentally, no
bi-exponential decay could be pointed out under various
conditions. Moreover, the monoexponential decay of M%
was also observed on agar gel (17), on rabbit kidney (8),
and on the human brain and leg (27).

The model presented here was shown to successfully de-
scribe signal intensity evolutions for the corpus callosum,
the basal ganglia, and the temporal lobe, as a function of
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TABLE 2
Maximal Calculated Contrast VValues between the Implanted
C6-glioma and the Other Selected ROIs in the Rat Brain

(C/N)max wy (H2) A (Hz) D (s
CC-TUM 12.9 670 4100 2.2
BG-TUM 13.8 730 3000 1.0
TL-TUM 8.7 900 3700 0.8

Note. Experimental conditions leading to these values are given for each
ROI couple.

the MT pulse characteristics (A, w;, and D). The good
agreement between simulation and experimental data sets
made it possible to predict the observed contrast-to-noise
ratios between the selected ROIs. As maximum contrasts
between CC-BG, CC-TL, or BG-TL do not correspond
to the same acquisition conditions, a prudent compromise
should be done, according to the aim sought.

Inapreviouswork, we performed MT images on rat brains
with C6-glioma implanted in the basal ganglia (28) under
steady-state saturation conditions. From these experiments,
the relaxation parameters could be derived and according to
the model presented here, we calculated the maximum con-
trast values between the tumor (TUM) and the other ROIs.
Maximal contrast-to-noise values and their corresponding
acquisition conditions are summarized in Table 2. The D,
A, and w; values were in the same range as those previously
mentioned for BG—CC, BG-TL, and TL-CC. As maxima
contrast values between the tumor and the other ROIs were
higher than 9, MT imaging is a suitabl e technique for empha-
sizing tumor detection in the brain at 4.7 T.

A possible application of the proposed modeling is to
anticipate the contrast between white and gray matter in the
human brain a 1.0 T from the quantitative analysis of MT
recently published by Chai et al. (29). The authors gave
a list of relaxation parameters obtained with on-resonance
binomia pulse saturation which could be used for contrast
calculation with the model presented here, provided that the
proton density in both regions are known. Therefore, we
performed experiments on the human brain at 1.5 T with a
standard spin echo sequence (TR/TE = 3000/10 ms) with-
out MT. For white matter (WM) and gray matter (GM),
signal-to-noise ratios were 44.4 and 50.6 respectively. Tak-
ing [R(s™), M3, Re(s™"), Ra (s7"), Tas(48), Taa (Ms)]
= [21, 0.03, 0.85, 1.05, 12, 73] and [25.5, 0.435, 1.6, 1.9,
10, 91] for GM and WM respectively (see Table 2 of (28)),
the maximal contrast value was found to be 34 at w, =
6.4 kHz, D = 025 s, and A = 13.7 kHz. However, the
parameter Mg reported by Chai et al. were given with a
rather large uncertainty. In clinical imaging, the SAR for
such acquisition conditionsin vivo on the human brain would
be too high. However, a calculated C/N value of about 30
could be obtained, at the same pulse duration, for w; = 1
kHz, A = 2 kHz. Other studies should be performed on the
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human brain to derive relaxation parameters with a better
accuracy.
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