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Modeling the effects of clinical magnetization transfer (MT)
scans, which generate contrast using short, shaped radiofre-
quency (RF) pulses (pulsed MT), is complex and time-consum-
ing. As a result, several studies have proposed approximate
methods for a simplified analysis of the experimental data.
However, potential differences in the MT parameters estimated
by each method may complicate the comparison of reported
results. In this study we evaluated three approximate methods
currently used in quantitative MT (qMT) studies. In the first part
of the investigation, an MT modeling technique that makes
minimal approximations, other than the use of a two-pool tissue
representation, was developed and validated. Subsequently,
this technique served as a standard against which to evaluate
the other, more approximate models. Each model was used to
fit experimental data from samples of wild-type (WT) and shiv-
erer mouse spinal cord, as well as simulated data generated by
our minimal approximation modeling technique. The results of
this study demonstrate that the approximations used in pulsed
MT modeling are quite robust. In particular, it was shown that
the semisolid pool fraction, M0

B, which is known to correlate
strongly with myelin content, and the transverse relaxation time
of macromolecular protons, T2

B, could be evaluated with rea-
sonable accuracy regardless of the model used. Magn Reson
Med 58:144–155, 2007. © 2007 Wiley-Liss, Inc.
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Magnetization transfer (MT) is a magnetic resonance im-
aging (MRI) technique that generates contrast based on the
exchange of magnetization between macromolecular and
water protons. Unlike other contrast mechanisms (such as
longitudinal, T1, and transverse, T2, relaxation times), MT
provides quantifiable information about the macromolec-
ular components of tissue (proteins, lipids, and cell mem-
branes), which are invisible under normal circumstances
due to their short (�10 �s) T2 decay constants (1). Both in
vivo and in vitro evidence suggests that MT is sensitive to
various pathological processes that occur in white matter
(WM), including inflammation, demyelination, and axonal
loss (2–7). As such, MT is one of the most extensively
applied MR-based techniques in the assessment of central
nervous system (CNS) disorders (8).

The majority of MT experiments apply an off-resonance
radiofrequency (RF) pulse that preferentially saturates the
macromolecular magnetization. Subsequently the MR im-
ages show a decrease in signal intensity as water protons
transfer magnetization to the saturated macromolecules.
MT effects in tissues are typically reported in terms of MT

ratio (MTR) images, which provide maps of the percent
decrease in the MRI signal caused by the MT saturation
pulse (5). The MTR, however, reflects a complex combina-
tion of biological and experimental parameters, which
makes it difficult to attribute any changes to a specific
pathological process (7,9). Furthermore, the dependence
on experimental parameters makes it difficult to compare
MTR findings obtained at different institutions with dif-
ferent protocols (10).

To overcome these limitations, several studies have
used a more rigorous quantitative approach that accounts
for all of the experimental and biological parameters in-
volved. Such quantitative MT (qMT) experiments have
been successfully performed in vitro (2,3,11) and more
recently have been applied to human imaging (12–14).
qMT techniques achieve greater pathological specificity by
determining the physical properties that govern the MT
process. These properties include the rate of MT exchange,
the transverse and longitudinal relaxation times of water
and macromolecular protons, and the relative number of
macromolecular protons.

The analysis of qMT data is most commonly based on
the two-pool model, which divides the spins within a
biological tissue into two pools: 1) a liquid pool composed
of water protons and 2) a semisolid pool that consists of
macromolecular protons (9). Each pool has its own set of
intrinsic longitudinal (T1) and transverse (T2) relaxation
times. Magnetization exchange between the pools is mod-
eled by a first-order rate constant (R).

Mathematically, the two-pool model is represented by
the Bloch equations modified to include the effects of
magnetization exchange (9). The time evolution of magne-
tization is determined by the solution to this system of
differential equations. In continuous wave (CW) MT ex-
periments, which apply a single, long (�5 s), constant-
amplitude RF pulse, the magnetization can be determined
by solving the modified Bloch equations with the assump-
tion that the system is in the steady state (15). However,
due to scan time limitations and specific absorption rate
(SAR) concerns, in vivo MT experiments have to rely on
multiple, short, shaped (e.g., Gaussian or Sinc) off-reso-
nance pulses that are distributed throughout the imaging
sequence. In this case, the steady-state solution is no
longer valid. Since the duration of RF pulses is much
shorter than the T1 relaxation times of both pools and on
the order of the liquid pool T2 relaxation time, the behav-
ior of magnetization can be determined only by solution of
the modified Bloch equations in the time domain (15). The
mathematical formalism is further complicated by the
presence of shaped RF pulses with time-varying ampli-
tudes.

To minimize the mathematical complexity associated
with pulsed MT, several studies have proposed approxi-
mate methods for a simplified analysis of the experimental
data. Sled and Pike (14) developed a signal equation that

1Department of Medical Biophysics, University of Toronto, Toronto, Canada.
2Imaging Research, Sunnybrook Health Sciences Centre, Toronto, Canada.
*Correspondence to: Greg J. Stanisz, Imaging Research, Sunnybrook Health,
Sciences Centre, Rm. S672, 2075 Bayview Ave., Toronto, ON, Canada M4N
3M5. E-mail: stanisz@sri.ca
Received 31 May 2006; revised 19 February 2007; accepted 21 February
2007.
DOI 10.1002/mrm.21244
Published online in Wiley InterScience (www.interscience.wiley.com).

Magnetic Resonance in Medicine 58:144–155 (2007)

© 2007 Wiley-Liss, Inc. 144



approximates the effect of an MT pulse on the liquid pool
by an instantaneous saturation of longitudinal magnetiza-
tion, and on the semisolid pool by a rectangular pulse of
equal average power. Ramani et al. (16), citing the com-
plexity of Sled and Pike’s method, proposed an approach
that extends the simplicity of CW MT analysis to pulsed
experiments by computing the “continuous wave power
equivalent” (CWPE) of the short MT pulses. Similarly,
Yarnykh (13) proposed a technique that neglects the direct
saturation of the liquid pool (direct effect) and approxi-
mates shaped RF pulses by equal-power rectangular
pulses.

All of the above methods have contributed significantly
to the current body of qMT research. However, potential
differences in the MT parameters they obtain may compli-
cate the comparison of reported results. The objective of
the present study was therefore to determine the differ-
ences between MT parameters estimated using the tech-
niques of Sled and Pike (14), Ramani et al. (16), and
Yarnykh (13). To address this objective, the investigation
was conducted in two parts. First, an MT modeling tech-
nique that makes minimal approximations, other than the
use of a two-pool tissue representation, was developed and
validated. Subsequently, this technique served as a stan-
dard against which to evaluate the other, more approxi-
mate models. Each model was used to fit experimental
data obtained from samples of wild-type (WT) and shiverer
mouse spinal cord, as well as simulated data generated
using our minimal approximation modeling technique.

To our knowledge, this work constitutes the first system-
atic comparison of the pulsed MT models that are cur-
rently used in qMT investigations.

THEORY

In the presence of MT exchange, the time evolution of
magnetization in the liquid (A) and semisolid (B) pools
during an RF saturation pulse is given by the following
system of equations (9):
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where x, y, and z denote the spatial components of a
magnetization vector, � is the off-resonance frequency of
the RF saturation pulse, and �1 
 �B1 is the angular pre-
cession frequency induced by the pulse. M0

A and M0
B are

the equilibrium magnetizations of each pool, RA and RB are
rate constants for the recovery of longitudinal magnetiza-
tion (
1/T1), and T2

A and T2
B are time constants describing

the decay of transverse magnetization. The rate constants

for the transfer of magnetization from the liquid to the
semisolid pool and vice versa are RM0

B and RM0
A, respec-

tively. With the rate constants defined in this manner (i.e.,
explicitly in terms of the equilibrium magnetization of
each pool), the variable R represents a fundamental MT
exchange constant that is independent of the relative sizes
of the liquid and semisolid pools (9). Typically, the mag-
netization of the liquid pool, M0

A, is set to one. Therefore,
M0

B represents the number of macromolecular protons,
relative to M0

A, that undergo MT exchange.
To describe the behavior of macromolecular protons, the

Bloch equations for the semisolid pool are replaced by a
single longitudinal component, where the saturation of
magnetization is governed by the saturation rate, RRFB:

RRFB � ��1
2gB�2��	, [2]

where gB is the absorption lineshape, which is a function
of the semisolid pool’s transverse relaxation time constant,
T2

B. The integral of the lineshape function, gB(2��), over
all frequencies, �, is equal to unity. For biological tissues,
the semisolid lineshape is typically approximated by a
super-Lorentzian (17):
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Solving differential Eqs. [1a]–[1d] is relatively straight-
forward for CW MT experiments in which, due to steady-
state conditions, all four time derivatives are equal to zero.
By solving for MZ

A, a relatively simple expression for signal
intensity is obtained (9):
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This solution does not apply to pulsed MT experiments,
due to the short-duration RF pulses and time-varying
pulse amplitudes. In general, the magnetization during a
pulsed MT sequence is given by the following matrix
differential equation (14):

dM�t	
dt

� �t	M�t	 � �M0, [5]

where M is a 4D magnetization vector (MX
A, MY

A, MZ
A, MZ

B)
and the elements of vector M0 are equal to the equilibrium
value of each magnetization component.  and � are ma-
trices corresponding to the coefficients of Eqs. [1a]–[1d].
When the matrix  is constant in time, as is the case with
rectangular RF pulses or free precession, the following
general analytical solution is obtained (18):
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M�t	 � eAtM�t � 0	 � �1�eAt � l	�M0 [6]

However, when  is time-varying (due to amplitude-
modulated RF pulses), no such general solution exists.

In an early investigation of the MT effects produced by
shaped RF pulses, Graham and Henkelman (15) overcame
this limitation by solving the modified Bloch equations
numerically. In the numerical computation, the rate of
saturation of the semisolid pool is calculated using Eq. [2],
with the �1 term varying in time according to the RF pulse
amplitude, B1.

The technique used in the present study modeled the
effects of amplitude-modulated RF pulses in a similar
manner. However, rather than using a general numerical
algorithm, the solution was calculated by dividing RF
pulses into a series of short rectangular segments (50 �s in
duration) whose envelope was described by the desired
pulse shape. Equation [6] was then used to propagate the
magnetization through each interval, with the endpoint
values of one interval serving as initial conditions for the
next one. The 50-�s duration was chosen since further
decreases in the length of rectangular segments induced
changes in the final solution of less than 1.5%. At offset
frequencies above 800 Hz, the changes were less than
0.1%. By representing the shaped MT pulses in this man-
ner, we were able to solve the modified Bloch equations
using minimal approximations to describe the behavior of
magnetization during and between RF saturation pulses.
The only physical approximation was the assumption that
tissues are accurately described by a two-pool model of
MT exchange. For the remainder of this manuscript, we
therefore refer to our method as the minimal approxima-
tion MT (MAMT) technique.

Sled and Pike (14), Ramani et al. (16), and Yarnykh (13)
used more approximate approaches to handle the time-
varying coefficients of Eqs. [1a]–[1d]. The specifics of these
techniques are outlined in the sections that follow.

Sled and Pike’s Approximation

The model proposed by Sled and Pike (14) is based on
decomposing the pulse sequence into periods of free pre-
cession, constant-amplitude irradiation of the semisolid
pool, and instantaneous saturation of the liquid pool. In all
of these cases, the modified Bloch equations have constant
coefficients and can be solved simply and analytically. For
additional simplicity, only the longitudinal components of
magnetization are modeled. Transverse components are
assumed to disappear through relaxation and spoiling.

Two different approximations are used to describe the
behavior of the liquid and semisolid pools. The effect of
the shaped MT pulse on the liquid pool is modeled by an
instantaneous fractional saturation of longitudinal magne-
tization. The saturation fraction, Sf, is obtained by solving
Eqs. [1a]–[1c] numerically, taking into account the time-
varying pulse amplitude but neglecting T1 recovery and
magnetization exchange (RA, R, and M0

B are set equal to
zero). With the value of Sf calculated in advance, the effect
of the shaped MT pulse can be modeled as instantaneous,
such that

MZ
A� � SfMZ

A�, [7]

where the superscripts – and � refer to the magnetization
immediately before and after the pulse, respectively. Be-
fore and after instantaneous saturation the liquid pool
experiences free precession, with T1 relaxation and ex-
change terms taken into account, which compensates for
the elimination of these terms in the calculation of Sf. By
describing liquid pool behavior in this manner, this model
assumes that the rotation of liquid pool magnetization
occurs independently of T1 recovery and magnetization
exchange processes.

The effect of the MT pulse on the semisolid pool is
modeled by a rectangular pulse with equivalent average
power. The duration of the rectangular pulse is equal to
the full width at half maximum (FWHM) of the square of
the original, shaped pulse. The condition of equivalent
average power is fulfilled by ensuring that the time inte-
grals of the square of the RF pulse envelopes,

�
0

�

�1
2�t	dt [8]

are equal (19). Such a description of the semisolid pool is
based on the assumption that the saturation of macromo-
lecular magnetization is not affected by the RF pulse
shape.

With these approximations, the signal intensity is rela-
tively simple to calculate, as analytical expressions exist
for the longitudinal magnetization throughout each stage.
To propagate the magnetization through the sequence, the
endpoint values of one stage are simply used as initial
conditions for the next one. Finally, a closed-form solution
is obtained by imposing the condition that sufficient RF
pulses have been applied to ensure that the pulsed steady
state has been achieved (i.e., the magnetization behaves
periodically with TR, the pulse repetition period).

Ramani et al.’s CWPE Approximation

Ramani et al. (16) approximated the pulsed MT sequence
by means of a CW sequence with equivalent average
power. Using this approximation, the expression for signal
intensity is given by Eq. [4]; only the time-varying RF
pulse amplitude, �1(t), is approximated by a constant
CWPE saturation pulse amplitude, �1CWPE, given by:

�1CWPE �
��0

�

�1
2�t	dt

TR
, [9]

where TR is the pulse repetition period of the original
pulsed MT sequence, and the integral on the right-hand
side is evaluated for the original shaped RF pulse. This
guarantees that both the CW and pulsed MT sequence
deposit equal average power per repetition period.

Yarnykh’s Approximation

Yarnykh’s (13) approach involves modeling the ampli-
tude-modulated MT pulse by an effective rectangular
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pulse of equal duration, �. �1eff, the RF amplitude of the
rectangular pulse is given by:

�leff � �1
��

0

�

�1
2�t	dt, [10]

which establishes that the effective pulse has equivalent
average power. Yarnykh’s (13) method also assumes that
the offset frequency of the RF pulse is sufficiently large
that it affects only the semisolid pool, and any direct
saturation of the liquid pool can be neglected. In addition,
much like Sled and Pike’s approach, it does not model
transverse components of magnetization (MX

A and MY
A), as-

suming that any transverse magnetization disappears
through the processes of T2 relaxation and dephasing in-
duced by spoiler gradients at the end of each RF pulse.

MATERIALS AND METHODS

MR Experiments

All NMR measurements were performed at 20°C and 1.5
Tesla on a 20-cm horizontal bore superconducting magnet
(Nalorac, Martinez, CA, USA) controlled by a spectroscopy
console (SMIS, Surrey, England). The experimental system
did not include spatial encoding gradients. As such, all
measurements represent an average across the entire sam-
ple.

The pulsed MT protocol consisted of a 7.5-s pulse train
composed of 150 15-ms Gaussian pulses (167-Hz band-
width) with a 50-ms TR. The pulse train was followed by
a 90° on-resonance excitation pulse to measure the remain-
ing longitudinal magnetization of the liquid pool. A total
of 150 saturation pulses were sufficient to establish a
pulsed steady state, whereby the time evolution of magne-
tization became periodic with the repetition period of the
MT pulses.

To validate our MAMT technique, CW MT experiments
were also performed. Unlike pulsed MT, CW data analysis
is quick, simple, and well established. As such, fitted
parameters obtained from CW MT data can serve as a gold
standard for the comparison of pulsed MT parameter esti-
mates. The CW MT sequence consisted of 7 s of constant
amplitude off-resonance irradiation, followed by a 90° ex-
citation pulse.

For both the CW and pulsed MT sequences a series of
measurements with varying RF pulse amplitudes and fre-
quency offsets were obtained. Specifically, 27 off-reso-
nance irradiation frequencies, �, were logarithmically dis-
tributed from 14 Hz to 213 kHz. Data were collected at
each of these offset frequencies for six different RF satura-
tion pulse amplitudes (�1/2� 
 0.17, 0.33, 0.67, 1.34, 2.67,
and 5.34 kHz), resulting in a total of 192 data points. For
the pulsed MT sequence, the on-resonance flip angles of
the Gaussian saturation pulses that corresponded to each
of these RF amplitudes were � 
 359°, 718°, 1436°, 2872°,
5745°, and 11490°.

Although all six of these RF amplitudes were included
in the validation experiments, when the techniques of
Sled and Pike (14), Ramani et al. (16) and Yarnykh (13)
were used to fit pulsed MT data, only the two lowest RF

amplitudes were included (�1/2� 
 0.33, 0.17 kHz). By
excluding the higher amplitudes, we achieved greater sim-
ilarity to the in vivo MT protocols (which use low-power
pulses due to SAR concerns) for which these approximate
data analysis techniques were designed (7,16,20).

It has been noted by Henkelman et al. (9) that unique
sets of all six two-pool model parameters (RA, RB, T2

A, T2
B,

M0
B, and R) cannot be obtained by fitting to steady-state

MT data. Following the authors’ approach, this was re-
solved by independently measuring RAOBS, the apparent
longitudinal relaxation rate for the liquid pool. RAOBS was
measured in an inversion-recovery (IR) sequence (21) with
15 inversion times logarithmically spaced from 1 to
32000 ms, 10 s between each acquisition and the next
inversion pulse, and four averages.

The longitudinal relaxation rate, RAOBS 
 1/T1OBS, mea-
sured in an IR sequence is, in general, not equal to the
intrinsic longitudinal relaxation rate of water protons, RA,
due to MT exchange between the liquid and semisolid
pools. However, the relationship between RAOBS and RA

can be derived from the equation proposed by Henkelman
et al. (9):

RA � RAOBS �
RM0

B�RB � RAOBS	

RB � RAOBS � R
. [11]

Thus, independently measuring RAOBS makes it unnec-
essary to fit for RA, since it can be calculated using the
remaining two-pool model parameters.

For completeness, T2 relaxation data were acquired us-
ing a Carr-Purcell-Meiboom-Gill (CPMG) sequence (21,22)
with TE/TR 
 1/8000 ms, 3000 even echoes sampled, and
eight averages.

Samples

Initial validation experiments were performed on a
0.1-mM MnCl2 solution. Subsequent investigations were
conducted on samples of WT and shiverer mouse spinal
cord.

The shiverer mouse has an autosomal-recessive muta-
tion characterized by an almost complete lack of central
nervous system (CNS) myelin (23). This mutation is asso-
ciated with the onset of tremors at about the 12th day of
life, seizures at later times, and progressive deterioration
ending in an early death (24). The lack of myelin is attrib-
uted to the absence of a functional copy of the gene that
produces myelin basic protein (MBP), which accounts for
30–40% of the total protein in the myelin sheath (24).

Spinal cord samples were obtained from 10-week-old
female mice that were killed by an overdose of pentobar-
bital sodium. Immediately after excision the samples were
placed in nonprotonated, MR-compatible fluid (Flourinert;
3M, London, Canada) to prevent dehydration and reduce
susceptibility artifacts. The samples were stored in a 4°C
refrigerator prior to the MR experiments.

Fitting Procedure

MT parameters R, M0
B, T2

A, and T2
B were estimated by

nonlinear least-squares fitting of the model to the experi-
mental data according to the method described in Ref. 25.
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In contrast to Ref. 25, however, uncertainties in fitted
parameters were expressed in terms of the 95% confidence
interval (rather than 67%). In addition, when the upper
and lower bounds of the confidence region for a particular
parameter were determined, the remaining parameters
were kept constant and not reoptimized.

Comparison of Other Models

Following validation, the MAMT technique was used to
generate a pulsed MT dataset to be fitted using the models
of Sled and Pike (14), Ramani et al. (16), and Yarnykh (13).
Complete datasets consisted of 30 points (two RF ampli-
tudes � 15 offset frequencies logarithmically distributed
from 1.174 to 213 kHz). Two different pulsed MT se-
quences were simulated: one with 15-ms Gaussian pulses
(� 
 359°, 718°) and one with 30-ms Gaussian pulses of
equivalent average power (� 
 477°, 927°). Both MT se-
quences had a TR of 50 ms. These sequence parameters
were chosen based on their similarity to those typically
used in in vivo qMT protocols (7,13,14).

The MT parameters used in initial simulations were
those obtained in Refs. 11 and 26 for WM, which include
RB 
 1 s–1, RA 
 1.4 s–1, R 
 21 s–1, M0

B 
 13.3%, T2
A 


31.1 ms, and T2
B 
 10.4 �s. Simulations mimicking the

effects of the pathological process of demyelination were
also conducted. It is widely accepted that MT effects in
WM are primarily due to the exchange of magnetization
between water and myelin lipids (23). Therefore, we sim-
ulated the process of demyelination by linearly decreasing
the macromolecular proton fraction, M0

B, from 13.3% (nor-
mal WM) to 2% (complete demyelination) (25). According
to our previous work, the process of demyelination is
accompanied by increases in water T1 and T2 relaxation
times. As such, T1

A 
 1/RA and T2
A were simultaneously

increased up to 20% and 30% more than the normal val-
ues, respectively (25). The remaining MT parameters, such
as the MT exchange rate, R, and the transverse relaxation
time of the semisolid pool, T2B, were kept constant since
they do not vary significantly in WM pathologies (2,3,7). In
total, data were generated for 11 different combinations of
T1

A, T2
A, and M0

B. Thus, fits were performed on a total of
22 simulated datasets (11 datasets/sequence � 2 se-
quences).

In all fits performed on simulated data, the true value of
RA (i.e., the one used to generate the data) was entered into
the fitting procedure in advance. While it may seem im-
practical to provide the fit with the correct RA, this is
similar to most MT protocols, which supply data fits with
estimates of the longitudinal relaxation rate obtained in
independent IR experiments (12,20,27). By entering RA

into the fits, we are effectively simulating the case where
an error-free estimate of RAOBS is obtained.

Fitting procedures performed using the models of Sled
and Pike (14) and Ramani et al. (16), included all 30 of the
points within each dataset (which all had offset frequen-
cies above 1 kHz). With Yarnykh’s (13) approach, only
data points with offset frequencies greater than 2.5 kHz
were included. This is in agreement with the investigator’s
recommended cutoff frequency (in the range of 2–3 kHz),
which was assigned because this technique ignores the
direct saturation of the liquid pool.

In addition to these simulated data fits, which represent
the hypothetical situation of an infinite signal-to-noise
ratio (SNR), the three techniques were also used to fit
experimental data from shiverer and WT mouse spinal
cord samples.

RESULTS

The results of this investigation are presented and dis-
cussed in two parts. The first section describes the valida-
tion of the MAMT method, while the second describes the
comparison of the techniques used by Sled and Pike (14),
Ramani et al. (16), and Yarnykh (13). The results of the MT
experiments are depicted as plots of normalized signal
intensity (MZ

A/M0
A), vs. the offset frequency, �, with the

x-axis in logarithmic scale. Often referred to as a z-spec-
trum (28), such a plot is commonly used in reporting MT
findings.

Validation of the MAMT Technique

Initial experiments were performed on a 0.1-mM MnCl2

solution. For this aqueous paramagnetic solution there is
no macromolecular component, and the model therefore
consists only of the liquid pool (R 
 0, M0

B 
 0). This
sample was chosen as a control since the results obtained
do not represent MT, but only the direct effect of the
off-resonance irradiation on the liquid pool. This initial
experiment served to validate the mathematical formalism
used to describe the RF saturation pulses.

Pulsed MT measurements of the 0.1-mM MnCl2 solution
are shown in Fig. 1 for a single RF amplitude (on-reso-
nance flip angle, � 
 11490°). The solid line is the theo-
retical result, calculated directly using the measured re-

FIG. 1. Theory (solid line) vs. experiment (data points) for 0.1-mM
MnCl2. Pulse sequence parameters include 15-ms Gaussian pulses,
maximum RF amplitude, �1/2� 
 5.32 kHz, � 
 11490° and TR 

50 ms. Residuals are also shown.
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laxation times of the MnCl2 sample (T1 
 1.012 s; T2 

153 ms). At off-resonance frequencies above 1 kHz, the
calculated curve and the experimental data agree very
well. Below 1 kHz, the theoretical curve has sharp, oscil-
latory features that are not reflected experimentally. As a
result of this disagreement, data points at offset frequen-
cies below 1 kHz were excluded from fitting procedures
performed on pulsed MT data.

For further validation of the proposed approach to
pulsed MT modeling, the results of MT model fits per-
formed on CW and pulsed MT data (obtained from sam-
ples of WT and shiverer mouse spinal cord) were com-
pared. Figure 2 shows CW (a) and pulsed MT (b) data for
the WT spinal cord sample. The six sets of curves on each
plot correspond to six different RF saturation pulse ampli-
tudes. On the CW plot (a) the solid lines represent the fit of
Eq. [4] to the data, whereas on the pulsed MT plot (b) the
solid lines represent the fit of the MAMT technique. De-
tails of the fitting procedure are provided in Ref. 25. For
pulsed MT, data below 1 kHz are not shown.

Agreement between the fitted curves and the experimen-
tal data is good, with average residual deviations per point,
�, of 1.8% for CW MT data and 1.4% for pulsed MT data.
The MT parameters derived from fits to the experimental
data are summarized in Table 1a. Specifically, the ex-
change rate, R, the semisolid pool fraction, M0

B, and the
transverse relaxation times of the liquid and semisolid
pools, T2

A and T2
B, are shown. The longitudinal relaxation

rate of the semisolid pool, RB, is not presented since the
experimental data were not sensitive to this parameter.

Uncertainties in the fitted parameters are expressed in
terms of the 95% confidence interval. Since the confidence
intervals were not always symmetric, the upper and lower
limits are shown in parentheses. The longitudinal relax-
ation rates and transverse relaxation times obtained from
independent experiments (RAOBS, T2AOBS) were (1.04 � 0.1
s–1, 106 � 3 ms) and (1.29 � 0.1 s–1, 86 � 4 ms) for the
shiverer and WT samples, respectively.

Fitted parameters to pulsed and CW MT data agree
within stated uncertainties. This serves to validate the
MAMT technique. It is of note, however, that pulsed MT
fits obtained much higher estimates of the exchange rate,
R, with substantial uncertainty, as indicated by the width
of the 95% confidence region. In addition, the exchange
rate, R, and transverse relaxation time, T2

A, varied signif-
icantly in response to fitting different subsets of the data.
Table 1b shows the parameters estimated when only data
points corresponding to the two lowest RF amplitudes
(�1/2� 
 0.33, 0.17 kHz) were included in CW and pulsed
MT fits. RF amplitudes in this range are typical of in vivo
MT protocols. In the CW MT fits, values of R and T2

A were
approximately 30% larger than those estimated using the
entire data set. Values for the relative size of the semisolid
pool, M0

B, and transverse relaxation time, T2
B, however,

were independent of the choice of data points (less than
1% difference). With pulsed MT fits, changes in R and T2

A

occurred in the opposite direction: R decreased by about
80% and T2

A decreased by 30%. Once again, changes in
M0

B and T2
B were much less pronounced (�10%).

FIG. 2. (a) CW and (b) pulsed MT data for
WT mouse spinal cord. In plot (a) the solid
lines represent the fit of Eq. [4] to the data
points, and in plot (b) the solid lines repre-
sent the fit of the MAMT model. For pulsed
MT data the flip angle (�) of the Gaussian
pulses, rather than the maximum RF ampli-
tude (�1/2�), is indicated in the legend.

Table 1
Summary of Fitted MT Parameters

Sample
MT

experiment
R (s–1) M0

B (%) T2
A (ms) T2

B (�s)
�

(%)

a: �1/2� 
 5.34, 2.67, 1.34, 0.67, 0.33, 0.17 kHz
Shiverer CW 74 (58–97) 2.7 (2.3–3.2) 89 (60–134) 7.9 (6.9–9.0) 1.81

Pulsed 132 (60–205) 2.5 (2.2–2.8) 74 (57–97) 9.1 (7.7–10.6) 1.39
Wild type CW 70 (53–94) 4.3 (3.7–5.1) 55 (35–88) 8.4 (7.4–9.5) 1.81

Pulsed 121 (69–198) 3.9 (3.4–4.4) 50 (37–71) 9.6 (8.2–11.2) 1.44
b: �1/2� 
 0.33, 0.17 kHz

Shiverer CW 84 (62–120) 2.8 (2.6–3.0) 114 (83–158) 7.7 (6.0–9.9) 0.87
Pulsed 32 (24–52) 2.6 (2.5–2.8) 50 (41–64) 8.4 (7.2–9.9) 0.21

Wild type CW 82 (60–118) 4.4 (3.9–5.0) 74 (51–109) 8.5 (6.8–10.5) 0.89
Pulsed 24 (19–32) 4.3 (4.0–4.6) 35 (29–46) 9.3 (8.3–10.1) 0.23

*Upper and lower limits of the 95% confidence interval are shown in parentheses.
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Comparison of Other Models

Simulated z-spectra generated by the MAMT technique
(solid lines), using the parameters obtained in Refs. 11 and
26 for healthy WM, are shown in Fig. 3. For comparison,
z-spectra generated using the approximations of Ramani et
al. (16), Sled and Pike (14), and Yarnykh (13) are also
plotted. Simulated data for two different pulsed MT se-
quences are shown: one with 15-ms Gaussian pulses (se-
quence 1, plots a–c) and one with 30-ms Gaussian pulses
(sequence 2, plots d–f). Solid lines are the MAMT predic-
tions, while the data points are the predictions of the
other, more approximate models. Each plot contains two
sets of curves that correspond to two different RF satura-
tion pulse amplitudes (�1/2� 
 0.33, 0.17 kHz).

A dashed line on each plot indicates a cutoff off-reso-
nance frequency. Points below this cutoff were excluded
from fitting procedures performed on both simulated and
experimental pulsed MT data. As indicated, data fits per-
formed using the models of Sled and Pike (14) and Ramani

et al. (16). excluded any points below 1 kHz. This 1-kHz
cutoff was chosen due to the findings of the previous
section (see Fig. 1), since it would be inappropriate to
evaluate these techniques in a region where even the
MAMT model did not agree with the data. Since it did not
account for the direct effect, Yarnykh’s (13) model had an
even higher cutoff of 2.5 kHz.

The average deviation from the MAMT model per
point (�) is shown in the bottom right corner of the plots.
For completeness, two values of � are indicated: �1kHz

includes all points with offset frequencies above 1 kHz
in the calculation, and �2.5 kHz includes all points above
2.5 kHz.

Of the three techniques, Sled and Pike’s (14) was the
most similar to the MAMT model. The other two models
agreed with it poorly at low offset frequencies, but gradu-
ally improved with increasing offset frequency, �. Below
approximately 1 kHz, Ramani et al.’s (16) CWPE approxi-
mation consistently underestimated the MAMT model. In

FIG. 3. Comparison of the pulsed MT mod-
els of (a and d) Sled and Pike (14), (b and e)
Ramani et al. (16), and (c and f) Yarnykh (13)
to the MAMT model (solid lines). Plots (a–c)
are a simulation of sequence 1 (15-ms
Gaussian pulses, 50-ms TR), and plots (d–f)
are a simulation of sequence 2 (30-ms
Gaussian pulses, 50-ms TR). Each plot con-
tains two sets of curves that correspond to
two different flip angles (sequence 1: � 

359°, 718°; sequence 2: � 
 477°, 927°).
Average residual deviations per point from
our model are shown: �1kHz includes all
points above 1 kHz in the calculation, and
�2.5kHz includes all points above 2.5 kHz. On
each plot a dashed line indicates the cutoff
off-resonance frequency below which all
data points were rejected from fitting proce-
dures.
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contrast, Yarnykh’s (13) approach consistently and signif-
icantly overestimated it.

Parameter estimates obtained from fitting the simulated
MAMT datasets using the three techniques are plotted in
Fig. 4. The true parameter values (i.e., the ones used to
generate the data) are indicated by dashed lines superim-
posed on each plot. While there are differences in esti-
mates of R, T2

A, and T2
B, estimates of M0

B were remarkably
similar among the three techniques, never deviating by
more than 6% from the correct value. In general, Sled and
Pike’s (14) model produced the most accurate parameter
estimates. Ramani et al.’s CWPE approximation consis-
tently underestimated the MT exchange rate, R, (by
roughly 15%) and overestimated the transverse relaxation
time of the liquid pool, T2

A (by about 12%). Yarnykh’s (13)
approach consistently overestimated R and T2

B, with the
amount of error decreasing exponentially with increasing
values of the semisolid pool fraction, M0

B.
Fitted MT parameters for the experimental spinal cord

data are summarized in Table 2. Results are shown for
each of the three techniques as well as the MAMT model.
For completeness, parameters obtained by Yarnykh’s (13)
model when all points above 1 kHz were included in the fit
are also shown.

As with the simulated data, estimates of M0
B, the mac-

romolecular proton fraction, were very similar for all four
models. Fitted values for the semisolid pool transverse
relaxation time, T2

B, were also very close. In general, pa-
rameters estimated by Sled and Pike’s (14) model were
closest to those obtained using the MAMT technique. The
CWPE approximation resulted in lower estimates of the
MT exchange constant, R, and longer values of the liquid
pool transverse relaxation time, T2

A. With all data points
above 1 kHz included, Yarnykh’s (13) model did not per-
form as well. The quality of the fit was reduced (higher �)
and the MT exchange rate, R, was significantly overesti
mated (with substantial uncertainty), particularly in the
shiverer mouse. The transverse relaxation time of the semi-
solid pool, T2

B, was also overestimated. However, perfor-
mance improved with the 2.5-kHz cutoff.

DISCUSSION

qMT techniques provide specific information about tissue
microstructure. qMT parameters such as the semisolid

pool fraction, M0
B, the MT exchange rate, R, and the semi-

solid pool transverse relaxation time, T2
B, are independent

of experimental conditions such as the MT saturation
scheme (9) or the external magnetic field (9,29). Therefore,
they provide an objective measure of tissue pathology and
are sensitive to changes in tissue microstructure. In par-
ticular, the semisolid pool fraction, M0

B, is an indirect
measure of myelin content in WM (3), whereas the MT
exchange rate, R, and the semisolid pool transverse relax-
ation time, T2

B, may reveal changes in the macromolecular
composition of tissue. It is therefore important to deter-
mine MT parameters accurately and, if possible, without
bias. In addition, data analysis should be computationally
efficient, so that estimation of the MT parameters at every
voxel in an image or region of interest (ROI) is feasible (14).
To meet the latter requirement, many approaches use ap-
proximations that simplify and speed up the solution of
the modified Bloch equations. It is, however, important to
evaluate whether mathematical simplifications, which are
used to reduce the computational time, result in unphysi-
cal estimates of the MT parameters. This was the rationale
for this investigation.

Validation of the MAMT Model

Results obtained from validating the MAMT model high-
light several issues that require consideration. First, the
discrepancy between the model and the MnCl2 data at low
off-resonance frequencies (� � 1 kHz) must be addressed.
This disagreement was observed previously (25) and can
be explained as follows:

During an MT saturation pulse, liquid pool magnetiza-
tion precesses in a cone about the rotating frame effective
magnetic field, Beff. This leads to transient oscillations of
both transverse and longitudinal magnetization, known as
Rabi oscillations, which decay as the cone of precession
tightens around Beff (30). If the MT saturation pulses are
not long enough for the Rabi oscillations to decay com-
pletely (�5T2�), oscillations will be observed in the z-
spectrum. Considering that the saturation pulses used in
this investigation were only 15 ms long, it is surprising
that no oscillations appear in the experimental data. Some
oscillations were, however, observed in an experiment
with a smaller MnCl2 sample (0.1 mL, instead of 5 mL).
This suggests that the discrepancy in Fig. 1 may be due to

Table 2
Summary of Fitted MT Parameters

R (s–1) M0
B (%) T2

A (ms) T2
B (�s)

�
(%)

a: Wild type spinal cord
Sled and Pike (14) 25 (19–60) 4.3 (4.0–4.5) 36 (29–47) 9.3 (7.9–10.9) 0.23
Ramani et al. (16) (CWPE) 20 (17–25) 4.3 (4.1–4.6) 40 (31–54) 9.4 (8.0–11.1) 0.25
Yarnykh (13) (2.5 kHz cutoff) 54 (28–184) 4.0 (3.7–4.4) n/a 9.3 (7.5–11.5) 0.30
Yarnykh (13) (1 kHz cutoff) 84 (30–554) 4.0 (3.4–4.7) n/a 10.9 (7.6–16.1) 0.67
MAMT 24 (19–32) 4.3 (4.0–4.6) 35 (29–46) 9.3 (8.3–10.1) 0.23

b: Shiverer spinal cord
Sled and Pike (14) 34 (24–60) 2.6 (2.4–2.8) 52 (42–67) 8.4 (7.2–9.9) 0.21
Ramani et al. (16) (CWPE) 26 (20–34) 2.6 (2.5–2.8) 57 (46–75) 8.5 (7.2–10.1) 0.22
Yarnykh (13) (2.5 kHz cutoff) 176 (45–500) 2.4 (2.2–2.6) n/a 8.4 (7.0–10.5) 0.27
Yarnykh (13) (1 kHz cutoff) 1070 (71–5000) 2.3 (1.9–2.7) n/a 9.8 (7.0–13.9) 0.73
MAMT 32 (24–52) 2.6 (2.5–2.8) 50 (41–64) 8.4 (7.2–9.9) 0.21

n/a 
 parameter not estimated.
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inhomogeneities in the B1 and B0 magnetic fields, which
have a smoothing effect. Such smoothing is a particular
problem in sequences like the one used in the present
study and Ref. 25. Since these sequences lack spatial en-
coding, the signal obtained is integrated over the entire
sample and therefore reflects an average over a range of
experimental conditions. Similar difficulties were, how-
ever, encountered by Sled and Pike (14), whose protocol,
unlike ours, involved both spatial encoding and B1 field
mapping. Surprisingly, though, the problem was reversed,
in that oscillations were observed experimentally at low
off-resonance frequencies (�800 Hz) but were not pre-
dicted by the model used.

In any event, these findings indicate that in pulsed MT
experiments it is difficult to model the behavior of magne-
tization at low off-resonance frequencies. In the presence
of field inhomogeneities, accurate modeling at low offset
frequencies requires a complete characterization of the B1

and B0 field distributions throughout the sample. For the
sake of simplicity, however, it is much more desirable to
apply a 1-kHz cutoff to fitting procedures. This should not
pose a problem since signal changes at these low offset
frequencies occur largely due to direct saturation of the

liquid pool and are likely independent of the sample’s MT
properties (14).

Additional systematic differences between the model
and the data were observed at large saturation pulse am-
plitudes and large offset frequencies in both CW and
pulsed MT fits. These differences were also observed pre-
viously (17,25) and are likely a result of using a two-pool
tissue approximation. It has been suggested that the two-
pool model may not be an appropriate description for MT
in neural tissues, as T2 relaxation studies indicate that
transverse magnetization within WM does not decay mo-
noexponentially (31). In particular, WM is known to ex-
hibit two T2 decay time constants: one associated with
water in the intra-/extracellular space (70 ms � T2 �
200 ms) and one attributed to water within the myelin
sheaths (10 ms � T2 � 50 ms) (32). Since there are two
separable T2 components within WM, a number of inves-
tigators have proposed a four-pool model for MT in which
two pools of water protons, each with their own set of T1

and T2 relaxation times, exchange with one another and
with their respective macromolecular pools (25,31). The
complete system consists of a total of 15 parameters (com-
pared to the six parameters of the two-pool system).

FIG. 4. Estimates of (a) R, (b) M0
B, (c) T2

A,
and (d) T2

B obtained from fitting simulated
pulsed MT data, which were generated us-
ing the MAMT model. The x-axis shows the
values of M0

B that were used to generate
each dataset. A dashed line on each plot
indicates the correct parameter values. The
legend is in the upper left plot (a). Plot C
does not show T2

A estimates obtained using
Yarnykh’s (13) approach, since it did not
estimate this parameter.

FIG. 5. Comparison of the CWPE and
MAMT models to experimental data with MT
saturation pulse flip angles of (a) 718° and
(b) 5745°.
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Although the four-pool model has demonstrated im-
proved agreement with experimental data (25), using this
system involves nearly tripling the number of fitted param-
eters. In order to accurately constrain these additional
parameters, many more data points would have to be col-
lected. For a four-pool model fit to CW MT data, Ref. 25
reported an average residual deviation per point, �, of
1.2%, compared to the 1.8% deviation observed in this
study. This small difference does not provide sufficient
information with which to effectively determine nine
more MT parameters. As such, parameter couplings and
physically unreasonable parameter estimates are likely to
result.

This is not to say, however, that a complete character-
ization of the four-pool model does not provide useful
information. Nevertheless, the data obtained from typical
MT experiments, which measure longitudinal magnetiza-
tion following several seconds of off-resonance irradiation,
are not sufficient to perform this task. A much wider range
of experimental data is required, which can be obtained by
collecting MT data in the transient state (using shorter
saturation pulses) and combining MT with CPMG (25). On
the time scale of typical MT experiments, complete mixing
occurs between the various liquid T2 components. In this
context, the T2 components may be viewed to merge, form-
ing a single pool with a T2 relaxation time equal to the
reciprocal of the mean transverse relaxation rate (i.e., �R2�–

1). Therefore, models like the ones discussed in the present
study, which account for only a single liquid pool with a
single T2 value, are able to fit typical (steady-state) MT data
reasonably well.

Fitted parameters estimated using the MAMT model
agreed, within stated uncertainties, with parameters ob-
tained from the “gold standard” CW MT data. However, no
estimate of the longitudinal relaxation rate of the semi-
solid pool, RB, was obtained, since the quality of the fit was
not sensitive to this parameter. The inability to constrain
RB is consistently noted throughout the MT literature
(2,3,7,9) and is a result of model insensitivity to this pa-
rameter, given the limited extent of experimental data.

It was also observed that relative to CW MT, pulsed MT
data fits obtained much higher estimates of the exchange
rate R, with substantial uncertainty. To determine whether
this was a result of excluding data points below 1 kHz from
fits to pulsed MT data, CW MT fits were repeated with the
same cutoff frequency. This did not improve the agree-
ment.

Of additional concern is the variability in the exchange
rate, R, and transverse relaxation time, T2

A, that occurred
when different subsets of the experimental data were in-
cluded in the fits. A number of factors may contribute to
this inconsistency. The experimental data are less sensi-
tive to R and T2

A, and these parameters may be affected by
systematic errors between the model and the data, which
can vary depending on the choice of off-resonance fre-
quency and RF power. Interestingly, however, a compari-
son of parameters in the shiverer and WT samples shows
that the general trend in R and T2

A is consistent regardless
of the experiment (pulsed or CW) or the data points in-
cluded (i.e., no significant change is observed in R, and T2

A

is increased in the shiverer sample). Thus, values of R and

T2
A may be comparable across different samples or ROIs,

provided the data are collected with identical protocols.
Further comparison of the two samples reveals that es-

timates of the fractional size of the semisolid pool, M0
B are

consistently about 35% larger in the WT sample. This
supports the hypothesis that this parameter is correlated
with myelin content (3). In addition, longer transverse
(T2

A, T2
A

OBS) and longitudinal relaxation times (RAOBS
–1)

were observed in the shiverer spinal cord. This observa-
tion is consistent with the principle that relaxation is
enhanced by the immobilization of tissue water on the
surface of macromolecules (33).

Comparison of Other Models

The comparison of the techniques used by Sled and Pike
(14), Ramani et al. (16), and Yarnykh (13) revealed that the
approximations used in pulsed MT modeling are generally
quite robust. Within the range of offset frequencies in-
cluded in the data fits, all three of these approximate
models were roughly consistent with MAMT predictions
(see Fig. 3). However, with Ramani et al’s (16) CWPE
approximation and Yarnykh’s (13) approach, which both
have more restrictive approximations, some systematic de-
viations were visible.

In particular, the mean residual deviation per point be-
tween the CWPE approximation and the MAMT model
was decreased for the sequence with the longer MT pulse
(and shorter interpulse spacing). This is not surprising,
since a sequence with a larger duty cycle is more similar to
a CW saturation scheme. Below approximately 2 kHz,
Yarnykh’s (13) model consistently overestimated MAMT
predictions. This is obviously a result of neglecting the
direct effect.

In spite of these differences, results suggest that the
semisolid pool fraction, M0

B, and transverse relaxation
time, T2

B, can be evaluated with reasonable accuracy re-
gardless of the model used. In contrast, estimates of the
exchange rate, R, and transverse relaxation time, T2

A, were
model dependent. It is worth noting, however, that, the
differences in R and T2

A estimates between the WT and
shiverer samples were generally consistent (with all tech-
niques other than Yarnykh’s (13)). Even so, given the de-
pendence on the experimental conditions and the diffi-
culty in constraining these parameters with even the
MAMT model, any interpretation based on R and T2

A

should be made with caution.
The reduced accuracy of parameters estimated by

Yarnykh’s (13) technique when all data points above 1 kHz
were included in the fit (see Table 2a and b) highlights the
importance of an appropriately chosen cutoff offset fre-
quency. It is therefore necessary to consider whether a
change in the experimental conditions (e.g., RF power and
field strength) could shift the location of the cutoff. In the
case of Yarnykh’s (13) approach, the 2.5-kHz cutoff was
chosen because it was sufficiently far from resonance to
ensure that the direct effect was, in fact, negligible. If the
direct effect were to persist at higher offset frequencies, the
cutoff would have to be increased. This is similarly true of
Ramani et al’s (16) CWPE approximation, although it may
not be as obvious, since this technique does take direct
saturation into account.
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The limitations of the CWPE model are illustrated in Fig.
5. Figure 5a shows the experimental pulsed MT data from
the WT mouse spinal cord sample, along with theoretical
z-spectra generated by the MAMT and CWPE techniques.
Also plotted is the fractional decrease in longitudinal mag-
netization (MZ

A) that resulted only from direct saturation of
the liquid pool (i.e., direct effect). Only points with offset
frequencies above 1 kHz are included in the figure. Since
the component of signal loss that occurs solely due to
direct saturation cannot be determined experimentally,
the direct effect curve was simulated using the MAMT
model. This model has been demonstrated to predict ex-
perimental data reliably at offset frequencies greater than
1 kHz. Therefore, it stands to reason that the direct effect
predictions shown in Fig. 5 are accurate.

In Fig. 5a the MAMT model and the experimental data
agree throughout the entire range of offset frequencies
shown (� � 1 kHz). However, the CWPE approximation
does not converge with the data until � � 5 kHz (dotted
line). As indicated by the plot of the direct effect, within
this range of offset frequencies (� � 5 kHz), direct satura-
tion is responsible for less than 1% of the reduction in MZ

A.
Figure 5b shows a similar set of z-spectra, but with a flip

angle, �, of 5745°. With the larger flip angle the direct effect
is not reduced to 1% until � � 12 kHz. As before, the
MAMT model and the experimental data agree. However,
the region of agreement between the CWPE model and the
data has shifted, along with the direct effect, to � � 12 kHz
(dotted line). As such, in the event that a larger flip angle
is chosen for the saturation pulse, unlike the MAMT tech-
nique, both Yarnykh’s (13) model and the CWPE approx-
imation will require an increased cutoff frequency. Varia-
tions in relaxation properties (increased T1 and/or de-
creased T2), such as those induced by changes in field
strength or the use of contrast agents, could also cause the
direct effect to persist at higher offset frequencies. There-
fore, in these cases a reassessment of the cutoff may also be
necessary.

The behavior of the CWPE approximation may be ex-
plained by its adequacy in describing the behavior of the
semisolid pool, but inability to characterize the liquid
pool. As the direct effect diminishes, changes in the MRI
signal are no longer a result of saturating water protons.
Thus, signal intensity is less dependent on the poorly
characterized behavior of liquid pool magnetization. In the
absence of the direct effect, signal changes are solely due
to the transfer of magnetization to the semisolid pool,
whose behavior is accurately characterized by the CWPE
model. Indeed, the semisolid pool, with its extremely
short T2 relaxation time, may be easier to model since any
transverse magnetization produced by an RF pulse is neg-
ligible and the concept of a flip angle does not apply (15).
Under these circumstances, the only effect of RF irradia-
tion is a depletion of the longitudinal magnetization.

Although the MAMT model and Sled and Pike’s ap-
proach are more effective at characterizing liquid pool
behavior, a 1-kHz cutoff was still assigned due to theoret-
ical oscillations, which were not reflected experimentally.
A similar analysis of the effects of experimental conditions
and relaxation properties on the position of this cutoff is
therefore necessary. This requires a more detailed expla-
nation of the phenomenon of z-spectrum oscillations.

The fact that the oscillations in Fig. 1 subside by 1 kHz
is a result of the Gaussian-shaped MT saturation pulses.
During these amplitude-modulated pulses the rotating
frame effective magnetic field, Beff, is not stationary (as the
RF amplitude increases, Beff tips towards the transverse
plane; when it decreases, Beff tips back to the z-axis). If this
movement of Beff occurs slowly enough, then, rather than
precessing around it, the magnetization becomes “spin
locked” and simply follows the direction of the effective
magnetic field (34). Without the precession there are no
Rabi oscillations, and hence there are no oscillations in the
z-spectrum. For the Gaussian pulses used in this investi-
gation, the conditions for spin locking are fulfilled at an
offset frequency of 1 kHz. With this value of �, the z-
component of the effective magnetic field is large enough
that the discontinuity in the direction of Beff, which occurs
at the start of each RF pulse, is minimal. Thus, the move-
ment of Beff is slow enough that the magnetization becomes
spin locked and is restored along the z-axis at the end of
the pulse.

The effect of experimental parameters and relaxation
properties on the cutoff frequency can be determined ac-
cording to the explanation above. The fulfillment of the
conditions for spin locking is not affected by T1 and T2

relaxation times. Therefore, variations in relaxation prop-
erties will not shift the cutoff frequency. Increases in RF
power could have an effect, but, as demonstrated by Fig. 1,
even with a flip angle of 11490°, the 1 kHz cutoff is suffi-
cient. A more noticeable effect would be observed with a
change in the shape of the MT saturation pulses. In exper-
iments conducted with rectangular pulses, for instance,
the discontinuity in Beff at the start of the pulse was never
small enough to allow spin locking, and the oscillations
were observed to persist well past 1 kHz. This problem
can, however, be avoided with the careful selection of MT
saturation pulses.

In summary, the cutoff frequencies assigned in this in-
vestigation were suitable for the RF saturation pulse am-
plitudes typically used in clinical MT protocols, and the
range of MT parameters typically encountered in both
normal and diseased WM. However, as demonstrated by
the discussion above, under different experimental condi-
tions a reevaluation of the assigned cutoffs may be neces-
sary, particularly with the more approximate techniques of
Ramani et al. (16) and Yarnykh (13).

It should also be noted that pulsed MT models other
than the ones investigated here do exist, but were not
selected for inclusion in this study. In particular, in a more
recent publication, Yarnykh and Yuan (20) proposed a
variant of the previous Yarnykh (13) model that contains
an additional term to account for the direct effect. The
model is still, however, only correct for relatively high
offset frequencies, since the added term does not account
for the rotation of the liquid pool magnetization that oc-
curs closer to resonance. Therefore, we believe that a full
investigation of this slightly modified technique was not
warranted in this study. In addition, Helms and Hagberg
(35) and Gochberg and Gore (36) proposed models for the
analysis of pulsed MT data that were not considered here
because they are not directly applicable to the z-spectros-
copy experiments used in this investigation.
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CONCLUSIONS

The present study shows that with the proper precautions,
the semisolid pool fraction, M0

B, and transverse relaxation
time, T2

B, can be accurately estimated even with a high de-
gree of approximation. Reported values of these parameters
may now be compared directly, regardless of the model that
was used to obtain them. The stability and reliability of M0

B

estimates is particularly encouraging, since it is an MT pa-
rameter that has a true biological meaning (i.e., the relative
number of hydrogen protons that are bound to macromole-
cules) and may directly reflect tissue composition (37). Fur-
thermore, M0

B has been observed to change dramatically in
WM pathologies, particularly demyelination.

Some more caution may be required for the interpreta-
tion of the MT exchange rate, R, and the liquid pool trans-
verse relaxation time, T2

A, since these parameters are
poorly constrained by the data and depend on the exper-
imental protocol, as well as the model used to estimate
them. The exchange rate, R, however, has demonstrated
limited sensitivity to WM pathology (2,3,7). Although the
transverse relaxation time, T2

A, does change with disease,
transverse relaxation properties of liquid pool magnetiza-
tion can always be investigated with conventional spin-
echo experiments.

In this study we have focused on the use of pulsed MT
models for the evaluation of WM disease. There is, however,
increasing interest in using MT to evaluate pathologies in
other tissues (e.g., cartilage (38) and cancer (39)). Since the
MR properties and MT phenomena differ among such tis-
sues, the validity of the approaches studied and the implica-
tions of the results would have to be reevaluated.
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