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Abstract

The transverse relaxation rate (R, = 1/7T>) of many biological tissues are altered by endogenous magnetized particles (i.e., ferritin,
deoxyhemoglobin), and may be sensitive to the pathological progression of neurodegenerative disorders associated with altered brain-
iron stores. R, measurements using Carr—Purcell-Meiboom-Gill (CPMG) acquisitions are sensitive to the refocusing pulse interval
(21¢p), and have been modeled as a chemical exchange (CE) process, while R, measurements using a localization by adiabatic selective
refocusing (LASER) sequence have an additional relaxation rate contribution that has been modeled as a R,, process. However, no
direct comparison of the R, measured using these two sequences has been described for a controlled phantom model of magnetized par-
ticles. The three main objectives of this study were: (1) to compare the accuracy of R, relaxation rate predictions from the CE model with
experimental data acquired using a conventional CPMG sequence, (2) to compare R, estimates obtained using LASER and CPMG
acquisitions, and (3) to determine whether the CE model, modified to account for R, relaxation, adequately describes the R, measured
by LASER for a full range of 7., values. In all cases, our analysis was confined to spherical magnetic particles that satisfied the weak field
regime. Three phantoms were produced that contained spherical magnetic particles (10 um diameter polyamide powders) suspended in
Gd-DTPA (1.0, 1.5, and 2.0 mmol/L) doped gel. Mono-exponential R, measurements were made at 4 T as a function of refocusing pulse
interval. CPMG measurements of R, agreed with CE model predictions while significant differences in R, estimates were observed
between LASER and CPMG measurements for short 7, acquisitions. The discrepancy between R, estimates is shown to be attributable
to contrast enhancement in LASER due to 75, relaxation.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The degree of magnetic induction within biological tis-
sue placed in an external magnetic field is described by
the magnetic susceptibility (y) and depends on the compo-
sition of the tissue. For example, certain metal elements
found in tissue (e.g., iron) have an inherently high magnetic
susceptibility relative to water or air and experience pro-
nounced magnetization when placed in an external field.
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Variations in stored iron (ferritin) concentration [1,2] and
deoxyhemoglobin concentration in red blood cells [3],
cause regional magnetic susceptibility differences in tissues
of the brain [4,5] and liver [6], which can lead to a reduction
in the measured transverse relaxation rate (R}) in these tis-
sues. Since neurodegenerative conditions such as Parkin-
son’s, Huntington’s, and Alzheimer’s disease involve
altered brain-iron concentrations [7], and hereditary hemo-
chromatosis [6] involves iron overload in the liver, quanti-
tative R, measurements to assess tissue iron concentration
could be used to identify and monitor the pathologic pro-
gression of these conditions.
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The most common imaging techniques used for the mea-
surement of R, relaxation rate time constants are the sin-
gle-echo spin-echo (Hahn echo) [8] pulse sequence and
the Carr—Purcell-Meiboom-Gill (CPMG) sequence [9,10]
involving multi-echo spin-echo acquisitions. With CPMG
measurements, an initial 90° excitation pulse is followed
by multiple, non-adiabatic, 180° refocusing pulses prior
to data acquisition. Local variations in tissue susceptibility
produce microscopic regions having different magnetic field
strength that alter CPMG measurements of R, through
dynamic averaging (DA) [11]. This process describes the
loss of phase coherence in the refocused magnetization that
occurs through either the diffusion or exchange of spins
between regions having different magnetic field strength
and is sensitive to the refocusing pulse interval. Many
MR imaging techniques have exploited magnetic suscepti-
bility variations to produce images with enhanced DA con-
trast [12-15].

Recently, Garwood and DelaBarre [16] developed the
LASER multi-echo spin-echo spectroscopic localization
sequence for biological applications. This sequence com-
bines high bandwidth adiabatic radiofrequency (RF) pulses
with slice select gradients to produce sharper voxel profiles
than those obtained with conventional RF pulses [16].
LASER can also be used to measure the transverse relaxa-
tion rate (R;) [17,18] in localized volumes and generate DA
contrast related to differences in microscopic susceptibility
in localized tissue regions [18]. Dynamic averaging is
manipulated by varying the number and time between
adiabatic pulses in a Carr—Purcell (CP) pulse train incorpo-
rated into the LASER pulse sequence. Using an adiabatic
CP-type sequence, Kavec et al. [19] observed unique DA
contrast in post-stroke brain tissue. In addition to dynamic
averaging, the generation of rotating frame transverse
relaxation contrast (7,,) was demonstrated by Michaeli
et al. [11,20] in a CP spin-echo sequence consisting of a
series of hyperbolic secant (HSn) adiabatic full passage
pulses, with no delay between pulses.

The rate of decay of the transverse NMR signal in bio-
logical tissue from DA has often been described as an
exchange process using a two-site chemical exchange model
[21,22], with an exchange time (7o) and frequency differ-
ence (Aw,,) between the two exchanging sites [21]. The
influence on R, of particles with high magnetic susceptibil-
ity dispersed within tissue can be considered in the weak
field regime when 7., < Aw,. The weak field approxima-
tion has been used to describe systems including red blood
cells, non-heme iron containing cells within white or gray
matter, and liver hepatocytes [2,8,12]. A theoretical model
has been proposed [21] to describe the variation in the
transverse relaxation rate (R,) with refocusing pulse inter-
val (21.,) in the weak field regime. In this model, Brooks
et al. [21] integrated quantum outer sphere relaxation the-
ory and classical mean gradient diffusion theory, and
showed that chemical exchange (CE) theory [23] provides
a good approximation to both theories. This model, which
is referred to as the CE model, was tested by Brooks et al.

[21] using Monte Carlo simulations for spherical particles,
however in vitro or in vivo experimental validation was not
provided. Alternatively, a theoretical model proposed by
Jensen and Chandra [24] describing DA contrast resulting
from a diffusion process predicts the variation of R, in
the weak field regime as a function of 7.,. However, this
model is more computationally intensive and less well
established than the CE model, and therefore the current
analysis will be restricted to the CE model only. Although
the CE model provides a description of the instantaneous
relaxation rate that occurs during the time between refo-
cusing pulses, Michaeli et al. [11,20] describe the transverse
relaxation that occurs in the rotating frame (7%,) during
application of the adiabatic refocusing pulse with predic-
tions that consider both contributions described for the
measured transverse relaxation time constant (77) in adia-
batic CP sequences.

The use of T; (or R;) mapping techniques has the poten-
tial to quantify endogenous or exogenous contrast agents
that generate microscopic susceptibility gradients in medi-
cal imaging applications. However, validation of the CE
theory and contributions from 75, relaxation during appli-
cation of adiabatic pulses has not been previously demon-
strated in vitro for a controlled phantom model of
magnetized particles. Therefore, the three goals of this
study were: (1) to compare the accuracy of R, relaxation
rate predictions from the CE model with experimental data
acquired using a conventional CPMG sequence, (2) to
compare R, relaxation rates measured using the LASER
pulse sequence to those acquired using the CPMG
sequence, and (3) to determine whether the CE model,
modified to account for 7>, (or R,,) relaxation, adequately
describes the R, relaxation rates measured using LASER
for short 7, acquisitions. In all cases, our analysis was con-
fined to spherical magnetic perturbers satisfying the weak
field regime (7 < Aw,') using phantoms containing
microsphere particles suspended in Gd-DTPA doped gel.

2. Theory

Media containing dispersed weak magnetic particles can
be modeled as a system with two distinct compartments,
each having a different magnetic susceptibility. The diffu-
sion of spins exterior to the particle compartment produces
a transverse relaxation rate (R,) that is dependent on the
temporal correlation function of the field inhomogeneities
experienced by a diffusing spin. Brooks et al. [21] proposed
to use the expression obtained by Luz and Meiboom [23]
describing relaxation (R,) due to exchange between com-
partments having chemical shift frequency offset Aw,;, to
account for relaxation induced by a diffusion process:

Rz :R20 +R2D[1Tﬂtanh <Tﬂ):|, (1)

Tep Tex

where Ry, indicates the relaxation rate of a sample having
no magnetic particles, 7.,—the exchange time between
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compartments having chemical shift frequency offset Aw,y,
Rop = F,FyAw? tex, the maximum potential relaxation
enhancement due to the presence of magnetic particles
for a given exchange time, 7., and F,, Fy, are the fraction
of protons in the interior and exterior compartments,
respectively.

Brooks et al. [21] extended this model to provide exact
relaxation rate estimates in the presence of magnetized
spheres by comparing predictions from classical diffusion
and quantum outer sphere relaxometry theory with those
of CE theory. In their work, asymptotic solutions of the
CE model in the short (1, < Aw,') and long
(tep > Awy!) echo domain were compared with predic-
tions from classical diffusion and quantum outer sphere
relaxometry theories, respectively. This approach led to
CE model parameter definitions that were appropriate in
the weak field regime for magnetized particles. The rela-
tionship between the two-site exchange equation parame-
ters of the CE model (F,, Fy, Tex, Amyp), and the physical
parameters of a suspension of magnetized particles (v, 7q4,
Ay.p) are as follows:

F,=17v and F,=1-F,, (2a)

Tex = 0.2614, (2b)
4 Ay..B

Awy, = \/;yBc, where B, = %, (2¢)

where v is the volume fraction occupied by the particles,
14 =r*/D, with D being the diffusion suspension media
self-diffusion coefficient, and r is the particle radius. B, is
the equatorial magnetic field, Ay.;, is the susceptibility off-
set of the spherical particles from the suspension media in
ST units, and B, is the static magnetic field strength. The
relations given by Eq. (2) are valid for a low volume frac-
tion of magnetic particles. Monte Carlo simulations of
spherical particles were previously used to validate the the-
ory [25].

Michaeli et al. [11]suggested a modified expression for the
transverse relaxation rate (R}) associated with an adiabatic
full passage CP pulse sequence. The modified general expres-
sion for R; incorporating a term due to the presence of trans-
verse relaxation in the rotating frame was shown to be [11]:

Ty
21

Ry = {Ryy — Ro} 5=+ Ry, (3)
where R, indicates the relaxation rate predicted by the CE
model (Eq. (1)) that occurs between adiabatic refocusing
pulses, R,, indicates the transverse relaxation component
in the rotating frame that occurs during application of adi-
abatic refocusing pulses, and T, is the duration of the adi-
abatic refocusing pulse. Eq. (3) shows that without time
delays between refocusing pulses (7}, = 27p), the measured
relaxation rate is governed by R,,. Michaeli et al. [11] have
proposed a model for estimating R, that consists of a term
representing the exchange induced transverse relaxation
rate (R,, o) and a term representing the dipolar interac-
tions (Rzp,4q) as follows:

1 [T 1 [
Rzp = T— / RZp,ex(t) dr + T_ / RZp,dd(t) dr. (4)
p JO p JO
Both R;, o« and R;, 4q vary instantaneously and are func-
tions of the specific amplitude and phase modulation of the
refocusing pulse employed. In the case of magnetized par-
ticles, the exchange term R;, « is a function of the physical
parameters of the suspension of magnetized particles and
the adiabatic refocusing pulse according to the equation
[117:

RZpAex - Fan(Awab)2 Cosz ATex (5)

where « is the instantaneous angle between B, and the effec-
tive field of the adiabatic refocusing pulse, and F,, F,
Aw,p, and 1., are as described in Eq. (2). Only the first term
in Eq. (4) describing exchange induced relaxation is a
function of the susceptibility offset between the magnetic
particles and the suspension, and varies with the square
of Gd-DTPA concentration for our phantom model.

The current study directly compared transverse relaxa-
tion rate measurements obtained with the CPMG (R,) and
LASER (R!) pulse sequences in phantoms containing small
volume fractions of spherical magnetic particles. All phan-
toms were prepared to satisfy the weak field regime condition
(tex < Awy)) and results were compared with the predictions
of CE theory (Eq. (1)). Differences in the transverse relaxa-
tion rates obtained from each pulse sequence were used to
estimate R,, for each phantom using Eq. (3), and the results
were compared with theoretical predictions for LASER
acquisitions as described in Egs. (4) and (5).

3. Methods
3.1. Phantom design

The effect of microscopic susceptibility-induced field
inhomogeneities on the transverse relaxation rate was
investigated using phantoms containing ORGASOL®
(ATOFINA Canada Inc., Ont., Canada) microbeads (poly-
mers of lauryllactame and caprolactame obtained by direct
polymerization). The ORGASOL® beads are spherical par-
ticles available in a range of sizes having a narrow particle
size distribution (particle diameter has 3 um standard devi-
ation). Phantom solutions were created in 50 ml cylindrical
culture tubes containing a 10% volume fraction of ORGA-
SOL® (density 1.07 g/L), 5% agarose gel, 100 mM NaCl
(for RF coil loading), and 33% Photo-Flo (p-tertiary-octyl-
phenoxy polyethyl alcohol). The surfactant, Photo-Flo
(Eastman Kodak Company, Rochester, NY) was used to
minimize air bubble formation within the mixture, while
the agarose gel prevented sedimentation of the microbeads.
A diffusion coefficient of 2.1 x 107> mm?/s was measured in
our phantoms using a standard spin-echo diffusion weight-
ed imaging sequence with a range of 7 applied b values (0,
9, 38, 85, 151, 236, 340 s/mmz). Phantoms were continu-
ously rotated during gel cooling and solidification to main-
tain a homogeneous microbead distribution.
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Three phantoms were designed with different transverse
relaxation rates by mixing the contrast agent Gd-DTPA
into the microbead suspensions to produce a susceptibility
offset between the microbead and gel compartments. Phan-
toms were designed to satisfy two criteria: (1) the micro-
bead size was selected to produce a 1., value intermediate
to the achievable range of 1., values for the LASER
sequence (using Eq. (2b)); and (2) Gd-DTPA concentra-
tions were selected to produce R, values that spanned val-
ues as large as the inverse of the minimum possible echo
time. The second criterion was satisfied using Eqgs. (1)
and (2) and the result of two calibrations described in the
sections below. Calibration of both the measured relaxa-
tion rate (R,) and the gel sample bulk magnetic suscepti-
bility offset referenced to water (Ay,) for variation in
sample Gd-DTPA concentration was obtained using phan-
toms without microbeads. Table 1 lists the particle size and
the Gd-DTPA concentrations used in each bead suspension
phantom.

3.2. Relaxation rate measurements

Experiments were performed using a 4 T whole body
MR scanner, consisting of an Oxford Magnet Technology
(OMT) 90 cm magnet, Varian Unity INOVA console, and
Siemens Sonata gradient system. A non-localized CPMG
pulse sequence was used for R, measurement in which
the refocusing pulse interval (27, = 5.0-12.5 ms, in steps
of 0.5 ms) was set to correspond to the time between the
adiabatic full passage (AFP) pulses in the LASER sequence
(described below). Since 180° pulses in CPMG are self-re-

focusing while echo formation with LASER requires pairs
of AFP pulses, 16 echoes were acquired with CPMG span-
ning a similar range of echo times (TE from 10 to 160 ms)
as the 7 echoes with LASER (TE from 30 to 150 ms). The
CPMG measurements were performed for each phantom in
the same scan session as the LASER acquisitions. A set of
16 spectra corresponding to a linearly spaced range of echo
times (TE from 10 to 160 ms) was obtained for CPMG
acquisitions.

The LASER pulse sequence [16] used for all relaxation
rate measurements employs a non-selective adiabatic half
passage (AHP) excitation pulse followed by six slice selec-
tive HS2-R15 [26] refocusing pulses for 3D volume selec-
tion. Additional non-selective HS1-R10 [27] MLEV phase
cycled [28] (AFP) pulses were applied prior to the slice
selective pulses to extend the target echo time (TE), while
maintaining a constant time between AFP pulses (27p).
Voxel localized spectra (18 averages, TR =45, 2kHz
receiver bandwidth) were acquired from a voxel
(18 x 18 x 25 mm?®) positioned completely within each
phantom (Fig. 1) for R; measurements using 16 different
refocusing pulse intervals (27., = 5.0-12.5 ms, in steps of
0.5 ms). For each 1., value, spectra were acquired at seven
different, linearly spaced echo times (TE from 30 to 150 ms)
corresponding to the addition of 0, 4, 8, 12, 16, 20, and 24
non-selective refocusing pulses (Fig. 1). Mono-exponential
least squares regression fits of the maximum amplitude of
the echoed time domain signal (peak area in the frequency
domain), obtained at each echo time (TE), were used to
estimate transverse relaxation rates for each pulse
sequence.

Table 1
CE model predictions
Phantom Particle radius (pum) Gd-DTPA (mM/L) Photo-Flo (ml) Awyy, (rad s71)? Tex (ms)® Ry (s7)° Rop (sH)¢
1 5 1 20 145 3.1 16.90 10.2
2 5 1.5 20 193 3.1 20.14 17.8
3 5 2 20 240 3.1 23.25 27.7
& Calculated using Eq. (2¢) with Ay, calibration from Eq. (7).
® Calculated using Eq. (2b) with D =2.1 x 107> mm?/s.
¢ From Eq. (6) using CPMG relaxivity calibration parameters.
4 Calculated using Egs. (1) and (2).
30
6
70
v 110
22 130 150

26 30

Fig. 1. Transverse image of phantom #3 (left) with the chosen voxel (18 x 18 x 25 mm3) superimposed. Typical spectra obtained by insertion of 0, 4, 8, 12,
16, 20, and 24 MLEV pulses prior to the six LASER localization pulses. Signal intensity decreases as the number of pulses (echo time) increases. The
spectra shown were obtained with 27, = 12.5 ms. The numbers above each spectrum represent the echo time in ms (top), and the total number of AFP

pulses used in the acquisition of each spectrum (bottom).
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3.3. Gd-DTPA relaxivity and magnetic susceptibility
calibrations

The parameter R,y in Eq. (1) represents the relaxation
rate of the sample without microbeads and depends on
the concentration of both Gd-DTPA and Photo-Flo. The
relaxation rate varies linearly with Gd-DTPA concentra-
tion in the following manner:

Ry = c[Gd] +y, (6)

where the parameter ¢ represents the R, relaxivity of Gd-
DTPA, [Gd] refers to the concentration of Gd-DTPA in
mmol, and y represents the relaxation rate in a sample from
all mechanisms other than paramagnetic relaxation by Gd-
DTPA. The established literature value for the relaxivity
(¢) in Eq. (6) of Gd-DTPA is roughly 6 L mmol's™!
[29] for measurements made at field strengths between 0.5
and 1.5 T. The relaxivity of Gd-DTPA was measured by
preparing phantoms with a range of Gd-DTPA concentra-
tions (0, 0.1, 0.4, 0.6, 1, 2, 3, 4, 6, 8 mM). R,y was measured
with the CPMG pulse sequence for each phantom at the
minimum achievable refocusing pulse interval (27, =
5.0 ms) using sixteen echo times as described above.
Similarly, R,y was calibrated with the above mentioned
Gd-DTPA concentrations using the LASER pulse
sequence. The minimum achievable time between AFP puls-
es (27, = 5.0 ms) was used with seven echo times, as
described above. A linear regression of R, estimates was
used to estimate ¢ and y in Eq. (6) for both LASER and
CPMG pulse sequences.

Susceptibility measurements were performed to deter-
mine the susceptibility difference (Ay.,) between the two
compartments present within each microbead suspension
phantom. The measurement of susceptibility difference was
essential for a proper comparison of measured relaxation
rates to the predictions of theoretical models. An imaging
based form of MR susceptometry, previously described in
detail [30,31], was used to determine the sample susceptibility
difference referenced to water (Ay;). Briefly, the susceptome-
try apparatus consisted of a 5 mm outer diameter NMR tube
placed concentrically (using teflon spacers), within a 15 mm
inner diameter, 10-ml graduated cylinder. The graduated
cylinder contained distilled water and the surfactant Pho-
to-Flo to inhibit bubble formation. The apparatus was
placed vertically within a 5 cm diameter solenoid RF coil.
Axial images of the phantom were acquired using a 2D mul-
ti-echo gradient echo sequence (128 x 128 matrix, 10 mm
slice, 6 cm FOV, 8 ms echo spacing, 20 echoes). The suscep-
tibility-induced field inhomogeneity pattern was character-
ized outside of the NMR tube oriented perpendicular to
By. The field inhomogeneity pattern was determined by gen-
erating a field map from the evolution of phase with echo
time. By fitting the field inhomogeneity pattern outside the
NMR tube, but within the graduated cylinder, to the theoret-
ical field pattern for co-axial cylinders [32], the susceptibility
of the sample within the NMR tube, referenced against that
of water (Ay.p) was estimated [30].

The water referenced susceptibility of the ORGASOL®
polystyrene beads was obtained by measuring the suscepti-
bility (Ayp) of a high density microbead sample containing
0.5 g of 20 um diameter ORGASOL®, 33% Photo-Flo, and
1 ml of water (32% volume fraction of polystyrene beads in
sample). The bead susceptibility (Ay) referenced to water
was found to be —0.157+0.004ppm in SI units
(Ay, = Ay.p/0.32, where 0.32 represents the volume frac-
tion). The water referenced susceptibility of Gd-DTPA in
agarose gel (Aygq) was calibrated by measuring Ay; in four
5% w/w agarose phantoms, containing a range of Gd-
DTPA concentrations (0, 1, 2, and 4 mmol) and no micro-
beads. The compartmental susceptibility offset (Ay.,) for
phantoms containing polystyrene beads suspended in Gd
doped agarose was then  determined  using

AYab = Axca — Ap.
3.4. Data analysis

Plots of signal intensity vs. echo time were produced for
each phantom at 16 different pulse intervals (27, = 5.0-
12.5 ms, step 0.5 ms). The MR signal decay in both CPMG
and LASER experiments was characterized using the max-
imum amplitude of the echoed time domain signal obtained
at each echo time, using MATLAB (The Mathworks Inc.,
Natick, MA, USA). R, and R; estimates were obtained
from the signal intensity decay curves of CPMG and
LASER measurements, respectively, using a three parame-
ter (Sy, R», and B) constrained least squares regression with
the functional form (S = Sy-exp(—R,'TE) + B). For each
microsphere suspension phantom (Table 1), the 7, depen-
dence of the measured R, estimates obtained from CPMG
measurements were fit using the CE model. Chemical
exchange model parameters were obtained using a three
parameter (Ryy, Ryp, and 7o) constrained least squares
regression of Eq. (1) in MATLAB. In each case, fitting
was performed using a variance normalized regression ker-
nel [33], where the variance of the R, parameter (¢*(R,))
was estimated, for each t., value, from the fit residuals of
the mono-exponential signal decay curve.

The contribution of transverse relaxation in the rotating
frame, R,,, was estimated for each phantom from differ-
ences in the 1., dependence of the transverse relaxation
measurements obtained from LASER (R}) and CPMG
(R») acquisitions, as described in Eq. (3). A single parame-
ter constrained least squares regression estimate of R,, was
obtained using the inverse fractional adiabatic pulse time
(27¢p/T,) as the variance normalization kernel, since R,
estimates are most reliable for short 7., acquisitions.

4. Results

4.1. Gd-DTPA relaxivity and susceptibility calibration
measurements

The slope (¢) and intercept (y) of the Gd-DTPA trans-
verse relaxivity calibration (Eq. (6)) were found to be
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6.65+0.73 Lmmol 's! and 10.65 + 1.57 s\, respective-
ly, when measured with the CPMG pulse sequence, and
7.26 +0.45 Lmmol ' s~ and 11.83 +0.98 5!, respective-
ly, when measured with the LASER pulse sequence. Phan-
toms without beads and containing 33% of Photo-Flo were
used for calibration with each pulse sequence. Relaxivity
calibration parameter estimates obtained using each
sequence differed by less than 10% and agreed within
uncertainty for both ¢ and y (p = 0.48 and 0.52, respective-
ly). The water referenced susceptibility of Gd-DTPA mea-
sured by susceptometry was 0.299 ppm/mM. Therefore,
the relationship between the susceptibility offset between
compartments (Ay,,) of bead suspension phantoms, and
the Gd-DTPA concentration of the suspension gel was
expressed as:

Ay = 0.299(Gd] +0.16, (7)

where [Gd] is the concentration of Gd-DTPA in mM, and —
0.16 ppm is the water referenced susceptibility offset of the
polystyrene microbeads (Ayy).

4.2. R, measurements

Fig. 1 shows typical spectra acquired from phantom 3
(see Table 1) as a function of echo-time using the LASER
pulse sequence. The observed spectra exhibited a single res-
onant peak and signal intensity diminishing with echo time.
Figs. 2A and B show semi-log plots of the spectral area as a
function of the echo time (TE) in all phantoms, obtained

Phantom 1
R? = 0.9991

Phantom ?‘ o~

2 _
R?* = 0.9969 Phantom 2

. A 2 - 0.9974

(o] 0.05 0.1 0.15 0.2

R? = 0.9998

N
~,
A
w N
Phantom 3 ~o
R? = 0.9988

Ln(SI)
N
]

~ Phantom 2
N ™ R?=0.9996

o 0.05 0.1 0.15 0.2
Echo Time (s)

Fig. 2. Semi-log plot of spectral area as a function of echo time (TE) for
all microsphere suspension phantoms (27, = 5.0 ms) acquired with (A)
the CPMG pulse sequence, (B) the LASER pulse sequence. The R, and R;
relaxation rates were determined from the slopes of each regression line in
(A) and (B), respectively.

with the LASER and CPMG pulse sequences, respectively.
All semi-log signal decay fits produced very high correla-
tion coefficients (R*>>0.99) supporting the assertion of
mono-exponential decay, characterized by R, and R; for
CPMG and LASER acquisitions, respectively. The results
from Figs. 2A and B were obtained with 27., = 5.0 ms,
however comparable linearity was observed for acquisi-
tions involving all other refocusing pulse intervals (data
not shown).

Figs. 3A-C shows the 7, dependence of R, and R; esti-
mates for all bead suspension phantoms with correspond-
ing fits to the CE model (Eq. (1)) using data acquired
with the CPMG and LASER pulse sequences, respectively.
CE model parameter estimates (t.x, Ro9, Rop) of the R,
variation shown in Fig. 3 are listed in Table 2 for CPMG
acquisitions alone, since CE model predictions are only val-
id for CPMG acquisitions. Table 1 lists theoretical predic-
tions for 7., and R,p derived from the physical properties
of the phantom, and Egs. (1) and (2) (CE model). The val-
ue of Ry predicted from calibration measurements using
phantoms without microspheres is also indicated. Parame-
ter estimates listed in Table 2 for CPMG data were in close

A 22
20
® E 3
~ 18
)
~ 16
=
14
12
10 -
1] 1 2 3 4 5 6 7
B 40
3s
£ 4 *®
30
o 25
n =]
E& 20
15
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-1
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15
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Fig. 3. Estimated transverse relaxation rate values for all phantoms (A,
phantom 1; B, phantom 2; C, phantom 3). LASER R; estimates (solid
squares) and CPMG R, estimates (open symbols) are shown with three-
parameter fits of the CE model indicated (LASER, black line and CPMG,
gray line). Data uncertainty derived from mono-exponential fit quality is
too small to be visible on the plots. Asterisks represent relaxation rate
differences (p < 0.05).
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Table 2

CE Model Fit of experimental results

Phantom 7.y (ms) Ryo (s Rop (s7")

1 2.50 (2.50-3.54)* 16.62 (16.56-18.49) 15.95 (13.29-18.61)
2 2.70 (2.70-2.90)  20.69 (20.60-21.27) 19.25 (16.03-25.66)
3 2.50 (2.50-4.19) 24.61 (24.61-27.21)  28.93 (24.80-33.06)

# Numbers in brackets represent 95% confidence interval estimated by
staged regression analysis [37].

agreement with the predictions of CE theory listed in Table
1 for both R,y and R,p (in most cases within experimental
uncertainty). Both R,y and R,p estimates agreed within 8%
for all phantoms, with the exception of the R,p estimate for
phantom 1 which exceeded the theoretical prediction slight-
ly beyond experimental uncertainty.

In Fig. 3 for phantoms 1 and 2, the R, and RT2 estimates
obtained using CPMG and LASER acquisitions, respec-
tively, converged for larger 7., values (greater than
3.5 ms), but differed significantly for low ., values (statis-
tical significance at 95% confidence level or p < 0.05 is indi-
cated by a star above the data points in Fig. 3). For
phantom 3, the difference between R, and R} estimates
obtained from each pulse sequence was present for the full
range of 7., values employed. Using Eq. (3) and the differ-
ences between R, and R! estimates obtained with CPMG
and LASER acquisitions, respectively, the contribution of
R,, was estimated for each phantom with results shown
in Fig. 4 as a function of Aw?,. According to Egs. (4)
and (5), the exchange induced contribution to Ry,
(Rap,ex» Eq. (4)) is proportional to the slope, while the
R, contribution resulting from dipolar interactions is
given by the intercept (R», a4, Eq. (4)). The theoretical
prediction for the slope of the line indicated in Fig. 4
was 5.27x 10™*s. The theoretical prediction of the slope
(FoFytexcos’o) was derived from Egs. (4) and (5), and
calculated from parameters associated with properties of
the bead phantoms (F,, F},, and 7.) from Eq. (2) and the
adiabatic refocusing pulse pattern (o) employed. The
experimentally determined slope from Fig. 4 was
(5.18 + 0.75) x 10~* s, which agreed within 2% of theoretical
predictions and was well within experimental uncertainty.

50

45 1 slope = (5.18+0.75)x10™s
{ intercept = (12.11= 3.14)s™

0 T T T T T T 1
0 10000 20000 30000 40000 50000 60000 70000

Aw,,? (rad/s)*

Fig. 4. R,, estimates obtained from all three phantoms plotted as a
function of chemical shift difference. The slope of the line indicates Ry, .«
and the intercept- indicates Ry, 44 (see Egs. (4) and (5)).

5. Discussion

The main goals of this study were to (1) compare the
accuracy of R, relaxation rate predictions from the CE
model with experimental data acquired from a controlled
phantom model of magnetized particles using a conven-
tional CPMG sequence, (2) compare R, relaxation rates
measured using the LASER pulse sequence to those
acquired using the CPMG sequence, and (3) determine
whether the CE model, modified to account for 75, (or
R,,) relaxation, adequately describes the R, relaxation
rates measured using LASER under particular experimen-
tal conditions. In all cases, our analysis was confined to
spherical magnetic perturbers satisfying the weak field
regime (7o < Aw,). To achieve this condition in vitro,
ORGASOL polyamide microspheres were suspended in
Gd-DTPA solutions. Water molecules diffusing amongst
the microspheres experience local field inhomogeneity
which induces relaxation that can be mimicked by a two-
site exchange mechanism. As expected, the relaxation rates
measured by the CPMG and LASER sequences were
dependent on the susceptibility difference (Ay,,) between
the medium and the microspheres, and the time between
refocusing pulses (27.p). The measured relaxation rates
were also dependent on the concentration of Photo-Flo.

To compare CE model R, relaxation rate predictions for
bead suspension phantoms with experimental data
acquired using a conventional CPMG sequence, R,y was
first calibrated using phantoms without beads but with
matched Gd-DTPA and surfactant concentration to con-
trol for R, variations resulting from these sources. The sur-
factant Photo-Flo was essential to eliminate air and
suspend the polystyrene beads in the agarose gel solution.
The Ry, relaxation rate was calibrated by estimating the
relaxivity of Gd-DTPA (¢) and the relaxation rate from
all other mechanisms including Photo-Flo (y), according
to Eq. (6). CPMG and LASER estimates for ¢ and y in
Eq. (6) were within experimental error (6.65+
0.73 L mmol ' s~ ! and 10.65 4 1.57 s, respectively, mea-
sured with CPMG, and 7.26 + 0.45 L mmol 's™! and
11.83 +0.98 5!, respectively, measured with LASER),
although the LASER parameter estimates were ~10%
higher likely due to the different refocusing pulses used
(adiabatic vs. Shinnar-Le Roux) and small refocusing
errors at the edge of each selected slice during the localized
LASER sequence. The slice selective nature of the last six
AFP pulses in the LASER pulse train could also give rise
to artifacts by the excitation of signal from outside of the
selected volume, in comparison with the completely non-se-
lective CPMG approach. However, the agreement of the
measured relaxation rates in bead-free phantoms provides
evidence that the refocusing of signal from outside the
voxel of interest is not a major source of error.

The CE model [21] has previously been validated for
spheres by numerical simulation [25], suggesting good
agreement in the weak field regime (1o, < Awg') of the
chemical exchange. Simulations of paramagnetic cylinders
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(capillaries) by Kennan et al. [12] and vascular beds by
Boxerman et al. [34] in the weak field regime were also well
fit by the CE model. In the current study, a conventional
CPMG pulse sequence was used to measure R, relaxation
in vitro and showed the expected pattern of variation as
a function of the time between refocusing pulses (Fig. 3).
Based on the constituents of each phantom in the current
study (bead size, volume fraction, [Gd-DTPA]), and using
the CE model (Egs. (1) and (2)), values for 7., and R,p
were calculated from theory and R,y from experimental
calibration using bead-free phantoms. Fitting the CE mod-
el to the experimental CPMG data produced an R,p value
that was overestimated for phantom 1, and a 7., value that
was underestimated for phantom 2, beyond experimental
uncertainty, compared to the theoretical predictions. How-
ever, for all other estimates, the CE parameters (R>p, R,
and 7.,) derived from the fits to the experimental CPMG
data were found to be in close agreement (within experi-
mental uncertainty) with CE model predictions, providing
further support for the validity of CE theory predictions
for weak spherical magnetic perturbers.

The close agreement between the CE model predictions
and the parameter values obtained by fitting the CPMG
measured R, dependence on 7., with the CE model was
achieved despite using only a finite 7., range. Under ideal
conditions, the curves shown in Fig. 3 would span the
entire 7, range from 7o, < Tex t0 Tep > Tex. However the
minimum time between refocusing pulses (27.,) achievable
with the LASER pulse sequence was 5.0 ms, and at the
maximum time used between refocusing pulses (12.5 ms),
the spin-echo had decayed to the level of the noise at long
echo times (i.e., TE ~ 150 ms). Despite experimental limi-
tations on the range of available 7., values, the near unity
R?-value associated with the linear regression of the signal
decay curves (Fig. 2), and the agreement between the trans-
verse relaxation rate parameters (Ryo and R,p) measured
using the CPMG sequence and the values predicted by
the CE model, attest to the appropriate application of
the CE model theory to estimate relaxation from weak
spherical magnetic particle phantoms.

Alternatively to the CE model, variation in transverse
relaxation rate (R,) as a function of 1., in the weak field
regime has also been modeled by Jensen and Chandra as
a diffusion rather than an exchange process [24]. Numerical
simulations of 'H relaxation rate enhancements from point
dipoles calculated by Muller et al. [35] and experimental
data obtained from red blood cell suspensions are consis-
tent with diffusion model predictions [24]. However, the
two models differ only in how predictions of R, transition
from the short echo to the long echo (small 7, vs. large
Tep), and not in the estimated amplitude of the change
(i.e., Ryp is the same for each model). Despite the similar-
ities of the two models, the results of Jensen and Chandra
cannot be synthetized with a simple formula like Eq. (1),
which emphasizes the utility of the CE model.

The LASER pulse sequence developed by Garwood and
Delabarre [16] was also used to measure R;, and has previ-

ously been applied in vivo to measure 'H metabolite trans-
verse relaxation times [17] and extended to imaging to
measure R; in gray matter, white matter, and CSF
[18-20]. However R) measurements made with LASER
have not previously been validated in phantom models.
In phantoms 1 and 2, results indicated that LASER R}
measurements were similar to CPMG when 1., values were
>3.5 ms. However, at lower 7., values, LASER tended to
overestimate R, relative to CPMG measurements leading
to the overestimation of R,y compared to CE model predic-
tions. The observed differences can be explained by the
presence of an additional mechanism of contrast, namely
R,, relaxation as previously reported by Michaeli et al.,
and described by Egs. (3)—(5). Predictions from Eq. (3)
show that at low ., values (27, ~ T},), an enhanced relax-
ation resulting from R,, mechanisms will contribute signif-
icantly to the measured R}, while a diminished relaxation
enhancement will be observed at larger 1., values
(2tcp > T,), as demonstrated experimentally in the current
study by the similarity between transverse relaxation rate
estimates obtained using CPMG and LASER (Fig. 3). Dif-
ferences in LASER and CPMG R, estimates were observed
in phantom 3 for the full range of 7, values used. This dif-
ference most likely occurred because phantom 3 has suffi-
cient Gd-DTPA concentration such that it did not strictly
satisfy the weak field regime condition (ze < Awg!, with
Tex of 0.0031 57" and Awg' of 0.0033 s~ ') and would more
appropriately be categorized as within the intermediate
exchange regime (tex ~ Awg!). This difference between
LASER and CPMG R, estimates was consistently
observed for 3 separate preparations of the phantom 3 sus-
pension, and emphasizes the importance of limiting R»,
predictions from LASER measurements to applications
involving the weak exchange regime.

To determine whether the effect of R,, relaxation could
account for the observed differences between LASER and
CPMG at low values of ., the R,, relaxation rates were
calculated using Egs. (3)—(5). Since the only difference
between phantoms was the concentration of Gd-DTPA
(A)ab), only the R,, .« parameter was predicted to vary
between phantoms (Eq. (4)). The calculated R, relaxation
rates were plotted as a function of chemical shift difference
(Awyp) for all three phantoms (Fig. 4) to isolate the contri-
bution of R, cx (slope) and R, 44 (intercept). The slope of
the line in Fig. 4 ((5.18 £ 0.75) x 10~* s~ ") represents Ry, ox
and agreed within error with the value predicted by theory
(5.27 x 10~*s71) (determined using F,Fyte, cos’a, Eq. (5))
based on Egs. (1)—(7) in Michaeli et al. [20]. This result sug-
gests that the differences between LASER and CPMG
transverse relaxation rate estimates can be explained by
the R, contrast enhancement mechanism. Therefore, we
have demonstrated a theoretical basis for the differences
in transverse relaxation rates observed between LASER
and CPMG at small 7, values involving weak magnetic
perturbers.

The LASER pulse sequence is ideally suited for in vivo
applications that require localized excitation, since
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exclusively adiabatic pulses are used, which are relatively
insensitive to Bj-inhomogeneity. Additionally, LASER
can produce diffusion sensitive contrast around micro field
inhomogeneities. The observed hyper-sensitivity of LASER
to diffusion contrast at short 7., combined with the quan-
titative accuracy of the enhancement based on the theory
described by Michaeli et al. [11], and confirmed experimen-
tally with weak magnetic particle suspensions in this work,
suggests the LASER pulse sequence may eventually pro-
vide a means to detect stored iron in brain disorders, and
hemochromatosis in liver. Quantitative measures of iron
content could be derived using the experimental confirma-
tion of T, theory for applications well approximated by
the spherical particle weak perturber model, the most likely
case for small in vivo ferritin deposits associated with many
types of pathology.

6. Conclusion

In this study, ORGASOL polyamide microspheres
suspended in Gd-DTPA solutions were used to control
magnetic susceptibility in three phantoms and simulate
in vivo conditions. The LASER R] measurements in
the calibration phantoms containing no ORGASOL
microspheres agreed with the CPMG R, measurements.
The transverse relaxation rate parameters (R,, and
R,p) derived from the CPMG fits were found to be in
good agreement with CE theory predictions. LASER RE
values were found to be in agreement with the CPMG
pulse sequence for high 7., values (>3.5ms), however
significant discrepancies were observed between the two
sequences at low 7., values (<3.5ms). The differences
between the two were attributed to the presence of R,
relaxation in a fashion predicted by theory. This proper-
ty may be exploited in future in vivo studies that use
LASER to quantify transverse relaxation in pathological
conditions (stroke, Parkinson’s disease, hereditary hemo-
chromatosis). The observed relaxation rate dependence
on 7, could be exploited to selectively weight signal
from tissue regions containing small magnetic particles
[36], and potentially identify and quantify the presence
of cells that are labeled with iron oxide particles (i.e.,
MION).
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