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Magnetization Transfer in Lamellar Liquid Crystals

Dariya I. Malyarenko," Ellen M. Zimmermann,” Jeremy Adler,® and Scott D. Swanson'*

Purpose: This study examines the relationship between quan-
titative magnetization transfer (QMT) parameters and the
molecular composition of a model lamellar liquid crystal (LLC)
system composed of 1-decyl alcohol (decanol), sodium
dodecyl sulfate (SDS), and water.

Methods: Samples were made within a stable lamellar meso-
phase to provide different ratios of total semisolid protons
(SDS + decanol) to water protons. Data were collected as a
function of radiofrequency power, frequency offset, and tem-
perature. gqMT parameters were estimated by fitting a standard
model to the data. Fitting results of four different semisolid line
shapes were compared.

Results: A super-Lorentzian line shape for the semisolid com-
ponent provided the best fit. The estimated amount of semi-
solids was proportional to the ratio of decanol-to-water
protons. Other gMT parameters exhibited nonlinear depend-
ence on sample composition. Magnetization transfer ratio
(MTR) was a linear function of the semisolid fraction over a
limited range of decanol concentration.

Conclusion: In LLC samples, MT between semisolid and
water originates from intramolecular nOe among decanol ali-
phatic chain protons followed by proton exchange between
decanol hydroxyl and water. Exchange kinetics is influenced
by SDS, although SDS protons do not participate in MT. These
studies provide clinically relevant range of semisolid fraction
proportional to detected MTR. Magn Reson Med 72:1427-
1434, 2014. © 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Magnetization transfer (MT) MRI takes advantage of
interactions between water and the semisolid compo-
nents of tissue to indirectly image the semisolid fraction
by means of the detected water protons. Application of
an MT preparation pulse increases image contrast for tis-
sue in regions where water is efficiently coupled to the

"Department of Radiology, University of Michigan, Ann Arbor, Michigan,
USA.

Department of Internal Medicine - Gastroenterology, University of Michi-
gan, Ann Arbor, Michigan, USA.

3Depar‘(ment of Pediatrics and Communicable Diseases, University of Mich-
igan, Ann Arbor, Michigan, USA.

Grant sponsor: National Institutes of Health; Grant numbers: NIH T32
EB005172, NIH RO1 DK073992.

*Correspondence to: Scott D. Swanson, Ph.D., Department of Radiology,
University of Michigan, 1301 Catherine Street, 3208A Medical Science |,
Ann Arbor, Ml 48109. E-mail: sswanson@umich.edu

Additional supporting information may be found in the online version of this
article.

Received 11 July 2013; revised 18 September 2013; accepted 15 October
2013

DOI 10.1002/mrm.25034
Published online 20 November 2013 in Wiley Online Library (wileyonlineli-
brary.com).

© 2013 Wiley Periodicals, Inc.

semisolid component. The ratio of the difference image
to the image obtained without MT preparation, termed
magnetization transfer ratio (MTR), is used in clinical
research to increase lesion conspicuity without exoge-
nous contrast agents (1-6). Several clinical MT studies
have been performed primarily in neurological applica-
tions in disease such as multiple sclerosis (2,4,7,8), Alz-
heimer’s disease (AD) (5), and focal cortical dysplasia in
children (6). Other studies indicate that MTR is corre-
lated with tissue fibrosis and could be used to distin-
guish between inflammation and fibrosis in Crohn’s
disease (3,9).

When the MT experiment is performed as a function
of radiofrequency (RF) power and frequency offset of the
preparation pulse, quantitative magnetization transfer
(gMT) parameters can be extracted by fitting to an appro-
priate model of semisolid component line shape, relaxa-
tion, and exchange properties (10,11). In clinical
research, gMT has been used to measure the amount of
semisolid component, which correlates with myelin con-
tent of white matter (12—14). A decrease of semisolid
magnetization in the hippocampus was observed in gMT
studies of patients with AD (15-17).

While progress has been made to bring MT into clini-
cal use, an optimal MR sequence for selective tissue con-
trast does not yet exist. Standard MT imaging is
influenced by a complicated ratio of relaxation and
cross-relaxation parameters that reduces tissue specific-
ity and hinders diagnostic utility (18,19). gMT pulse
sequences could alleviate some of these problems, but
requires long acquisition times and significant post proc-
essing. Furthermore, a detailed picture of the physics of
the molecular level processes underlying MT remains
cloudy. A comprehensive theoretical development and
model validation has been hampered in part by the lack
of an appropriate model system. The desired model sys-
tem should both mimic tissue characteristics and allow
manipulation of components to produce predictable
alterations in MT properties reflected in the fitted model
parameters.

Current MT theory relies on the hypothesis that the
semisolid proton fraction in tissue can be described by a
single, homogeneously broadened resonance of arbitrary
shape (10,20). Different theoretical semisolid model line
shapes were found appropriate for empiric description
of MT depending on specific molecular properties of the
semisolid-pool. Initial development of MT theory used a
Gaussian function to model the line shape of the semi-
solid component (10,20). Based on work of Wennerstrom
(21) and Bloom et al. (22), a super-Lorentzian (SL) line
shape was found to be more appropriate for MT data
collected from white matter and gray matter (23). A
homogeneously broadened SL line shape has subse-
quently become part of the standard MT model for neuro-
logical studies using qMT (23,24) and has been used
successfully to fit direct detection of the myelin line by
NMR (25).
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Most model MT systems studied to date have used
either cross-linked bovine serum albumin (BSA) (26) or
polysaccharides (10). While these materials may provide
an appropriate MT model for proteins in muscle tissue
or polysaccharides in hyaline cartilage, they do not
adequately represent the MT physics occurring in the
phospholipid membranes of white matter and gray mat-
ter (2,7,8). A more appropriate model for neural tissue
would be a lipid membrane system. These systems
have been extensively studied by NMR, particularly
deuterium NMR (27,28), yet only a few MT studies
have been reported. Ceckler et al surveyed different
macromolecular systems including phospholipid mem-
branes for evidence of MT (29). Fralix et al identified
cholesterol as a key component to induce MT in lipid
systems (30). In one of the more complete studies,
Kucharczyk et al examined MT in synthetic white mat-
ter lipids (31) and concluded that galacto-cerebroside
content (in addition to cholesterol) and pH have the
strongest effect on MT. None of the studies to date pro-
vided a full survey of gMT parameters and their rela-
tion to the chemical and physical properties of the
lipid membranes.

Mixtures of surfactants, water, and alcohols form
well-characterized systems (32-34) that mimic many
properties of biological membranes. We have found that
these lyotropic, lamellar liquid crystals (LLCs, as surro-
gate biological membranes) generate MT between the
water and the aliphatic (semisolid) components and
allow numerous molecular permutations to help disen-
tangle qMT properties. LLCs possess many desired char-
acteristics for MT studies, such as: a large MT-effect,
simple sample preparation, stability (during long stor-
age), and a quantitative relation between components
and gMT-model parameters. This work focuses on how
the molar ratio of semisolid protons (decanol and
sodium dodecyl sulfate [SDS]) to water protons influen-
ces qMT parameters, such as the estimated semisolid
fraction, M(l)’, cross-relaxation rate R, and transverse
relaxation time of semisolid, T,p, in LLCs composed of
SDS, decanol, and water. Different compositions are
explored to understand chemical-physical background
of MT with the purpose to ultimately use this knowl-
edge in connection to clinical MTR-studies as related to
in vivo effects (1-6).

METHODS
LLC Samples

A series of samples were constructed with deionized-
distilled water, SDS (99%, molecular biology grade,
Sigma-Aldrich, St. Louis, MO), and 1-decyl alcohol (dec-
anol) (>98%, Sigma-Aldrich, St. Louis, MO) to satisfy
three conditions. First, the relative amounts of ingre-
dients were chosen so that the samples were all in a sta-
ble, lamellar mesophase of the ternary phase diagram for
this system (34). Second, the mole fractions of compo-
nents were selected to create samples with two different
weight fraction of water (Cy = grams of water/total sam-
ple weight). Four samples were made with Cy = 45%
and five samples with Gy = 65%. Third, within each
water weight fraction, the mole fraction of decanol to total
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FIG. 1. Conceptual diagram of the LLC phase formed by hydropho-
bic bilayers of SDS (black) and decanol (blue) chains that encapsu-
late polar water layer (blue) and sodium ions (red). The distances
are given for water content of Cyy = 45% as measured by small
angle X-ray scattering (SAXS) experiments Ref. (34). Blue color
indicates LLC components (decanol and water) participating in MT.
The insert on the right focuses on a subset of the polar / nonpolar
interface to reflect the MT mechanism between decanol and water
protons consistent with our experimental findings, i.e., proceeding
by means of hydroxyl proton exchange (blue arrows) and aliphatic
proton nOe (green arrows). Terminal chain segments of decanol are
excluded from MT due to probable large amplitude motions.

lipid protons was varied from 0.41 to 0.62. This allowed
study of samples with similar water content but differing
semisolid components. The vials were sealed and then
vortexed, centrifuged, heated to 55°C (to improve sample
miscibility), cooled to room temperature, and aged over
72hr to ensure sample uniformity. These steps ensured
organization of the components into the lamellar phase
(34). A representative diagram of the lamellar mesophase
(34) at Cyy = 45% is shown in Figure 1.

The final composition of the prepared samples is
described in terms of the molar fractions of water pro-
tons, Xy, decanol protons, Xp, and SDS protons, Xgps.
Samples were made in following ranges: Xy = 0.44—
0.67, Xp = 0.14-0.34, and Xgps = 0.13-0.31. A sample
mixed with D,0 was prepared at a single concentration.
All samples were stored at room temperature. (Details of
sample compositions and results are presented in Supp.
Table S1, which is available online).

NMR Data Acquisition

To collect data for model fitting and qMT parameter esti-
mation, continuous wave (CW) RF irradiation (10 s) was
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FIG. 2. Experimentally observed parameters are plotted as a function of the ratio of mole fraction of SDS protons, Xsps, to mole fraction
of water protons, Xy, for T;’bs (a), Tgbs (b), and 2Na quadrupole splitting 2vq (c). The symbol diameter is proportional to mole fraction of
decanol protons, Xp. The exponential fit errors for relaxation times [omitted in (a) and (b)] were within the symbol boundaries. The mea-
surement error for 2vq was =300 Hz. The samples with high versus low water content (Cy, = 65% versus Cy = 45%) are indicated by

different colors, as shown in Figure 2 (a).

applied at four power levels and nineteen off-resonance
frequencies at 2T. The water proton T; and T, (bes and
T9P) were measured in separate experiments using stand-
ard inversion-recovery (IR) and Carr-Purcell-Meiboom-
Gill (CPMG) pulse sequences. To study the effect of SDS
counterion on qMT parameters, **Na spectra were
acquired for all samples at 22°C, using spectral width
(sw) = 100kHz, pulse width (pw) = 4ps, and repetition
time (TR) = 0.2s. The measured frequency difference
between the |3/2) — |1/2) and | —1/2) — | — 3/2) transi-
tions (=2vg) was analyzed. To directly observe both the
water proton and semisolid proton resonances, a 'H spec-
trum (sw = 100 kHz, pw = 4ps, TR = 5s) of a sample (Cy
= 65%) prepared with D,O was obtained. In addition to
MT studies at room temperature after preparation, three
samples were studied at 40°C, and two samples (with
45% and 65% water content) were rerun at room tempera-
ture after prolonged storage (over 6 months).

MT Fit Models and Parameters

A two-compartment exchange model was used to fit the
observed MT-curves and extract physical parameters
(10). A Matlab toolbox was developed for nonlinear least
squares fit that included options of Lorentzian (L) and
Gaussian (G) line shapes (10), as well as mixed super-
Lorentzian (SL) (23,35) and correlation-time (KCT, Kubo-
Tomita) (36) models for the semisolid component. Model
fidelity-metrics was provided by mean-squared-error
(MSE) obtained by means of the estimate of variance of
the error term for nonlinear least squares “nlinfit” func-
tion (Matlab 7, Mathworks, Natick, MA). Fit parameter
errors were estimated as the square-root of diagonal ele-
ments of the covariance matrix provided by the “nlinfit”.

The best fit values of MT parameters, obtained with SL
model, Mé’, R;, Typ, Tsy, and R,, were estimated and ana-
lyzed across all studied LLC samples (Supp. Table S1).
The fit model included frequency offset for the semisolid
component resonance to account for the observed 'H
chemical shift of aliphatic protons contributing to MT.
The frequency offset was set to 320 Hz relative to water
for all reported fits. The errors for R; and T, parameters
were calculated directly from the fit, while the confidence
interval for M?, T,,, and R, were obtained by standard

error propagation using both fit errors for parameter com-
binations from “nlinfit” and the T errors.

RESULTS

Figures 2a and 2b show observed spin relaxation times
for water, T9% and Tg», as a function of the ratio of SDS
protons to water protons (Xsps/Xw). Figure 2c presents
the measured dependence of **Na quadrupole splitting,
2vg, on Xgps/Xw. To aid visualization of the effect of dec-
anol on the measured NMR parameters, the marker diam-
eters in Figure 2 are proportional to the mole fraction of
decanol protons, Xp. In addition, data from samples with
higher water content are drawn with blue markers. The
average measurement errors were within 1.5% (less than
marker size) and are omitted from the plots. As evident
from Figure 2a, T exhibits a step-like change with
water content, from an average of 1.45s for Cyy = 65% to
1.05s for Cyy = 45%, and is otherwise nominally inde-
pendent of the composition of the semisolid fraction.
Within each Cw family, both T,.,s and 2vg (Figs. 2b,c)
are generally increasing with increasing SDS proton frac-
tion (decreasing decanol content). The observed 2vg
between 22 and 43 kHz reflected the strength of electric
field gradient in the vicinity of *®Na nucleus at the semi-
solid surface (37). The average ratio of 2vy measured for
samples with high versus low semisolid content (Cy =
45% versus Cy = 65%) at fixed ratio of SDS-to-decanol
content was close to one (37.6/42.2 kHz and 24.7/23.7
kHz), while 2vg, ratio for lower versus higher relative SDS
content at fixed water weight fraction was ~0.6 (23.7/42.2
kHz and 24.7/37.6 kHz). These results report on increas-
ing local charge density near sodium counterions on
lamellae surface (37) mainly due to increasing relative
SDS amount in semisolid phase (independent of Cy).
Figure 3a illustrates "H-NMR results for the sample
prepared in D,0O. The ~320 Hz chemical shift is
observed between residual protonated water and the ali-
phatic protons of semisolid component. The broad spec-
tral line shape is indicative of complex (non-Lorentzian)
relaxation of the semisolid fraction. Also shown in Fig-
ure 3a is a simulated super-Lorentzian (SL) line shape
with T,, = 20 ws. Comparison of the experimental and
simulated lines suggest that the prevailing fraction of the
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FIG. 3. a: "TH-NMR spectrum of LLC made with D,O (black line) is
plotted on a log-intensity scale along with the best fit super-
Lorentzian line shape (blue line) for the semisolid component par-
ticipating in MT. The semisolid component fit is offset by 320Hz to
account for the chemical shift of the decanol aliphatic protons at
2T. b: An example of fitting gMT model (lines) based on offset
super-Lorentzian to collected data (dots) at different power levels
of applied MT pulse (see legend for color-codes). These data are
for the LLC sample with Cy, = 65% and Xp/Xsps = 0.22/0.13.

semisolid component expected to participate in MT can
be adequately modeled by an SL line shifted from the
water resonance by ~320 Hz. The shoulder-like features
at =8 kHz likely indicate residual dipole—dipole interac-
tions among aliphatic protons.

Figure 3b provides an example of fitting MT model to
collected data with super-Lorentzian semisolid line
shape offset of 320 Hz for the LLC sample. The MSE
error of the super-Lorentzian fit was 2.7%. Inclusion of
the frequency offset reduced the fit MSE by 0.2% for all
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samples (average MSE = 3%). For comparison, the fit
using Lorentzian (L) and Gaussian (G) models produced
much higher MSE of 20% and 5.5%, respectively. For
majority of samples, MSE with L and G model was
approximately 5- and 2-times higher than that of super-
Lorentzian fit (MSE~3%). Correlation time model (KCT)
produced MSE comparable to (~0.5% lower than) that
with SL fit, but included extra fit parameters. The main
effect of 320 Hz frequency offset included in the SL MT-
model was in approximately 20-30% increase of fit M?
and proportional decrease in R; values compared with
zero-offset. The observed increase of fit M) is consistent
with inclusion of higher fraction of semisolid protons in
the description of MT process. Other qMT parameters
were not significantly affected by the offset: the observed
< 5% change was within their corresponding confidence
intervals of 10-15%.

Table 1 lists fit parameters obtained using different line
shape models for the semisolid component for two repre-
sentative samples (with 65% and 45% water fraction).
The SL model line shape best captures mixed characteris-
tics of compact G- and smooth L-curves (Supp. Fig. S1),
but has a singularity on resonance. The KCT model pre-
serves general characteristics of Gaussian line shape, pro-
viding smooth coverage over a broader frequency range.
The fit values for MY listed in Table 1 are the closest to
the decanol proton fraction in the sample for the SL
model. Apparently, this model accounts for the largest
fraction of semisolid component in LLC samples com-
pared with other models. SL Ty, ~ 20 ps, on the other
hand, is the shortest among the models and independent
of semisolid fraction. For the mobile fraction, the estimate
of fit parameters (R, and T,,) for super-Lorentzian is con-
sistent with Lorentzian results, which is physically
appropriate model for the mobile component. Both G and
KCT models underestimate T,, and likely overestimate
T, due to their compact line shapes (Table 1, Supp. Fig.
S1). A Lorentzian model results in the largest fit error
(MSE) for MT experiments, which indicates its inad-
equacy for semisolid fraction description in the LLC sam-
ples. Other than for Lorentzian, exchange rate fit
parameter values, R;, are consistent between the models
within uncertainty limits. Overall, SL model provides
most physically relevant picture of both semisolid and
mobile components and, presumably, their interaction.
KCT model introduces additional fit parameter, 7, that
describes a correlation time for the semisolid component

Table 1
Fit Parameters for Different MT Models: Super-Lorentzian (SL), Lorentzian (L), Gaussian (G), Kubo Correlation-Time (KCT)
Cw Model R, (s7") R (s M5 T4 (MS) Top/Tc (uS) MSE (%)
65% SL 0.62 *= 0.01 6.7 + 0.7 0.22 = 0.04 13.1 £ 0.8 21.7 £ 04 2.4
L 0.65 = 0.02 14.7 = 4.3 0.14 = 0.07 14 =2 111 = 14 17.7
G 0.64 = 0.01 7.8 0.9 0.16 = 0.03 10.3 = 0.5 44.3 + 0.6 3.9
KCT 0.643 + 0.008 8.6 = 0.7 0.15 = 0.02 11.3 = 0.5 38.8 + 0.6 1.6
33 =+ 5(t¢)
45% SL 0.87 = 0.02 10 = 1 0.52 = 0.1 27 = 2 214 £ 0.3 2.7
L 0.88 = 0.03 21 +7 0.33 = 0.2 28 +6 103 + 9 25
G 0.88 = 0.02 10.2 = 1.5 0.41 = 0.1 18 = 1 45.3 + 0.7 6
KCT 0.88 = 0.02 12 =1 0.39 = 0.07 21 £1 39 £ 0.6 2.3

25 + 3(7¢)
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to mole fraction of the decanol protons, Xp. The samples with high versus low water content (Cyy = 65% versus Cy = 45%) are indi-
cated by different color, as shown in (a). The linear fit parameters for (c) are listed in the line-fit equation. The error bars represent one

standard deviation of nonlinear least squares fit for gMT-model.

protons. Its value decreases from 33 * 5 to 25 =
when water content increases from 45% to 65%.

MT theory (10) predicts that M? should be proportional
to the molar ratio of semisolid protons to water protons.
Figure 4a plots M) as a function this ratio, (Xp + Xgsps)/
Xw, and clearly shows that this proportionality is not
observed for LLC samples. For each weight percent, Gy,
there is an increase of M? with increasing semisolid pro-
ton fraction, but there is also a large discontinuity between
the individual Cy sets. Figure 4b shows the estimated
semisolid proton fraction as a function of the ratio of SDS
protons to water protons (Xsps/Xw) and reveals that M(lf
decreases as Xgps/Xyw increases within each of the Cy
groups. Figure 4c confirms that M} is proportional to the
molar ratio of decanol protons to water protons, Xp/Xyw.
The slope of the linear fit (0.78) likely reflects the fraction
of decanol protons participating in MT.

3 ps

Figure 5 illustrates dependence of other gqMT-fit
parameters on Xsps/Xw. Similar to Figures 2 and 4, the
diameter of the markers in Figure 5 are proportional to
Xp and the marker color reflects water content. R, (Fig.
5a) increases as water content decreases, and is other-
wise independent of SDS or decanol fraction, similar to
observed longitudinal relaxation (Fig. 2a). Linear regres-
sion between bes = 1/bes and R, (r* = 0.994) yields an
intercept of 0.095 and a slope of 0.93. R; (Fig. 5b) mar-
ginally increases with increased SDS content or con-
versely decreases with increased decanol content;
however, the dependence is not monotonic. T, is rela-
tively constant (Fig. 5c, 222 ws) for all nine samples.
T,, exhibits a general, but weakly correlated, increases
as a function of SDS protons (Fig. 5d) and decreases as
decanol increases. T,, behavior is qualitatively similar to
that of R, (Fig. 5b) and Té’bs (Fig. 2b).
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FIG. 5. gMT-fit parameters plotted as a function of the molar ratio of SDS-to-water protons, Xsps/Xw: (@) Ra; (b) Ry (€) Top and (d) Toa.
The data symbol diameter in (a—d) is proportional to mole fraction of the decanol protons, Xp. The samples with high versus low water
content (Cyy = 65% versus Cy = 45%) are indicated by different color, as shown in Figure 5a. The error bars represent one standard

deviation of nonlinear least squares fit for gMT-model.
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Table 2
Temperature Dependence of MT-Fit Parameters with Super-Lorentzian Line Shape Model for Three Representative LLC Samples
Cuw T=1,°C R. (s Re(s™) Mp Tap (us) T2q (MS)
65% 22 0.66 * 0.01 16.4 = 1.4 0.158 = 0.025 21.8 + 0.4 82.6 + 6
40 0.4 = 0.01 9.5+ 0.9 0.161 = 0.03 28.9 = 0.5 89.6 =+ 8
65% 22 0.62 + 0.01 6.7 = 0.7 0.22 + 0.04 21.7 £ 04 13.1 = 0.8
40 0.39 *+ 0.02 49 + 0.6 0.26 + 0.06 27.0 £ 04 155+ 1.4
45% 22 1.15 = 0.06 89+ 1.3 0.6 = 0.17 21.3 £ 04 5+0.5
40 0.67 + 0.06 88+ 1.2 0.63 + 0.24 27.5 + 0.5 11 =x2

Temperature dependence of MT-fit parameters is sum-
marized in Table 2 for three representative LLC samples.
A decrease of approximately 40% in R, is observed with
increasing temperature. For samples with Cyw =65%
(lower decanol + SDS), a proportional decrease is also
observed for Ry but the effect is negligible for a sample
with high semisolid-fraction. Marginal increase is
observed for absolute Mé’ (~2—4%) along with the notice-
able increase in T,, and Tyj. Prolonged storage (data not
shown) of a sample with higher semisolid fraction (Cy =
45%) resulted in higher R, and M?, as well as lower R,,
but had almost no effect (except for higher T,,) on MT-
parameters of a sample with lower semisolid component.

Figure 6 uses the values of the estimated room tempera-
ture qMT parameters to calculate MTR assuming an RF
amplitude of 5 pT and off-resonance frequencies of 2, 4.6,
and 10 kHz to plot MTR as a function of Xp/Xyy (propor-
tional to MY, as illustrated in Fig. 4c). The relationship is
linear for Xp/Xw < 0.3 and plateaus at higher semisolid
fraction. This general behavior is independent of fre-
quency offset (different symbols) or power (not shown).

DISCUSSION

The results of this study elucidate the chemical and
physical origins of quantitative MT parameters in LLC
model systems. This understanding provides insight into
development of viable gMT phantoms, optimization of
MT acquisition in clinical environment, and appropriate
interpretation of in vivo MT results (1-8). Although the
presented findings are specific to LLC samples, the
uncovered involvement of basic molecular interactions
in MT processes is applicable to diverse model systems
(10,26,29-31). As MRI evolves to become a tool for
molecular imaging, understanding the detailed molecular
origin of MT contrast and gMT parameters will be
important to aid in a more specific description of disease
progression and treatment.

The presented analysis of "H NMR line shapes sup-
ported application of the two-component exchange
model (with a single line shape for semisolid fraction) to
account for magnetization transfer in LLC samples. How-
ever, the reported fit results should be interpreted as the
average qMT-parameters of the multicomponent system
due to different motion and chemical shifts of the ali-
phatic protons of the decanol chain participating in MT.
These protons resonate between 3.25 and 3.92 ppm
upfield from the water resonance (measured between
280 and 335 Hz at 2T), and line shapes and relaxation
properties are expected to vary. Nevertheless, adequate
description of MT processes for different LLC sample

compositions is achieved with minimal number of fit
parameters using single super-Lorentzian lineshape
model for a semisolid component.

Detected linear dependence of estimated MY on the ratio
of decanol protons to water protons indicates that in LLC
chemical system, decanol protons are the primary species
participating in MT with water. The hydroxyl groups of
decanol provide exchangeable protons that serve as an
MT vehicle for spin diffusion from protons down the dec-
anol chain (Fig. 1). The higher mobility of remote chain
segments (consistent with line shape and relaxation analy-
sis) prevents their full participation in MT, which is
reflected in lower correlation (0.78 < 1) of linear fit for
Mp. Higher consistency of MT-parameters after long stor-
age observed for higher water content (65%) sample likely
indicates better stability of the corresponding LLC phase,
which may be useful for MT-phantom design. Observed
~35% increase in M}-fit after long storage of lower water
content (Cyw = 45%) sample can be indicative of tendency
to expel water due to high content of decanol + SDS
hydrophobic chains reordering with time.

Our measurements confirm that the observed water
relaxation time, T?%, is sensitive to the water content of
the sample but not the molecular constituents of the
semisolid phase. A similar pattern is detected for the
estimated parameter, R,, the relaxation rate of water pro-
tons in absence of cross-relaxation. The change in T¢%
reflects the change in water layer thickness (from 5.1 to
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FIG. 6. Percent MTR at 5 uT RF MT-pulse for three frequency off-
sets (see legend for symbol assignment) as a function of the
molar ratio of decanol-to-water protons (directly proportional to
M? in Fig. 4). The vertical dashed line indicates the range of semi-
solid fractions (participating in MT) that can be quantitatively
inferred from direct MTR measurements. The horizontal dashed
line illustrates the lack of detectible variation in MTR for decanol-
to-water fractions above 0.3.
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2.2 nm) (34). Decreased water layer thickness creates an
increase in the surface-to-volume ratio and slows the
average water rotational correlation by increased interac-
tion with the surface, leading to an increased water
relaxation rate. Therefore, as evident from linear regres-
sion slope between T¢* and R,, approximately 93% of
the observed water proton relaxation can be explained
by the motion of water inside the lamellae (Fig. 1). After
accounting for hydrodynamic effects, approximately 7%
of the observed T, remains generated by cross-relaxation
with the semisolid components. Noticeable (~40%)
decrease in R, observed with temperature increasing
from 20 to 40°C (Table 2) is consistent with a decreased
water rotational correlation time at higher temperatures.

In contrast, the decrease in T$* with increasing dec-
anol content observed (at fixed Cy) is due to population-
weighted exchange of water protons (long T,,) with short
Ty, decanol protons. This result is consistent with previ-
ous studies for similar lamellar systems (38). The
observed similarity of trends for T$” and 2v, implicates
correlation between local charge density around **Na
nucleus (37) and decanol-water exchange processes. This
correlation can be explained by enhanced water coordi-
nation near lamellae surface for samples with higher
SDS content that facilitates exchange with proximal dec-
anol protons (Fig. 1). This explanation is also consistent
with observed behavior of both estimated MT cross-
relaxation rate, R;, and the estimated water proton Ts,,.

A marginal decrease in R; observed with increasing
decanol content, as well as increase in M) and decrease
in R; observed with increasing temperature for samples
with 65% water fraction (Table 2), can be explained by
competition between MT-exchange and energy preferred
water coordination in sodium hydration sphere (Fig. 1).
This is not an Arrhenius activation process, because
exchange rate decreases with increasing temperature
(Table 2) and exhibits concentration dependence on LLC
components. We hypothesize that this feature is due to
thermal motion competing with hydration energy (espe-
cially at higher water content). This motion frees more
sodium aqua ions to participate in exchange with dec-
anol hydroxyl protons thereby slightly increasing appa-
rent M} with lower R,.

This hypothesis is supported by our observation of
changes in local environment for sodium hydration shell
as a function of LLC components as well as temperature
dependence of MT parameters (Table 2). Detected high
(>20 kHz) absolute values as well as substantial increase
(~40%) in sodium quadrupole splitting with increasing
relative SDS amount (~50%) is consistent with increasing
local charge density around counterions condensed on
lamellae surface (37). For samples with high water frac-
tion, which have intrinsically lower repulsion between
lamellae (34), this increase can be related to increasing
surface area of the sodium hydration shell. At higher tem-
peratures, enhanced molecular motion within lamellae
and mobile phase, as evident from longer T,; and T,,
(Table 2), would destabilize the hydration shell, conse-
quently decreasing exchange rate between semisolid and
mobile components. Longer T,, observed with increasing
temperature (Table 2) is consistent with higher mobility
of water when thermal energy disrupts hydrogen bonding
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around sodium. These results may be generally relevant
for understanding the indirect influence of “MT-neutral”
component (like SDS and sodium ions) on MT parameters
in multi-component system (Fig. 1). Thus, model LLC
systems may serve as proxies for describing effect of ions
on MT kinetics in biological membranes.

In the studied samples, T, indicative of the rigidity of
the immobilized component, does not depend on sample
composition. Estimated T,y is significantly longer (2- to 3-
times) than the 10-15 ps typically observed in vivo (39).
Unlike the shorter chain lengths in the LLC model mem-
branes (decanol is a ten carbon chain molecule and SDS is
a 12 carbon chain molecule) biological membranes are
composed primarily of phospholipids with chains of 16 to
18 carbon atoms. In addition, cholesterol and imbedded
membrane proteins will increase membrane rigidity. T,
of model membranes can be shortened by using longer
chain alcohols or fatty acids. T, increases from approxi-
mately 22 ps at 22°C to approximately 28 ws at 40°C
(Table 2) indicating significant increased motion within
semisolid part of the liquid crystal with increased temper-
ature. This increased motion will reduce the negative
intermolecular nOe (between decanol and SDS) and
quench spin diffusion (Fig. 1).

Studies of gMT in vivo find M) to be 0.14 in white
matter and 0.06 in gray matter (24). Using known proton
content in brain of lipids, proteins, and water, one can
calculate a theoretical semisolid mole fraction of 0.25 in
white matter and 0.14 in gray matter. The mismatch
between MT-estimated and theoretical values is similar
to our finding in model systems. Our experimental stud-
ies show that not all aliphatic protons participate in MT
in the model LLC membranes. Implicit involvement of
cholesterol and galacto-cerebrosides in MT processes
have been demonstrated (30,31), but a quantitative rela-
tionship between MY and lipid protons has not yet been
established. Therefore, it is still unclear what specific
molecules of white and gray matter are measured in
gMT experiments in vivo.

Our results suggest that percent MT (MTR) measure-
ments that are usually performed on clinical scanners
would have a limited dynamic range (<0.3) where the
changes in semisolid component can be “detected”
directly from experimental data with reliable accuracy.
The relative changes in MTR for semisolid fraction above
0.3 are within 5%, and could be masked by experimental
measurement error. This baseline sensitivity needs to be
taken into account when the MTR contrast is used as clin-
ical biomarker (2—6). As shown above, Mé’ obtained from
the gMT model estimate is clearly proportional to the
semisolid fraction over the full range of concentrations.
However, obtaining the fit M? requires long data acquisi-
tion at several frequency offsets and MT-pulse power lev-
els, which may not be clinically viable. MTR plot for LLC
in Figure 6 suggests limited range of linearity with grow-
ing semisolid fraction (<0.3). As is shown by above esti-
mates, this range is applicable for clinical measurements.

CONCLUSIONS

LLC samples provide a convenient model to study the
molecular properties of MT representative of in vivo
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systems and allow a more complete and consistent molec-
ular picture of MT. In the studied LLC systems composed
of SDS, decanol, and water, detected MT was found to
originate by exchange of hydroxyl decanol protons with
water and to percolate by intramolecular nOe from ali-
phatic protons. The most consistent description of MT-
process both for semisolid and mobile components was
obtained using super-Lorentzian line shape model. Esti-
mated Mé’ represents a subset of the semisolid fraction,
because significant motion of molecular segments par-
tially quenches NOE and spin diffusion from remote pro-
tons toward the end of the aliphatic chain. Water proton
relaxation, R,, is directly determined by interlamellae
membrane spacing. The rate of exchange between semi-
solid and mobile component reports on available pool of
exchangeable protons controlled by water coordination
around ionic species. The region of linear dependence
between MTR and semisolid-like fraction (<0.3) is rele-
vant for clinical studies. The study of MT in this model
system allows finding the range of semisolid fraction
were MTR contrast could be used directly for clinical
monitoring of changes in biological membranes.
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