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A method for analyzing general pulsed magnetization transfer
(MT) experiments in which off-resonance saturation pulses are inter-
leaved with on-resonance excitation pulses is presented. We apply
this method to develop a steady-state signal equation for MT-
weighted spoiled gradient echo sequences and consider approxima-
tions that facilitate its rapid computation. Using this equation, we
assess various experimental designs for quantitatively imaging the
fractional size of the restricted pool, cross-relaxation rate, and T, and
T, relaxation times of the two pools in a binary spin bath system.

transfer magnetization either by chemical exchange or dipol
magnetic interactionl@).

A number of authors have proposed MT imaging technique
that yield intrinsic properties based on the binary spin bat
model. Quessoret al. (13, 149 have described a technique
similar to an NMR experimentlf) in which continuous-wave
off-resonance irradiation is used to prepare the magnetizati
before performing conventional imaging. Lee and Daghéy (

From experiments on agar gel, this method is shown to reliably and
accurately estimate the exchange and relaxation properties of a ma-
terial in an imaging context, suggesting the feasibility of using this

proposed a similar technique with fewer measurements th
yields only the fractional size of the restricted pool. An alter:
nate technique, yielding all of the parameters of the binary sp

technique in vivo.  © 2000 Academic Press
Key Words: magnetization transfer; cross-relaxation; quantita-
tive imaging; magnetic resonance imaging.

bath model, described by Chat al. (17) measures the ap-
proach to steady state for trains of binomial pulses of varyin
duty cycle and duration. Another method recently described t
Gochberget al. (18) saturates the restricted pool by successiv
inversions of the free pool so as to estimate the fractional si:
of the restricted pool and relaxation properties of the free poc
The challenges of developing a clinical imaging techniqu
Magnetization transfer (MT) provides a form of contrast thdbat yields exchange and relaxation properties based on t
allows one to indirectly observiH atoms whose resonance ioinary spin bath model are threefold. First, one needs to forg
too short to be observed using conventional MR imagingie use of continuous-wave irradiation, which is not widely
Initially developed for biological applications as an NMRavailable, and the large power deposition that is typical c
experiment {), MT contrast has since been incorporated intoldIMR experiments. Second, sufficient data to constrain a
variety of imaging technique2{5. Many of these use so- aspects of the model need to be collected within a relative!
called magnetization transfer contrast ratios (MTR) to reprehort period, such as half an hour. And third, a computationall
sent the signal change induced by MT. While MTR techniquedficient model of the experiment is needed so that estimatic
are quantitative, the usefulness of these ratios is limited b the model parameters at every voxel becomes feasib
their dependences on the specific details of the pulse sequexisting methods either do not meet all of these criteria or yiel
and imaging hardwares). Furthermore, clinical limitations on only a subset of the relaxation parameters.
power absorption preclude completely saturating the restrictedn this work we describe a method for analyzing genere
pool so as to simplify the interpretation of the daia?). pulsed MT experiments in which off-resonance saturatio
NMR experiments employing continuous-wave (CW) offpulses are interleaved with on-resonance excitation (imagin
resonance irradiation to create MT contrast have been usegtdses. We apply this method to develop a signal equation f
characterize a variety of materials in terms of their intrinsiT-weighted spoiled gradient echo sequences and consic
relaxation properties8( 9). These methods are based on approximations that facilitate its rapid computation. Using thi
binary spin bath modellQ, 17 in which protons belong to equation, we assess various experimental designs for imagi
either a free pootH;, consisting primarily of hydrogen boundthe fractional size of the restricted pool, cross-relaxation rat
to water, and a restricted podH,, consisting of hydrogen andT, andT, relaxation times of the two pools. In doing so,
bound to larger molecules. The two pools are assumedwe demonstrate the feasibility of using conventional MT-

1. INTRODUCTION
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weighted MRI pulse sequences to rapidly produce quantitatiwdereG is the lineshape function for the restricted pool. Whei
images of the exchange and relaxation properties within &nis a Lorentzian, the behavior of the system approximates th

object. of the Bloch equations for small,, (20). Gaussian lineshapes
have been found appropriate for solids and g&B @s have

2. METHODS super-Lorentzians for tissue®1). If the system is assumed to

be in steady state then irradiation patterns more complex th

2.1. Modeling Pulsed MT Sequences a continuous wave can be accounted for by summing t

) ) _ transition rates of the various spectral compone2gs 23.
We have employed a binary spin bath model to predict the g, g tficiently short pulses the approximation that the ma

behavior of materials in pulsed MT experiments. In this apyetization of the restricted pool is constant during a repetitio
proach, the magnetization of the free pool is described by tB@riod of a pulse sequence may not be satisfactory. In su

Bloch equations while that of the restricted pool is modelegycymstances the transition rate will be time varying. Treatin
using the Redfield-Provotorov theoryd. A first-order raté e restricted pool as a causal linear system, the lineshape ¢
constant governs exchange between the two pools. be interpreted as the real part of a complex susceptibili

For experiments on clinical scanners the timescale is shqifction from which the impulse response of the system |
enough and the irradiation is weak enough compared to %d”y computed to be

main magnetic fieldB, that the Zeeman and dipolar terms in

the Hamiltonian have their own associated temperatures. Ex- 5 (=

pressed as_flve_ co_uplgd differential equations the behavior of g(t) = = G(A)cogAt)dA, t> 0. [7]
the magnetization is given by ™ .

dM, _ My Convolving this response function with the instantaneous irr:
= AMyf |m(a)1)|\/|zf [1] .. . . . .
dt LPY ' diation power yields the time-varying transition rate
dMy M, ¢ B )
gt = T T AMy ot Re(wy) My [2] W(D) = mi(t) * g(b). [8]
dM,; However, for shaped MT pulses with bandwidths narrow con
dt Ri(Mos = Myy) = kiMy¢ + kM, pared to the linewidth, the transition rate can be approximate
as
+ lm(wl) Mx,f - Rdwl) My,f [3]
dM,, W(D) = m03(H)G(A), [9]
dt = Rl,r(MO,r_ Mz,r) - ker,r
whereA is the center frequency of the off-resonance irradia
+ kaz,f - WMz,r + WB’ [4] tion.
/ 2 While we propose Eqgs. [1]-[5] and [9] as an accurate mod
dg 27A 1 . ; . . .
5t = Wi o (M, — B') — T B’, [5] for describing pulsed MT experiments, in practice using thes
D

ordinary differential equations to estimate the parameters of tl
spin bath model from experimental data is computationall
where the subscripts f and r denote the free and restricted paateasible. Given that one needs to construct a series of exp
and the subscripts y, andz denote the various components ofments in order to completely characterize the binary spin ba
a magnetization vectorg is the inverse spin temperaturemodel and that, due to the complexity the model, the process
associated with the dipolar order of the restricted pdglis estimation is inevitably iterative, one may need to numericall
the dipolar relaxation timew, = yB;, the excitation field solve these equations upward of ten million times for al
strength, is complex and time varying for general pulses witfhaging protocol. In subsequent sections we describe a numt
a circularly polarized coil. The parametris related to the of approximate solutions to these equations that lend ther
linewidth of the restricted poollQ); for a Gaussian lineshapeselves to rapid computation. These approximations were ma
this is given byD? = 1/3T3,. By definition,k, = k/F, where in view of the experiments that we describe briefly in the
F = M, /M is the ratio of the pool sizes. following section.
The transition rat&V for the saturation of the restricted pool
is given for CW experiments in the absenceBgffield gradi 2.2. Outline of Experiments

ents by We have validated our signal equation using two acquisitio

, strategies and various concentrations of agar gel, a mater
W= 70iG(4), [6] whose MT properties have been well characteriZé) by the
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TABLE 1 solution for a period of continuous-wave excitation followec
Model Parameters for 2, 4, and 8% Agar Based on CW by a period without saturation yields the responses to &
Experiments Reported by Henkelman et al. (15) off-resonance rectangular pulse. Furthermore, different a

proximate solutions can be used for the two pools.

2% agar 4% agar 8% agar . .

09 °a9 0 a9 Since the behavior of the free pool near resonance tends
K 09+01s? 18+02s! 39+05st be complicated, neither a continuous-wave nor a rectangul
F 0.0051+ 0.001 0.011+ 0.002 0.022+ 0.004 pulse approximation is satisfactory. Instead we modeled tt
Ru; 051+ 0.07 s' 0.70+0.10 s! 1.08+0.16 s’ effect of an MT pulse on the free pool as an instantaneot
Rus 1x1ls L=1s L=1s fractional saturation of the longitudinal magnetization. This
Tos 63+ 8ms 32+ 4ms 16+ 2 ms . . . . .
T 12.9+ 0.1ps 12.9+ 0.1 s 12.9+ 0.1 s saturation fraction is computed by simulation of the Bloct

o 9+ 0. 9+ 0. 9+ 0.

equations taking into account the pulse envelopeTandecay

Note.The corresponding values B> were 0.49+ 0.02, 0.68+= 0.03, and but neglecting exchange with the restricted pool & re-
1.14* 0.05 s*, respectively. covery. Neglecting these terms is compensated for by inclu
ing Ry recovery and exchange in the adjacent stages of tl

) ] ) ) ) sequence. This approach is taken to uncotipldrom R, ; and
binary spin bath model with a Gaussian lineshape for the i s |imiting the number of parameters that the saturatic

restricted component and neglecting the dipolar reservoir. Thgtion depends on. With the saturation fraction only depent
model parameters reported by Henkelneral. (15) at 1.5 T g o0, for a particular pulse envelope, these fractions whicl

for 2, 4, and 8% agar are given in Table 1. are relatively expensive to compute are computed in advan
We performed two types of experiments on agar gels. TA&q reused in subsequent calculations.

first, which we call a magnetization transfer prepared (MTP) \ye considered two models for the restricted pool, one i

sequence, consists of a train of shaped off-resonance pulgggeh it experiences continuous-wave excitation of equivaler

that drive the system into steady state after whichimag- 4yerage power and another in which the MT pulse is replace

netization of the free pool is measured using a 90° pulse. Phage, rectangular pulse having equivalent average power an

cycling (24) rather than RF spoiling is used to select the FID Qfiigh equal to the full width at half-maximum of the instan-

the 90° pulse making this experiment analogous to the NMBnequs pulse powes?(t). While we investigated taking into
experiments described ia%), in which a period of continuous- o-ount the bandwidth of the shaped pulses in the form

wave irradiation was used to drive the system into steady Stf’%del, we found this correction to be negligible for thes:
before measurement with a 90° pulse. experiments.

The second type of experiment, a spoiled gradient echoan aqgitional variation we considered was to neglect th
sequence (MTSPGR), has an MT pulse followed by a slicgio\ar term in the Hamiltonian. Altogether, this gave us fou

selective low-angle excitation pulse and readout at every refingels to evaluate, two variants of the signal equation ea
etition. RF spoiling and crusher gradients are used to diSpefgg, and without the dipolar term. For each of these models t+

transverse magnetization produced by the MT pulses and pigzitation pulse was incorporated as an additional fraction
vent the formation of stimulated echoes. When comparing tgration of the free pool and, due to its lower power, was n

two types of sequences we refer to the repetition period for thghgigered for the bound pool. The formulas for the stead

MT pulse (Twr) which for the MTSPGR sequence is same agte magnetization are given in the Appendix.
the repetition time of the excitation (TR).

2.3. A Signal Equation for Pulsed MT Sequences 2.4. Numerical Simulations

One can predict the outcome of a pulsed MT experiment by Numerical simulations were used to investigate two aspec
numerically solving the ordinary differential Egs. [1]-[5] ovenf our methodology. The first was to determine how closely th
a time interval long enough for a steady state to establish. Warious signal equations predict the results of the numeric
use this method as the standard to evaluate various apprakinulations, which we assume to be correct. The second was
mate signal equations. Following the derivation @6)(we determine which pulse sequence designs yield the best prec
decomposed the pulsed sequences into a number of stages. While we did not exhaustively pursue the latter, wi
which have simple exact or approximate solutions to tHeoked at the five pulse sequences for which experimental de
ODEs. Concatenating these solutions together and solvingakre also collected. Simulations with and without the dipola
gebraically for the magnetization in steady state yields a sigriatms were made for each of three materials having the pro
equation that can be rapidly computed. erties of 2, 4, and 8% agar given in Table 1. These simulatiol

Three cases having simple solutions to the differential equaere also used to assess bias in the parameter estimat
tions are those of instantaneous pulsed excitation, continuoteshnique described in Section 2.6.
wave excitation, and free precession. These solutions can b&he numerical simulations were computed using a standa
combined in a number of ways. For example, concatenating tB®E solver in which the simulation was stopped when th
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TABLE 2
Summary of Experiments Using Spatial Encoding of MT Offset Frequencies
Experiment Type TR Pulse duration MT pulse angles Excitation angl
| MTP 15ms 10.24 ms 219° 438° 657° 90°
I MTP 50 ms 30.72 ms 693° 1386° 2079° 90°
I MTSPGR 50 ms 10.24 ms 400° 800° 1200° 10°
\Y, MTSPGR 50 ms 30.72ms 693° 1386° 2079° 10°
\% MTSPGR 25 ms 10.24 ms 283° 566° 849° 7°

difference in magnetization at the readout time differed by lefs addition, we measured the main magnetic field variatior
than 0.05% from that at the previous repetition. Spoiling wgd8,) using a phase difference imaging techniqus®) (and
modeled by setting the transverse components of the magoerrected the offset frequencies of the MT pulses accordingl

tization to zero after each MT pulse. A summary of the various experiments conducted usin
. o spatial encoding of MT offset frequency is given in Table 2
2.5. Experimental Validation Each experiment was repeated for three different MT puls

The MTP sequences consisted of a 7.7-s train of MT puls@89les (powers). The average irradiation power correspondi
(for Tur = 15 ms this corresponds to 512 pulses) followed B €ach of the three pulses is the same for each type

a 90° on-resonance excitation pulse and gradient echo readgtReriment. _ _
with TE = 4 ms. Based on numerical simulations 7.7 s was AS an additional experiment we used a series of MTSPG

sufficient to establish steady state for these experiments. TH&9€S t0 compute parameter images for the various mater
MT pulses used were Hanning windowed Gaussians with dRfOPerties. For this experiment we used pulse sequences
ration 10.24 or 30.72 ms (bandwidth 200 and 67 Hz) who@&d V with only the low- and high-power pulses. Each expe
offset frequency and power could be varied. Phase cycling igtent was conducted for 16 offset frquenmes ranging fror
the 90° pulse was used to separate its FID from coheren&99 Hz to 80 kHz from resonance. While these experimen
generated by the MT pulses. were normalized using a scan Wlth_out MT pul_s_es as _before, v
The MTSPGR experiments consisted of a gradient echlp0 measuredd, field strength using a modified stimulated
sequence with TE= 4 ms and TR= T, either 50 or 25 ms. echo pulse sequenc®l) and corrected the MT pulse power at
Excitation pulse angles of 10° and 7° were chosen for the tf8Ch Voxel. Images were made for a transverse section of t
cases based on the MT contrast relative to noise determinedB¢€ 9€l bottles along with a bottle of 2 MnClI, solution.
numerical simulation. A combination of strong crushing gra- | "€ parameters;, F, R.;, R, , T,;, andT,, are not uniquely
dients and RF spoiling26) was used to eliminate any residuaf€termined for experiments in the steady st8®).(Following
transverse magnetization between repetitions. On the basidlg @PProach ofls), we resolved this by making an indepen-
numerical simulation, a period of 12.8 s of initial pulsing wad€nt measurement of the apparent relaxation Rife and
determined to be sufficient to establish steady state and VMatingR,.. In the absence of irradiation, a binary spin batf
used in all MTSPGR studies before data were acquired. SYStém can be expected to relax with the two spin—lattic
The agar gels for these experiments were prepared in 1-lfg/2xation rates. However, for typical inversion recovery ex
bottles, 16 cm high. This allowed for a spectrum of offsdfiments only the longer of the two can be observed. Henc
frequencies to be tested in a single experiment by employindlar 1S related toRy™ by
linear field gradientZ7) along the cylinder axis during the MT

pulses. Since in practice we were interested in a logarithmic RS
series of frequency offsets, data were acquired in three stages, Rys= " : [10]
c_aplturing a range from zero to 1, 10, and 100 kHz, respec- [lef] (Ry, — R
tively. n ,
The raw data from these experiments are biased by a com- (R — R + ki/F

bination of nonuniform coil sensitivity and nonuniform exci-

tation (B,) field strength 28), the latter of which affects both R,, was chosen rather arbitrarily to be 1'swith an uncer
the MT and the excitation pulses. Rather than model the twainty, for the purpose of error calculations, afl s In
effects we chose to collect an additional gradient echo scaractice, this has little impact on subsequent estimates of t
without MT pulses which we used to estimate a smooth noather parameters.

uniformity field (29) and normalize the intensity of the R{™was determined for each gel using a standard inversic
MTSPGR data. This approach compensates for reception sercovery sequence with a TR 2 s and a range of inversion
sitivity variations as well as variations in the excitation pulsetimes. Estimates were made using a nonlinear least-squares
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to the data. For completeness the appafientf the gels was g 1
also measured using a 32-echo quantitafiveimaging se 08
qguence 83). All experiments were conducted at 1.5 T on a
Siemens Vision scanner (Siemens Medical Systems, Erlangen), , /
L 0o SN W
2.6. Parameter Estimation i -~ RP

0%
o

The material properties were estimated for each experiment '
by nonlinear least-squares fitting of the MTSPGR signal equa-
tion with T, T,,, ki, andF as independent parameters. Th
corresponding value oR,; for each parameter estimate was 03

1

determined using Eq. [10] and the estimate®&f andR, .. In 0.6 Yy
. . 4 7
practice a scale factor could also be included as a free parame4 Yy — ODE
eterin the fit; however, since the data are ljormallzed, we fixed,, /l,;if/ IC{BV
this scale factor for each parameter estimate such that the 2~ =
A . N . . 2 3 4 5 2 3 4 ]
signal magnitude in the absence of MT pulses is one. This 10 offed frequency(tz) o L

same technique was used to estimate the parameters used to . _ _ _
generate the numerical simulations described in Section 2.4, FIG. 1. Comparison of ODE solutions with two variants of the MTSPGR

. " sjgnal equation for 8% agar. The two variants use the continuous-wave (CV
For the purposes of parameter estimation, one need nOtaﬁg rectangular pulse (RP) approximations for the restricted pool. The thr

restricted to data from a single type of experiment. We algQrves shown for each case correspond to the three MT pulse powers u:
estimated the material properties based on a simultaneous fihtéughout (see Table 2). (a) Experiment type 1, without dipole interactio
data from all five experiment types. In principle the inversiofie., To — 0). (b) Experiment type IlI, without dipole interaction. (c) Exper
recovery data used to estimﬂébs could also be included in a ?ment type V, without dipole interaction. (d) Experiment type Ill, with dipole
simultaneous fit to the MT data. However, the precision of tgeraction To = 3 ms).

R estimates was such that this added complication was

deemed unnecessary. o
For the experiments in which frequency offsets were efP€ for the 8% agar, followed a number of trends. At low

coded spatially, the number of measurements was too largd/fiuency offsets, from 100 Hz to 1 kHz, the signal equatio
process easily. For these experiments the data were appr&gSistently underestimates the simulation, likely as a result
mated using cubic B-splines and sampled regularly in logarit{le @pproximations used in modeling the free pool. This trer
mic steps from 300 Hz to 80 kHz with 10 samples per decadi?Pears in all four cases shown in Fig. 1. Since the effect
For the imaging experiments, which had comparatively fedecreasing ;s to shift the low-frequency portion of the curve
measurements, no resampling was done. to the right, one can expect this discrepancy to resultjin

The MTP type experiments were analyzed using the sardeing overestimated. Parameters derived from simulations f
formula as for the MTSPGR experiments by taking the limgach of the five experiment types were found to overestima
in which the excitation flip angle goes to zero. The analyti€,; on average by 2 ms for each gel.
formula given by Henkelmaat al. (15) for CW experiments  In the range 1 kHz to 10 kHz off resonance, the deviatio
can also be used to analyze the MTP type experiments. Tdepended on both the variant of the signal equation and t
two approaches differ in their handling of the free poalype of experiment. In general, the rectangular pulse (RF
magnetization at small offset frequencies, where the simuariant of the signal equation tended to slightly overestimat
lation of the Bloch equations used in the MTSPGR signahe signal in this range, while the continuous-wave variar
equation differs from the Lorentzian lineshape approximayould underestimate the signal by either a large or a sms
tion used in the CW equation. In practice, the two formulagmount depending on the type of experiments. This latter trer
agree closely for MTP experiments at offset frequencigs consistent with experiments having short relatively intens
greater than 1 kHz. However, the MTSPGR signal equatiqjyses deviating from the CW model. Compare, for exampl
_has the flexibility to take the duty cycle of the irradiationne curves in Figs. 1a and 1b. The latter, a type Il experimer
Into account. has less frequent and more intense pulses.

In the absence of dipole interaction (i.&€, — 0), the two
3. RESULTS variants of the signal equation were in good agreement with tf

ODE simulation beyond 10 kHz. Incorporating dipole interac
tion increased the deviation of the CW model variant from th

In comparing the results of the ODE simulations to th©DE solution. Compare, for example, Figs. 1b and 1d, whe!
predictions of our signal equations, we found the two to Her the latter the curves only converge just before the MT effe
generally in agreement. The residual differences, most noticksappears around 30 kHz.

3.1 Numerical Simulations
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3.2. Experimental Validation ment in fits by including dipolar terms tended to be subtle

. . reﬁsulting on average in a 5% reduction in that portion of th
For each agar gel and each experiment type we estimated the .
residual error not accounted for by measurement noise.

various material parameters by nonlinear least-squares fittingWe also investigated the effect of neglecting the dipol

On the basis of the numerical simulations of the previous X . .
. . ) : .~ ferms on the parameter estimates by comparing the estima
section we restricted our analysis to the RP variant of the sign . ! .
rawn from simultaneous fits of each model to all five exper

equation, looking at forms with and without the dipolar terms, o

e . : Jment types for each gel. To assess the precision of the

The predictions of these two variants of the signal equation; ) .

. ) estimates we computed the marginal uncertainty for each p

along with experimental data for an MTP and MTSPGR typé . . )

. S . . ameter 85) using both the residual sum of squares error in th
experiment are shown in Fig. 2. While the parameter estimates o

. . . ) . measurements and the uncertaintieRiff andR,,. Based on
derived from the two signal equations differ, the predicte . S ) :
th gradient of the objective function for each measuremer

signals are nearly identical exce_pt for small differences aroupd. yields at statistic withN — p degrees of freedom and a
10 kHz for the MTSPGR experiment. orresponding confidence interval for the parameter. Since t

The RMS error for these fits is about 1% for the MTF P 9 P '
arameter estimates are based on the resampled data,

experiment and 2% for the MTSPGR experiment. Much of the™ . . . .
) . . action of the residual error due to systematic errors is corre
error in the latter is due to errors in the model for small

frequency offsets. Considering only offset frequencies greai«?ondmgly larger. As a result, the error bounds on the parar

r _ -
than 800 Hz, the RMS error for the MTSPGR experiment & ers reflect both the precision or reproducibility of the mee
surements and the accuracy of the model. These parame

about 1%. We restrict our attention to this range of offset .. . - . .
mates and corresponding uncertainties are given in Table

frequencies since the signal change observed at smaller of%%ﬁ : : . .
oS . i . determined from inversion recovery experiments wa
frequencies is almost entirely due to direct saturation and

. ! ~0.410+ 0.006, 0.504* 0.02, and 0.699+ 0.04 s*, respee
largely independent of the MT properties of the mate”ati\fely, for the 2, 4, and 8% agar gels.

Furthermore, the large rotations of the spins in the free poo Inspection of Table 3 would suggest that neglecting th

caused by pulses near resonance are difficult to model acgu- . ) . .
rately. The low-frequency structure seen in the upper rigEijIe terms in the model results in a slight underestimate

{ . .
panel of Fig. 2 is characteristic of pulsed MT experiments nec restricted pool sizE and the exchange rakg as well as a

. . . small overestimate of,,. An analysis of variance of each
which the fractional saturation of the free pool due to an L ;
S - . .parameter taking into account the large number of degrees
individual pulse initially oscillates as the offset frequency i . L2 . .
. reedom in the individual entries reveals that only the reductio
increased. . . _ o

in F is statistically significant (tested at= 0.05).

While these fits, as shown by Fig. 2, are generally close 10 . .
the data, there are a number of systematic differences, statis'§IOte thatF/(1 + F) is expected to be proportional to the

. o 2 1 concentration of gel. Regressing tRevalues in Table 3 using
tically significant by ay” test; that are not accounted for by . . .
I . . .~ thjs relation shows the average deviation Foto be 0.0017,

random variations. While these deviations could be attribute .

S . . . Somewhat larger than the reported uncertainty. Subsequ
to deficiencies in the signal equation, measurement drif@and . L
. : results show that such bias tends to be correlated with bias
inhomogeneity may also be the cause. The latter may acco ML dT
for the mismatch, seen in Fig. 2 at 8 kHz, between data 2

. . _We also investigated the effect of experimental design on tt
collected for the three different ranges of offset frequencies . ) .
. . parameter estimates. In Fig. 3, parameter estimates are grap
corresponding to the three gradient strengths.

To assess the effect of neglecting the dipole terms in tﬁ%r each experiment type and each gel using the MTSPG

signal equation, we tested whether the difference between ﬁ%%_nal equation mcludmg dipole terms. Wh|le these _paramen
imates are generally in agreement with those derived fron

L L . e
re;ultmg f|tted curves was significant given the measurement . o us fit to all experiment types, we note thamdT,
noise. Using the tesBd)

are not well constrained for these fits, particularly for 2% aga
1 In addition, there is some disagreement among estimatEs of
PlZ>— [3 (my(i) - m(i)?l <1%, [11] that are matched by a reciprocal trend in the estimates, of
20 i An independent measurement Bf; using the multiechar,
sequence gave®, of 70.1+ 0.1, 38.5+ 0.2, and 18.3- 3 ms

we found in every case that the difference between the two w5 2, 4, and 8% agar, respectively.
sufficient to choose the form with dipolar termmsg,(i) and

m,(i) in Eq. [11] are the points on the fitted curve correspond.3. Parameter Images

ing to theith measurement for each signal equation auiglthe

standard deviation of the measurement noise. The improvefor the imaging data we looked at both the accuracy of tt
estimates as compared to the nonimaging studies and 1

! The statisticy?/(df — 1), wheredf is the number of degrees of freedom,pre.CiS.ion of the estimates as reﬂeCt?d by the W_ithin imag
averaged 45 for these fits, confirming the presence of systematic errors. variation. We computed estimates using both variants of tt
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MTP experiment MTSPGR experiment
(Tyr =15 ms) (.TMT =25 ms)
1 ' ' 1t
0.8 0.8
h L
5 0.6/ 0.6
& 0.4 0.4}
0.2 0.2r :
10’ 10’ 10* 10°  10° 10’ 10’ 10°
offset frequency (Hz) offset frequency (Hz)
1 L
0.8}
R
g00.6-
$ 0.4
0.2 2.
ok | | W , .
10° 10° 0* 100 10° 10° 10° 10°
offset frequency (Hz) offset frequency (Hz)
1 L
0.8 »
gb 6 /
S04
0.2 2
10° 10° ) 100 10° 10° 10" 10’
offset frequency (Hz) offset frequency (Hz)

FIG. 2. Fitted curves for type | and type V experiments. Dots are experimental data; the solid and dashed lines are for the RP variant of the signal ¢

with and without dipole interaction, respectively. Note that the solid and dashed lines are indistinguishable in most plots.
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TABLE 3

31

Parameter Estimates for Agar Gels Based on a Simultaneous Fit
of the Signal Equation to the Five Experiments

4% agar

8% agar

2% agar
¢ @ 0.324+ 0.09s*
b 0.313+0.08s*
F * 0.0092=+ 0.0011
® 0.0087=+ 0.0009
Ry ¢ 0.405+ 0.01s*
b 0.406+ 0.01s*
R, ° 1.0+1.0s*
b 1.0x1.0s"
T 2 544+ 1.3 ms
o 542+ 1.3 ms
T,y @ 13.8+ 1.2us
b 14.4+09us
To 2 0.3+ 0.5ms
b

0.822+ 0.25s*
0.784+ 0.23s*
0.015% 0.0012
0.014G+ 0.0009
0.497+ 0.022 s*
0.497+ 0.02s*
1.0+1.0s"
1.0+1.0s"
31.8£ 0.9 ms
31.5- 0.9 ms
13.7+ 0.8us
14.6* 0.6 us
0.5 0.4 ms

2.035+ 0.56s*
1.895+ 0.52s*
0.0302= 0.0016
0.0274+ 0.001
0.690+ 0.049 s*
0.691+ 0.05s*
1.0+1.0s"
1.0+1.0s"
16.7= 0.3 ms
16.5£ 0.3 ms
13.6* 0.5us
14.5+ 0.4 us
0.6+ 0.3 ms

uniformity, as a result of compensation for excitation field an
reception sensitivity variations, as well as good SNR.

We evaluated the precision of these estimates by computil
the standard deviation within regions of interest correspondir
to the four bottles. These regions were defined by thresholdir
the image and eroding the resulting mask by one voxel. T
mean and standard deviation for each bottle and each para
eter are given in Table 4 for the simultaneous fits. The resul
of fitting to the type V experimental data alone proved highly
unstable and are not shown.

Comparing the parameter estimates for the two variants
the model shows that the two are largely in agreement wit
subtle difference following the same trend as for the nonim
aging experiments. However, variability in the estimateg;of
for the model including dipole interaction is significantly
higher than that without. In addition, the variations T
suggest that it is not well constrained by this experiments
design. Comparing the parameter estimates with those of t

Note. Values are shown for a model with and without dipole interactiorhonimaging experiments shows that the estimate§ afre
Uncertainties are for a 95% confidence interval.

@ Signal equation with dipolar terms.
® Signal equation without dipolar terms.

consistently lower and the estimates kf are consistently
higher for the imaging experiments.

4. DISCUSSION

model by simultaneously fitting the type IV and type V data as

well as by fitting the type V alone. Parameter images derivedThe goal of this work was to demonstrate the feasibility o
from the simultaneous fit of the model without dipole terms angsing conventional MT-weighted MRI pulse sequences to ra|
shown in Fig. 4. Also shown are intensity profiles taken alorigly produced quantitative images of the exchange and rela
a line in theF and k; images. These images show goodtion properties within an object. To describe these properti
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FIG. 3. Comparison of parameter estimates for various experimental designs. The five bars for each gel correspond to experiment types | through
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k, F

FIG. 4. Parameter images based on a simultaneous fit of type IV and type V experiments using the RP variant of the MTSPGR signal equation ne
dipole interaction. The materials shown, moving clockwise from the top left, are 8% agar, Bbi@ion, 4% agar, and 2% agar. Also shown are profiles acros
the F andk; parameter maps.

we have employed the binary spin bath model with a Gaussiapproximation was satisfactory for experiments in which th
lineshape. While this model well characterizes the gels usedduty cycle of pulsation was large, it proved inadequate at sme
our studies, there are a number of considerations in generatimty cycles. This is because the time constant for equilibratic
ing this technique t@n vivo studies. A number of authors haveof the two pools is on the order of a few milliseconds, com
described alternate lineshapes that are more suitable for tispaeable with the duration of the MT pulses. The RP approx
(21, 36, 37. Also, there is some evidence that tissues such amtion, by taking into account the duty cycle and pulsatio
white matter are better characterized by a model with two fréequency, offers extra freedom in designing experiment
water (longT,) components 38—4Q. While changing the which can be used to advantage in improving estimates of tl
lineshape is straightforward it is not clear whether addirexchange constait. In particular, we found that for imaging
additional compartments to the model will be beneficial. Thetudies, including experimental data from two different puls
situation may prove to be similar to our results with addingequences improved the estimateskpfbeyond what could
dipolar terms to the model, in which improvements in accura@kpected from an equivalent increase in SNR.
are offset by a loss of precision through greater sensitivity toIn choosing a signal equation, we tried to establish wheth
noise. For completeness, the binary spin bath model shoiddluding dipolar terms in the model improved the paramete
also allow for exchange of transverse magnetizatidf).( estimates. The results of our nonimaging studies show that t
However, we found that in ODE simulations of our experidipolar terms make a statistically significant improvement ii
ments this effect is negligible. the fit of the model and that neglecting the dipolar terms resul
In implementing the MTSPGR signal equation, we consida a modest underestimate of the pool size frackonHow-
ered both a continuous-wave (CW) and a rectangular pulseer, we also found that neglecting the dipolar terms substa
(RP) approximation for the restricted pool. While the CWially improved the precision of the estimates kf in the
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TABLE 4

Parameter Estimates for Agar Gels Averaged over Each Region of the Parameter Maps

33

MnCl, 2% agar 4% agar 8% agar

ki a 0.842+0.2s* 1.37+0.3s* 247+ 1st

° 0.734+ 0.05s* 1.32+0.2s* 278+ 0.3s*
F a 0 0.0074+ 0.0016 0.0121 0.001 0.0271+ 0.004

b 0 0.0066+ 0.0004 0.0121 0.002 0.0260+ 0.002
Ry a 2.07+x0.05s* 0.419+ 0.002 s* 0.483+0.1s* 0.760+ 0.04 s*

b 2.07+0.05s* 0.419+ 0.02 s* 0.483+0.1s* 0.760+ 0.04 s*
R, a 1.0+ 1.0s" 1.0+ 1.0s" 1.0x1.0s*

° 1.0+ 1.0s* 1.0x1.0s* 1.0x1.0s*
Tos a 66.8+ 3 ms 57.3+ 3ms 33.8+= 3 ms 16.8+= 1 ms

b 66.8+ 3 ms 56.4+ 3 ms 33.7-2ms 16.8+ 0.9 ms
Tar a 13.1+ 2 us 14.1+ 0.6 us 14.1+ 1 pus

b 14.3+ 0.5us 14.1+ 0.3 us 14.1+ 0.3pus
To @ 1.32+ 3 ms 0.02+ 0.5 ms 0.14+ 1 ms

b

# Signal equation with dipolar terms.
® Signal equation without dipolar terms.

imaging experiments. Hence, there is a trade-off between aean use an MTP type sequence and collect an image in a sin
curacy and precision when including the dipolar terms in thshot following the preparatory pulsing. Similar modification
model which favors neglecting them. One cannot generalizan be made to reduce the imaging time required to cdiigct
this conclusion to other materials, however, since the unc@&r, andR{*data. Given these fast imaging modifications to thi
tainty in k; tends to decrease &sincreases anll; decreases. pulse sequences, single slice imaging would be feasible with
There are a number of factors to consider in designing arclinically acceptable scan time of perhaps 30 min and likel
experiment. In particular, the range of offset frequencies, amultislice imaging would be as well.
erage irradiation powers, and pulse repetition periods to sampléVhile the results of our experiments were generally i
needs to be selected. While we did not consider all of theagreement with those reported b5 (see Table 1), the dis-
factors in detail, we noted a number of trends. With respect ¢oepancies exceed the quoted uncertainties. In partidRfar,
pulses powers, we found little benefit in choosing more thatiffers significantly between the two sets of experiments. Sinc
two pulse powers for an experiment beyond that which can tiés parameter is determined in a separate inversion recove
expected from an equivalent number of repeated measuegperiment and influences the subsequent estimate of the ot
ments. For this reason, in the imaging experiments the numiparameters, the differences between the results may be due
of pulse angles was reduced from 3 to 2. With respect this factor alone. Given that there may also be difference
frequency offsets, there is clearly little benefit in samplingetween gel preparations, we looked at the consistency
offsets so close to resonance that the free pool is saturatedemults between the different experiments we performed on t
so far from resonance that the MT effect disappears. Intsame gel in assessing experimental accuracy.
itively, one would expect that offsets at which the MT effect or The results of the imaging experiments were generally i
bite is largest to be the most useful (2 through 20 kHz for thegreement with the results of the nonimaging experiment
agar gels considered here); however, taking advantage of thisvever, we did note systematic differences in the estimates
would require a priori knowledge of the linewidth. Since th& andk;. In general, we found that the uncertaintyRrandk;
duration of the pulses is comparable to the equilibration tinveas correlated such that underestimateb @fere matched by
for the two pools, the behavior of a sequence depends on botterestimates ok;. A similar correlation was observed -be
the pulse duration and the interpulse interval for a givemweenF andT,;. As seen from the parameter estimates for th
average power. We found that sampling more than one of thesdividual experiment types in Fig. 3, each experiment has
combinations substantially improved the estimateg;of different bias in this respect. We attribute these biases to sub
Besides optimizing the sampling, a variety of fast imagindifferences between the approximations in the signal equatit
techniques could be employed to speed up the data acquisitiamd the putatively correct ODE solution. Since these diffel
The MTSPGR sequence with TR 50 ms, 128 phase encodesences are smallest for pulsation that resembles continuol
8 signal averages, and 12.8 s of preparation takes 64 s pawve irradiation one might expect pulse sequences with fr
sample image. This sequence easily generalizes to 3D dnyent pulses to be more accurate. However, since we fou
exchanging signal averages for phase encode steps in the shee thek; parameter is not well constrained by this kind of
direction with little increase in total scan time. Alternately, onexperiment alone, such a solution is unsatisfactory. In practic
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one may prefer a design with some inherent bias to gain greaelong period of continuous-wave irradiation of the restricte

precision in repeated measurements. pool:
5. CONCLUSION Mo(Ry K + Ry Ryf+ Rk + WRy)
. . ss R1,rR1,f + Rl,rkf + Rl,fkr + WRl,f + ka
We have described a method for analyzing general pulséd ¢, = Mo (Ry.R,;+ Ry, K + Ry k) . [A5]
A Ny s W SN

MT experiments in which the magnetization is driven to steady

state. From experiments on agar gel, we have shown that this

method can be used to reliably and accurately estimate the

exchange and relaxation properties of a material in an imagin

context. Such an approach offers advantages over imaglf

techniques yielding magnetization transfer contrast ratios both

from the perspective of providing more information and for M(t+ TR) = M(1). [A6]

being comparable among different pulse sequences and scan-

ning hardware. While minor changes in the model are neededr example, a period from a simplified version of the

to account for the differences between agar gel and tissue, MIrSPGR sequence could be described in three steps: inst:

results indicate that it is feasible to use this technigueivo. taneous saturation of the free pool due to the MT pulse
instantaneous saturation of the free pool by the excitatic

APPENDIX pulse, and a period of continuous-wave irradiation of th
restricted pool of duration TR. Combining these yields the
The solutions for the steady-state magnetization of aguation
MTSPGR experiment can be computed as follows. Equations

RiRif+ Ry ki + Rick + WRy s + Wk

sing these equations one can solve for the steady-st:
agnetization of a periodic pulse sequence using the relatic

[1]-[5] can be written in matrix form as M = F(S;SIM, TR), [A7]
M (t) B whereS, and S, are fractional saturation matrices due to the
dt AOM() + BM,, [Al] MT and excitation pulses, respectively.

The observed magnetizatidn,,; is given by

whereM is a magnetization vectok) , is the fully relaxed state

of the magnetization, andl andB are matrices corresponding M,y = CS M33sin 6, [A8]

to the coefficients of Egs. [1]-[5]. Approximating a pulse

sequence as a series of periods of free precession (fp), contirere 0 is the flip angle of the excitation pulse amdis a

uous-wave irradiation (cw) of the restricted pool, or instantgonstant reflecting other factors such as proton density al

neous saturation (is) of the free pool, the matixs constant equipment sensitivity. Solving Egs. [A7] and substituting the

for each of these periods. Since the transverse magnetizationesfult into [A8] yields for the case ofTe — 0) after some

the free pool is decoupled from the other components in easimplification

of these cases, only the longitudinal components are used for

computation and the transverse components are assumed to c(Ey — 1)(Ey — 1)(Ay — A))S; (M Ssin 6

disappear through relaxation and spoiling. The state of thé,,; = — — — — , [A9]
A . . (E1 = D(SE; = (A, — Ay)

magnetization after a periodfor each of these cases is notated + (S — 1)(E, — E)(Ay — Ry, — ko)

F.(M, 7) and given by ’

where), , are the eigenvalues &, given by

Fip(M, 7) = e MM + [I — e A" M, [A2]
FaM, 7) = 7 #"M + [I — e "M §;, [A3]  A15=3(Rys+ ke + Ry + ko + W)
Fi(M) = SM. [A4] (Rys+ ki + Ry, + k, + W)?

+ 1
-2

= 4Ry Ry + KRy, + Ry + Ry W+ kW)
Sis a diagonal matrix with element§{1 1], whereS; is the

fractional saturation of the free pool due to the given puBse. with E, = e ™' andE, = e ",
is computed by solving for the magnetization of the free pool For the RP variant of the MTSPGR signal equation thi
following the given pulse using Egs. [1] and [2] wi;, k;, approximate pulse sequence has the following steps: inste
andk, equal to zero and the initial conditiod = M,. The taneous saturation of the free pool from the MT and exci
ratio of M, before and after the pulse %. tation pulse, continuous-wave irradiation of the restrictel

Mg, is the steady state of the magnetization established afp@rol for a periodr/2, a period TR— 1 of free precession,
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and finally another period of continuous-wave irradiation of

durationt/2. Combining all of these steps and solving kér
as before yields an expression for the steady-state magne
tization that is, while cumbersome to write out in fuII

straightforward to compute.
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