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Abstract

Quantitative models of magnetization transfer (MT) allow the estimation of physical properties of tissue which are thought to reflect
myelination, and are therefore likely to be useful for clinical application. Although a model describing a two-pool system under contin-
uous wave-saturation has been available for two decades, generalizing such a model to pulsed MT, and therefore to in vivo applications,
is not straightforward, and only recently have a range of equations predicting the outcome of pulsed MT experiments been proposed.
These solutions of the 2-pool model are based on differing assumptions and involve differing degrees of complexity, so their individual
advantages and limitations are not always obvious. This paper is concerned with the comparison of three differing signal equations. After
reviewing the theory behind each of them, their accuracy and precision is investigated using numerical simulations under variable exper-
imental conditions such as degree of 7-weighting of the acquisition sequence and SNR, and the consistency of numerical results is tested
using in vivo data. We show that while in conditions of minimal 7'-weighting, high SNR, and large duty cycle the solutions of the three
equations are consistent, they have a different tolerance to deviations from the basic assumptions behind their development, which

should be taken into account when designing a quantitative MT protocol.

© 2008 Elsevier Inc. All rights reserved.

Keywords: MRI; Magnetization transfer; Two-pool model; Relaxation; Human brain

1. Introduction

The Magnetization Transfer (MT) effect is based on the
exchange of magnetization occurring between groups of
spins characterized by different molecular environments.
In biological tissues, two or more “pools” of protons can
be identified: those in free water (the free, or liquid, pool)
and those bound to large molecules (referred to as
restricted, semisolid, or macromolecular, pool). The latter
protons are characterized by a very short transverse relax-
ation time (75,) and therefore do not directly contribute to
signal intensity in conventional magnetic resonance (MR)
images. Nevertheless, it is possible to sensitise an MR
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experiment to the magnetic resonance characteristics of
macromolecular protons by exposing the sample to radio-
frequency (RF) energy several kilohertz away from the
Larmor frequency. Protons in free water are relatively
insensitive to such irradiation, but it can cause saturation
of protons in the semisolid pool which, due to their short
T, and correspondingly large line width, are responsive
to irradiation at these frequencies. In these conditions,
any exchange of magnetization between pools results in a
decreased intensity of the observed MR signal.

From a quantitative MT model based on the exchange
between two pools Henkelman et al. [1] derived a signal
equation for the continuous wave (CW) case, in which
RF irradiation of particular (constant) amplitude and sev-
eral seconds duration is used to saturate the macromolecu-
lar pool. The parameters characterizing the two pools in
the model are potentially interesting to measure, and they
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can be estimated by fitting Henkelman’s equation to a set
of MR measurements obtained in the presence of MT
pulses with a suitable set of amplitudes w; and offset fre-
quencies Af.

As CW irradiation is impractical and generally not
available for in vivo imaging experiments, in vivo MT-
weighted MRI is generally obtained using the so-called
pulsed MT acquisition, in which the long period of satura-
tion is replaced by a much shorter irradiation pulse (typi-
cally applied just before each excitation pulse) along with
intervals without irradiation (during which data is col-
lected). For data from this type of acquisition, Henkel-
man’s equation must be modified to allow for the short
duration of the saturation pulses relative to 7 [2]. A num-
ber of such modified signal equations for pulsed MT, all
based on the same original two-pool model, have been
developed [3-5]. While the numerical results published so
far suggest reasonable consistency across the solutions pre-
dicted by these equations, no direct comparison is avail-
able, and the differing conventions and symbols used
mean that evaluating discrepancies and similarities between
them is not straightforward.

This paper is concerned with the comparison of three of
these signal equations—two derived by Sled and Pike [3,6],
plus that of Ramani et al. [5S]. Ramani et al. used a CW
power equivalent approximation (CWPE) [5] where the
pulse is simply replaced by a CW irradiation with the mean
square amplitude that would give the same power over the
interval between MT pulses. By means of the CWPE
approximation, Henkelman’s steady state model can be
straightforwardly applied to the in vivo MRI case, neglect-
ing the imaging elements of the pulse sequence. Due its
steady state nature, the implicit assumption within the
equation is that the relative signal intensity in data
obtained with different MT-weightings only depends on
the characteristics of the MT pulse, and that 7| and T,
relaxations equally affect all measurements.

As Ramani’s equation does not explicitly model the
effects of the excitation pulses and TR, its description of
the MT-weighted signal is valid only when the degree of
T,-weighting in the acquisition sequence is minimal. As it
effectively assumes that the MT pulse is applied continu-
ously, another parameter likely to affect the accuracy of
Ramani’s equation is the duty cycle, i.e. the duration of
the MT pulse relative to the repetition period, whose effect
has never formally been investigated. Sled and Pike [6] pro-
pose an alternative equation which can be fitted directly to
the measured signal. Their solution is derived by approxi-
mating the pulse sequence as a series of periods of free pre-
cession, CW irradiation and instantaneous saturation of
the free pool. It has the advantage of incorporating the
effect of the excitation RF pulses, and also makes it possi-
ble to account for saturation effects of the excitation.
Together with this solution, the authors propose also a sim-
pler variant which neglects free precession, thus assuming a
succession of instantaneous saturation of the free pool and
CW irradiation of the macromolecular pool for the total

duration of the interval between pulses. Both equations
presented by Sled and Pike for in vivo applications require
the numerical evaluation of ordinary differential equations
(when modeling the rate of saturation of the macromolec-
ular pool with a super-Lorentzian, see next section), at least
for the estimation of the effect of the MT pulse on the free
pool, and they are therefore computationally intensive.
Ramani’s solution has the advantage of being simpler, at
the price of its inability to account for the effects of the
excitation pulses. A recent paper presented an evaluation
of these signal equation, validated using animal data [7].
Here we first review the theory behind them and then use
numerical simulations to extend the range of experimental
conditions under which each can be tested (investigating
how duty cycle, saturation effects of the excitation and
noise affect the MT parameters fitted by each of them).
We also perform a statistical comparison between MT
parameters estimated using each signal equation in healthy
brain tissue from in vivo data.

2. Theory
2.1. Coupled Bloch equations

Assuming that the MT effect can be modeled using a
liquid pool (4) and a macromolecular pool (B), the magne-
tization of either pool can be described by its longitudinal
component (M? M?) and its transverse components
(M, M;,M?,M?). The exchange between pools associated
with the transverse components of magnetization can be
considered negligible due to the extremely short 7, associ-
ated with the macromolecular pool [2,6]. The coupled Bloch
equations for the system can thus be written as follows:

dm*
dtz = Ry (M — My) — RMgMy + RM{M7 + o, ()M (1)
dm?®
<5 = Ro(ME — M) — RM{M
+ RMEMY — (R (Af, w1 (2)) M5 (2)
dm M
= X _ogAfMA 3
dr T mAfM, (3)
dm M
L= — — 4 2nAfMY — o ()M (4)
dr T4 :

In Egs. (1)-(4), T represents the transverse relaxation
time of the liquid pool, M| and M} are the fully relaxed val-
ues of magnetization associated with the two pools
(assumed dimensionless), R4 and Ry are their longitudinal
relaxation rates, and R is the exchange rate constant. Af
represents the frequency offset of the pulse, while w(?) is
the time dependent amplitude of the pulse expressed in
rad s™' (i.e. the angular frequency of precession induced
by the pulse). Rrrp(Af, wi(f)) is the rate of saturation of
longitudinal magnetization in pool B due to the irradiation
by the amplitude defined by Af and w;(¢), and depends on
the transverse relaxation time of the macromolecular pool,
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