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Abstract

In this work, we investigated the frequency-offset dependence of the rotating frame longitudinal
(R1p) and transverse (Ry,) relaxation rate constants when using hyperbolic-secant adiabatic full
passage pulses or continuous-wave spin-lock irradiation. Phantom and in vivo measurements were
performed to validate theoretical predictions of the dominant relaxation mechanisms existing
during adiabatic full passage pulses when using different settings of the frequency offset relative
to the carrier. In addition, adiabatic Ry, and Ry, values of total creatine and N-acetylaspartate were
measured in vivo from the human brain at 4 T. When the continuous-wave pulse power was
limited to safe specific absorption rates for humans, simulations revealed a strong dependence of
Ry, and Ry, values on the frequency offset for both dipolar interactions and anisochronous
exchange mechanisms. By contrast, theoretical and experimental results showed adiabatic Ry, and
Ry, values to be practically invariant within the large subregion of the bandwidth of the
hyperbolic-secant pulse where complete inversion was achieved. However, adiabatic Ry, and Ry,
values of the methyl protons of total creatine (at 3.03 ppm) were almost doubled when compared
with those of the methyl protons of N-acetylaspartate (at 2.01 ppm) in spite of the fact that these
resonances were in the flat region of the inversion band of the adiabatic full passage pulses. We
conclude that differences in adiabatic Ry, and Ry, values of human brain metabolites are not a
result of their chemical shifts, but instead reflect differences in dynamics.
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INTRODUCTION

Longitudinal and transverse relaxation measurements in the rotating frame during
radiofrequency (RF) irradiation, with rate constants of Ry, and Ry, respectively, are
sensitive to molecular dynamics relevant for the characterization of the functionality of
tissue in vivo, especially at high magnetic fields [for a review, see ref. (1)]. Rotating frame
relaxations depend on the choice of the RF parameters (i.e. the amplitude and frequency of
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the RF irradiation), thus providing a basis to generate MR contrast (2,3). Notably, by
appropriate modeling of the relaxation processes, the simultaneous analysis of independent
measurements of Ry, and Ry,,, obtained with different experimental RF settings, permits the
extraction of fundamental relaxation parameters, which may provide sensitive markers to
differentiate healthy from pathological conditions. However, although relaxation processes
occurring during RF irradiation are often exploited for in vivo imaging applications, the
same does not apply for spectroscopic purposes and, so far, only one study of this kind has
been presented in the literature (4). Rotating frame relaxation rate constants measured during
a continuous-wave (CW) spin-lock pulse are dependent on the frequency offset (AQ)
between the carrier frequency of the RF pulse and the frequency of the isochromat of
interest (5-8). This characteristic impairs the time-efficient utilization of CW spin-lock for
MRS applications in vivo, as data need to be acquired separately for resonances which are
often dispersed over a wide chemical shift range.

As occurs during the CW spin-lock pulse, rotating frame relaxation also takes place in the
presence of frequency-modulated irradiation. The frequency-modulated method can offer
advantages when using adiabatic full passage (AFP) pulses, especially for in vivo studies. In
particular, By and B; inhomogeneities that often persist in vivo, especially when performing
studies at high magnetic field (= 3 T), create uncertainty in the angle of the CW spin-lock
(9). Conversely, adiabatic rotating frame relaxation methods are relatively immune to By and
B, inhomogeneities (10). The formalism utilized to describe rotating frame relaxations
during AFP pulses considers the relaxation rate constants as an average of time-dependent
contributions occurring over the duration of the pulse (11). This formalism has been used to
describe quantitatively how adiabatic Ry, and Ry, depend on RF parameters, such as the
amplitude and frequency modulation functions, peak RF power and bandwidth (BW) of the
AFP pulse (2). However, the dependence of the adiabatic relaxation rate constants on AQ
remains to be examined, and the validity of the formalism used for the theoretical
predictions remains to be tested and generalized for the different isochromats within BW of
the AFP pulse. Importantly, recent studies performed in the context of high-resolution NMR
have shown that the application of trains of AFP pulses gives frequency-offset-independent
relaxation rates, without the need to apply residue-specific corrections (12), thus further
substantiating the rationale for the present investigation.

In the present study, we compared the theoretical predictions of the frequency-offset
dependence of Ry, and Ry, during CW spin-lock irradiation vs a train of hyperbolic-secant
(HS) AFP pulses (10). Rotating frame relaxation caused by dipolar interactions in the weak
field approximation (i.e. fast motional regime), and anisochronous exchange (i.e. exchange
between spins with different chemical shifts, do # 0) in the fast exchange regime (FXR),
were considered specifically. Phantom and in vivo measurements were performed to validate
the theoretical predictions of the relaxations during AFP pulses as a function of the offset
from the carrier frequency. Finally, adiabatic Ry, and Ry, values of total creatine (t-Cr) and
N-acetylaspartate (NAA) were measured with localized MRS from the human brain of
healthy subjects at 4 T.

The theory concerning the description of the relaxation rate constants during either AFP
pulses or CW spin-lock irradiation in the presence of dipolar interactions and anisochronous
exchange has been developed and reviewed in a number of publications (1,2,5,13). In the
following, we summarize the key concepts and formulae which have been used for the
simulations in this work.
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During RF irradiation, the effective magnetic field (§eﬁ) is tilted from the quantization axis z
' (i.e. the longitudinal axis of the first rotating frame x'y'z’) by the angle «, defined as:

a=tan”! (ﬂ)
Aw

[1]

where w1 is the amplitude of the RF pulse, Ao = (wg — wrg) is the frequency offset, wq is
the Larmor frequency of the resonance of interest and wgrg is the frequency of the RF pulse.
Note that w1, Ao, wg and wre are expressed in units of rad/s. The amplitude of the effective
frequency west (= yBeff, Where y is the gyromagnetic ratio) is given by:

2 2
Weff= ,lw]+Aw [2]

It should be noted that the dependence of Ry, and R, on the frequency offset occurs via
both wess and a.

Although during CW spin-lock pulses, a and we¢f are constant during the pulse, during the
application of AFP pulses these two parameters are time dependent. The adiabatic condition
is well satisfied when the change in orientation of the effective field is significantly slower
than the rotation of the magnetization vector (M) around the effective field: weg >> |da/dt]|.

The amplitude modulation function of the HS AFP pulse (10,14,15) is given by:

wi(H=w]sech[B(21/T, — 1)] [3]

where "™ is the maximum value of 4(t) during the pulse, t € [0, Tp], / is a truncation
factor [sech(g) = 0.01] and Ty, is the pulse duration. With respect to the carrier frequency cw,
i.e. the center frequency in the BW of interest, the frequency modulation for the HS pulse is
given by:

W (1) — we=Atanh[ B2t/ T, — 1)] [4

where A is the amplitude (rad/s) of the frequency sweep; the bandwidth of the pulse is BW =
2A.

One fundamental property of the adiabatic pulse is the time-BW product, given by R =
(ATp)/m. 1t should be noted that, if A is given in Hertz, R = 2AT, and, consequently, BW = R/
Tp. Equation (4) suggests that relaxation measurements during AFP pulses are intrinsically
an off-resonance measurement for all isochromats (except for the instant in time when the
magnetization crosses the x'y’ plane). For clarity, we define the time-independent frequency
offset between the isochromat of interest and the carrier frequency of the RF pulse as AQ =
(wg — w¢), to be conceptually distinguished from the time-dependent Aw. We then
investigate how relaxation rate constants are affected when AQ varies within BW of the
adiabatic pulse. Obviously, in the CW experiment, the result is always AQ = A®, as wrf =
we.

Similarly to the CW spin-lock experiment, depending on the initial orientation of M relative
to Begf, the relaxation mechanisms occurring during AFP pulses can be governed solely by
Ry, Or Ry, processes, or by a combination of Ry, and Ry,,. It has been shown (16) that the
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relaxations during adiabatic rotation can be represented as an average of instantaneous
contributions from the different relaxation pathways:

T
— 1% )
R I,Zp,dd.ex(AQ)zT f R 2p.ddex(AQ, 1)dt,

PO [5]

where Ry 2, dd(t) and Ry 2, ex(t) are the time-dependent contributions of the rotating frame
relaxations as a result of dipolar interactions and anisochronous exchange, respectively. This
formalism has been used in a number of publications for modeling experimental data
acquired with adiabatic relaxation methods (3,11,18); however, in the previous
investigations, the resonance of interest (i.e. the water resonance) was placed in the center of
BW of the adiabatic pulses, implying wg = e, and therefore AQ = 0. In the present study,
we validate the accuracy of the formalism expressed by eqn (5) for different isochromats
within BW of the adiabatic pulse (AQ # 0). Importantly, egn (5) assumes that the
isochromat of interest undergoes full inversion during the adiabatic pulse, a characteristic
that is true only for a subregion of BW, provided that the amplitude of w1 is sufficient to
satisfy the adiabatic condition (wess > |do/dt]).

Dipolar relaxations: isolated two-spin description (like spins)

Rapaalt)=g5b>7c 13(3cos3a(r) —

3
Rlp.dd(t)=%b_'7'

For a system of two equivalent nuclei of spin I and gyromagnetic ratio y [= 2z x 42.576 x
108 rad/(s T) for protons] in a single site, Ry, and Ry, caused by dipolar fluctuations can be
described as an isolated two-spin system (1,19):

, | 3sina(n)cos?a(r)  3sin*a(r)  2+3sin’a(r) 8 — 6sin’a(r)
I 140201 1440207 140212 1+t

[6]

30sina(f)cos2a(f)  3sin*a(r) (20 — 6sin’a()) 8+12sin’a(r)
1 2 N2 + 2 2+ 2.2 + 2.2
+wig(DTe 1+4w (078 I+wyTe 1+4wyTe

[7]

where b = —ughy?/(4nr3), ug = 4 x 1077 H/m is the vacuum permeability, h = 1.055 x 10734
J s is Planck’s constant, r is the internuclear distance in meters and z is the rotational
correlation time in seconds characterizing the tumbling of the magnetic dipole. Equations
(6,7) are written in a general form in which weff and a are time dependent, and can be used
to calculate the time courses of Ry 4q Or Rp,, g Values during the adiabatic pulses. Equations
(6,7) apply also to the CW spin-lock experiment, with the only difference being that wes and
o are time invariant.

The described dipolar interaction theory assumes a single rotational correlation time. This
approximation is an over-simplification for biological tissues where there probably exists a
distribution of dipolar interactions. However, this simplified model of relaxation can provide
an ‘effective correlation time’ in vivo which is reasonable and useful to describe general
features of the tissue, as performed previously (11).

Anisochronous exchange

For simplicity, we consider a two-site equilibrium exchange between sites A and B,

ki
A Tf’ B, Here, k; and k_; represent the forward and backward exchange rate constants

obeying the relation fﬁ=i—? where P and Pg are the fractional populations of sites A and B,

NMR Biomed. Author manuscript; available in PMC 2012 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mangia et al.

METHODS

Page 5

respectively. The difference in chemical shifts between sites A and B is defined by éw (rad/

s) and, in FXR, 1e=7L < z, wherergy is the exchange correlation time. Exchange-induced
Ryp,ex and Ry ex under CW spin-lock irradiation in FXR are given by (5,20):

Tex

Ripex=P,Pyow’sin®a ————
4w (0T [8]

R 1. Tex
2p.ex=P, Py (60))2 COSzclTex+551n2(y_—72.fq_ .
2 I+ (DTe o

As in the case of dipolar interactions, the time courses of the instantaneous contributions
used in eqn (5) during adiabatic rotation in FXR can be evaluated by introducing the time
dependence of a(t) and wes(t) in egns (8) and (9), thus giving (1):

Tex

Ripex(N=P, P ow*sina(t) ——=—
I+ w g (N7ex [10]

and

9 1 2 X
Rapex(t)=P, P, (6)* | cos2a(t) Tex + = sina(t) ——=—— |
2 I+w (075 [11]

Under a broad range of experimental conditions typically used for in vivo experiments (Bg <
9.4 T, w1/(2n) < 10 kHz and BW/(2r) < 10 kHz), the second term in eqgn (11) is small when
compared with the first term, and Ry, ex(t) can be simplified to (16):

Rop.ex (=P, P, 6w cosal(r) Tex. [12]

Within this approximation, the time dependence of Ry, ex(t) during adiabatic pulses
originates from the time dependence of « (t) and not from weg(t).

Theoretical simulations

Numerical calculations of Ry ex dd and Rop ex dd Were performed using the Mathematica 5.2
platform (Wolfram Research, Inc., Champaign, IL, USA), based on the formulae described
in the ‘Theory’ section for CW and adiabatic irradiation. The Larmor frequency was chosen
as wg/(2r) = 200 MHz in order to resemble the experimental conditions utilized for phantom
studies (4.7 T). In the case of adiabatic pulses, the time average of the instantaneous
contributions to the relaxation rate constants was calculated over the pulse duration,
according to egn (5). For dipolar interactions, we chose r = 0.153 nm, which corresponds to
the distance between protons within the methyl group. For anisochronous exchange, we
chose Pa = Pg = 0.5 and 6» = 0.85 ppm, which correspond to the chemical shift difference
between protons from water and the hydroxyl group of ethanol. For CW spin-lock

irradiation, the maximum amplitude was set as w{™**/(27)=0.5 kHz or 10 kHz. For HS
pulses, w™*/(2m)=1.3 kHz or 10 kHz, the pulse duration (T,) was 6 ms and BW/(2x) ~ 3.3
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kHz. The lower values of w(™**/(27) for both CW and adiabatic irradiation were chosen to
reproduce the common experimental conditions used for in vivo applications in humans, and
to provide approximately the same relative specific absorption rate (SAR). It is worth noting
that adiabatic pulses are generally employed for in vivo human studies with pulse lengths of
a few milliseconds, a typical number being 6 ms, and with the T, x BW product typically set
to 20, thus leading to BW ~ 3.3 kHz. This is a reasonable choice of RF parameters, which
allows the adiabatic condition to be satisfied using a maximum RF amplitude (~ 1.3 kHz)
that complies with SAR guidelines and that is readily attainable with the RF amplifiers and
RF coils available for human applications for magnetic fields of 4 T or less.

Phantom experiments

To investigate the dipolar relaxation channel, a 300 my, acetate (Sigma-Aldrich Inc., St.
Louis, IL, USA) solutions in glycerol-water mixtures at ratios of 0.9: 0.1 by weight was
prepared, and the relaxation measurements were performed on the methyl protons of acetate
at 1.9 ppm. The choice of this sample was justified by the high viscosity of the water—
glycerol mixture and the lack of exchange between hydroxyl groups with the CH3 functional
group of acetate. Glycerol (99.9% grade) was purchased from Fischer Scientific Inc.
(Pittsburgh, PA, USA), and was used as received. To investigate the anisochronous
exchange pathway, a water—ethanol sample was prepared at an approximate ratio of 50: 50
by volume (measured pH of the phantom was approximately 5.5 when the MR experiments
were performed). It is well documented that protons from water and the hydroxyl group of
ethanol in the water—ethanol mixture undergo fast exchange, which results in a single line in
the NMR spectrum.

Measurements were carried out using a 40-cm bore, 4.7-T magnet (Oxford Magnet
Technology Inc., Witney, UK) with a Varian YNITYINOVA console (Varian Inc., Palo Alto,
CA, USA). The RF power was transmitted and received using a home-built linear surface
coil (diameter, 2 cm). Voxel selection (4 x 4 x 4 mm3) was achieved by localization by
adiabatic selective refocusing (LASER), with TE = 29 ms and TR = 5 s. Adiabatic Ry, and
R, measurements were performed as described previously (3,11), by placing a train of AFP
pulses prior to or after excitation by an adiabatic half passage (AHP) pulse, respectively.
The pulse trains consisted of a variable number of pulses (4, 8, 16 and 32 pulses), with
phases prescribed according to Malcolm Levitt scheme (MLEV) —4, —8, —16 and —32 (21).

The peak amplitude of the pulse was w™*/(27)=2.5 kHz, with Ty = 6 ms and BW/(2r) ~ 3.3
kHz. The relaxation measurements were performed by varying the frequency offset AQ
between the carrier frequency of the HS pulse and the isochromat of interest (i.e. the water
or acetate resonances, depending on the phantom). Finally, another set of experiments was
carried out on a 90-cm bore 4-T magnet (Siemens/Oxford Magnet Technology, Witney, UK)
with a Varian YNITYINOVA console (Varian Inc.). The same RF coil as used for 4.7-T
measurements was retuned for 4 T. The aim of this set of measurements was to explore the
dependence of the relaxation rate constants on AQ for different inversion BW profiles.
Specifically, the dependence on AQ in Ry, experiments was investigated for the water—
ethanol sample using a variable R value of the HS adiabatic pulse (R = 15, 20, 30 and 40)
whilst matching T, (3, 4, 6 and 8 ms) to keep BW fixed at 5 kHz. The peak amplitude of the

pulse was ™ /(2m)=2.5 kHz.

In vivo experiments

Eleven healthy subjects were investigated on the same 4-T magnet as described above. A
half-volume RF coil combined with quadrature hybrids with a fixed 90° phase shift was
used for RF irradiation and signal reception. The two geometrically decoupled circular coil
loops were 14 cm in diameter. Single-voxel localization (20 x 20 x 20 mm3) was performed

NMR Biomed. Author manuscript; available in PMC 2012 August 1.
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as described for phantom experiments, with TE = 39 ms and TR = 5-8 s (depending on the
coil loading), and number of averages = 16 (acquired as single scans). The number of pulses
in the AFP pulse train was 4, 8, 16 or 32, T, = 6 ms; BW ~ 3.3 kHz and

W™ /(2m)=1.25 kHz. All first- and second-order shim terms were automatically adjusted
using FASTMAP with echo planar imaging readout (17). On one of the subjects, the
relaxation measurements were performed by varying the frequency offset AQ between the
carrier frequency of the HS pulse and the unsuppressed water resonance, similar to that
performed for phantom experiments. On the other 10 subjects, MRS measurements were
performed on metabolites (Fig. 1A). The macromolecule contribution was minimized by
macromolecule nulling using inversion recovery (inversion time T1 = 0.18 s), and the signal
from water was minimized using VAPOR water suppression (22). The carrier frequency of
the AFP pulses was set on water; the resonances of the singlets belonging to the methyl
groups of NAA (2.01 ppm) and t-Cr (3.03 ppm) fell into the subregion of BW where
complete inversion is achieved. When needed, eddy current correction was performed on the
spectra before quantification. The signal intensities of the singlets of t-Cr and NAA were
estimated by LCModel (Fig. 1B). Ad hoc basis sets, including 21 metabolites, were
generated using a custom-made MATLAB routine (23) with published chemical shifts and J
coupling values from ref. (24). This code uses the density matrix formalism, and simulates
the evolution of spins under RF pulses, chemical shift and J coupling (the effect of gradients
was neglected). For NAA, Cr and phosphocreatine (PCr), CHsz and CH, resonances were
simulated as separate basis spectra in order to accommodate the different relaxation time
constants for CH3z and CH> resonances.

The RF power delivered to the coil was limited to a safe operating range using the hardware
monitoring module of the Varian console. In addition, the RF power output over the full
range of settings used in these experiments was measured with an oscilloscope connected to
the coil port. From these measured values, the average RF power delivered to the coil was
computed by integration of all RF pulses in the sequence, and SAR was estimated assuming
a tissue load of 2 kg in the coil. When using the longest pulse train, the estimated SAR was
always below the Food and Drug Administration limit of 3 W/kg averaged over the head for
10 min
(http://www.fda.gov/MedicalDevices/DeviceRe-gulationandGuidance/GuidanceDocuments/
ucm072686.htm).

Estimation of rate constants

The relaxation rate constants were calculated from the signal intensity decay curves using a
linear regression algorithm with a monoexponential decay function. These routines were
developed with Matlab 7.2 (Wolfram Research, Inc.).

Statistical analysis

The statistical significance of the differences in relaxation rates was evaluated using an
unpaired t-test, and the level of significance was set at p = 0.05.

RESULTS AND DISCUSSION

The calculated Ry, and Ry, values resulting from dipolar interactions (Fig. 2A-D) or
anisochronous exchange (Fig. 2E—-H) during CW irradiation, plotted as a function of AQ and
correlation times, are shown in Fig. 2. In the case of moderate RF peak power, i.e.

W™ /(2m)=0.5 kHz, Ry, Ry, and caused by dipolar interactions depend strongly on AQ when
7. > 10710 5 (Fig. 2A,B). Similar considerations apply for the anisochronous exchange
considered in Fig. 2E,F, when 7oy > 0.05 ms, a situation that occurs when the exchange
process is still in FXR, but is slower than the extreme case of the fast exchange limit. When
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increasing w7 /(2m) to 10 kHz, Ry, and Ry, caused by dipolar interactions (Fig. 2C,D), and
Ry, as a result of anisochronous exchange (Fig. 2G), are minimally affected by AQ in the
investigated region of AQ, 7, and ey values. However, the exchange-induced Ry, still

exhibits a prominent dependence on AQ for ™ /(27)=10kHz (Fig. 2H). Thisis a
consequence of the fact that the R, ex formula contains one secular term that depends only
on the cosine square of the angle a [given by egn (1)]; this function becomes independent of

AQ when o approaches the asymptotic value of 90°, which occurs at ™ /(27)>10 kHz for
the chosen AQ range of 3 kHz. Overall, the dependence of rotating frame relaxations on AQ
during CW irradiation is a known feature of conventional spin-lock methods, which is often
used to generate different MR contrasts.

However, the results of the theoretical predictions indicate that Ry, and Ry, in the presence
of both dipolar interactions (Fig. 3A,B) and anisochronous exchange (Fig. 3C,D) are
essentially constant as a function of AQ for all investigated values of correlation times
within a subregion of BW of the HS pulse. Contrary to that observed with conventional
spin-lock, the simulations showed that the dependence of adiabatic Ry, and Ry, on AQ is

actually more pronounced for the higher ™ values, resulting in a slightly smaller range of
chemical shifts within BW of the adiabatic pulse where the relaxation rates are constant as a
function of AQ. This is a clear advantage of adiabatic methods over CW spin-lock for in
vivo MRS in humans, because it allows ‘one-shot’ data acquisition over a wide range of
chemical shifts without the need to use impractically large RF power, remaining in
compliance with the limits imposed by SAR.

The phantom results confirmed the theoretical predictions for both dipolar interactions (Fig.
4A,B) and anisochronous exchange (Fig. 4C,D). From simulations, the experimentally
measured Ry, and Ry, values for the glycerol phantom (Fig. 4A,B) yielded . values of
approximately 1.0 x 10719 s and 1.6 x 10710 s, respectively, in agreement with previous
findings (25). The slight discrepancy between the estimated ¢ values from Ry, and Ry, can
be attributed to the complexity of motion of the acetate embedded in the heterogeneous
environment of the glycerol matrix (26). The values of PAPg and tex which fitted the Ry,
and Ry, data (Fig. 4C,D) simultaneously were approximately 0.16 and 1.4 x 10745,
respectively, which are in the same range as previously reported oy values (16). These
results demonstrate creatine. that the formalism summarized by eqgn (5) is adequate for
isochromats that undergo full inversion during the adiabatic pulse. Deviations of the
experimental findings from the theoretical predictions occur at the edges of the inversion
band of the adiabatic pulse. In these regions, the isochromats do not satisfy the adiabatic
condition, and therefore do not reach full inversion, which is instead an assumed prerequisite
of the theoretical calculations. Notably, in the case of partial inversion, magnetization does
not remain locked along Begr in the case of Ry, nor does it precess in a plane perpendicular
toBet in the case of Ry,. Under these circumstances, the rotating frame relaxation rate
constants are a combination of Ry, and Ry, and therefore the formalism summarized in eqn
(5) can no longer be applied. Importantly, adiabatic pulses with different R values produce
different inversion profiles over the same BW. Interestingly, the rotating frame relaxation
rate constants measured on the water—ethanol sample as a function of AQ closely resemble
the inversion profile of the pulse over BW (Fig. 4E,F), thus confirming that the inversion
efficiency of the isochromat of interest is a critical parameter that determines the rotating
frame relaxation during adiabatic pulses. In vivo, the coefficient of variations of Ry, and R,
of the water signal (Fig. 4G,H) were 6% and 1.5%, respectively, within a 60% region of BW
of the adiabatic pulse (~ 2 kHz), thus confirming the minimal dependence of the rotating
frame relaxation rate constants on AQ in the case of adiabatic pulses, even in the presence of
a variety of different relaxation channels and distribution of correlation times.
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Representative spectra used for the estimation of the adiabatic Ry, and Ry, values of
metabolites are shown in Fig. 5. Our results demonstrate that the adiabatic Ry, and Ry,
values of the methyl groups of t-Cr and NAA are significantly different (Fig. 2).
Specifically, Ry, and Ry, of t-Cr are almost doubled when compared with those of NAA (see
Fig. 5). As the resonances at 2.01 ppm and 3.03 ppm fell in the “flat’ region of BW of the
AFP pulses, where adiabatic relaxation rate constants do not depend on the chemical shift,
this implies that the observed differences in adiabatic Ry, and Ry, values are not a result of
different frequency offsets, but rather reflect different dynamic properties of the two
metabolites. The faster rate constants of t-Cr are in agreement with previous findings
obtained in rat brain, where conventional spin-lock CW Ty, measurements (4) were
performed by placing the peaks of interest on-resonance in separate acquisitions. This
observation is consistent with the involvement of NAA and t-Cr in biochemical processes
characterized by different rates, with the turnover of NAA being very slow compared with
the energetic processes involving t-Cr (27). Interestingly, in contrast with adiabatic Ry, and
Ry, longitudinal relaxation time constants do not show any difference between t-Cr and
NAA at 4 T (28), thus suggesting enhanced sensitivity of rotating frame relaxation
measurements to metabolic processes relative to T; measurements.

CONCLUSION

The results from simulations, phantom and in vivo experiments demonstrate that adiabatic
Ry, and Ry, values are minimally dependent on the frequency offset under general
experimental conditions, unlike CW spin-lock measurements. Measurements performed on
metabolites from the human brain using adiabatic methods offer high sensitivity to
metabolite dynamics in vivo.
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Abbreviations used

AFP adiabatic full passage
AHP adiabatic half passage
BW bandwidth

Cw continuous-wave

FXR fast exchange regime
HS hyperbolic-secant
LASER localization by adiabatic selective refocusing
MLEV Malcolm Levitt

NAA N-acetylaspartate

RF radiofrequency

SAR specific absorption rate
t-Cr total creatine

pulse duration
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Figure 1.

Schematics of the pulse sequence (A) and post-processing methods (B) for MRS
measurements of metabolites in vivo. (A) In the Ry, configuration, the train of adiabatic full
passage (AFP) pulses was placed before the excitation achieved with an adiabatic half
passage pulse (AHP). In the Ry, configuration, the train of AFP pulses was placed after the
excitation pulse. Macromolecule (MM) nulling was achieved by inversion recovery with Tl
=0.18 s (note that, in the Ry, configuration, the actual time between the inversion pulse and
the excitation pulse was the sum of Tl = 0.18 s plus the duration of the AFP train).
Localization was performed with localization by adiabatic selective refocusing (LASER),
and water suppression (WS) was obtained with VAPOR. (B) Principle of spectral
deconvolution operated by LCModel. The resonances of interest in the present study (NAA-
CHs; and t-Cr-CHy) are highlighted. Cr, creatine; Glu, glutamate; Ins, Inositol; NAA, N-
acetylaspartate; PCr, phosphocreatine; t-Cr, total creatine.
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Figure 2.

Calculated Ry, and Ry, values as a function of AQ and correlation times during continuous-
wave (CW) irradiation, resulting from dipolar interactions (A-D) and anisochronous
exchange (E-H). Relaxation rate constants were calculated according to egns (6,7) and egns
(8,9), respectively. Simulation parameters were as follows: wg/(27) = 200 MHz; r = 0.153
nm; Pa = Pg = 0.5; o = 0.85 ppm. The range of rotational correlation times (z¢) was chosen
in order to satisfy the weak field approximation, and the range of exchange correlation times

(7ex) Was chosen to satisfy the fast exchange regime. In (A,B,E,F), 0™ /(27)=0.5 kHz; in

(C,D,GH), w™/(2m)=10kHz. Ry, and Ry, values are plotted over the same chemical shift
range as displayed in Fig. 3.
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Dipolar interactions

Figure 3.
Calculated Ry, and Ry, values as a function of AQ and correlation times during adiabatic

rotation, resulting from dipolar interactions (A-D) and anisochronous exchange (E-H).
Relaxation rate constants were calculated according to eqns (6,7) and egns (10,11),
respectively. The simulation parameters are the same as in Fig. 2. Pulse parameters:
hyperbolic-secant (HS) modulation functions; T = 6 ms; bandwidth (BW)/(2r) ~ 3.3 kHz.
In (A,B,EF), 0™ /(27)=1.3kHz; in (C,D,G,H), 0™ /(27)=10 kHz. Relaxation rate
constants were plotted over the chemical shift range corresponding to BW of the HS pulse.

NMR Biomed. Author manuscript; available in PMC 2012 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Mangia et al.

Page 15
A B
20 20
= 16| — 16/
2 12| 2 12|
© o {
?_- 8 Ti 8 FEEIEIELILILeeerg
= “00‘000‘0000'. N 1
X , o 4‘(
03 05 1 050 1
AQ (kHz) AQ (kHz)
D
201 20
~ 16 ~ 16| 7* .
<12 2 12 . .
28 . 8
X 4 <y
0‘ "’Hom&oo*" | 1
-1 0o 1 (U 0 1
AQ (kHz) AQ (kHz)
E F
| s R=15 T,=3ms R=15 T,=3 ms
5|y oR=20 T=4ms 00! ~R=20 T=4ms |
—~ 4i!, «R=30 T,=6ms 202} . R=30 T=6ms |
@ 3{° oR=40 T,=8ms | 2 -04f --R=40 T=8ms |
- 2 '..Jl ;.‘ﬁ 2'0.6““ ,‘H;
x 9808005388380000080 -0.81, i
0 1.0 ¥ Lo
2 -1 0 1 2 2 A1 0 1 2
AQ (kHz) AQ (kHz)
G H
20 20
16 16
—~12 12| Srereseseseses
Q:‘_a 8: . m&? 8 .
4 AR T T PERPRRTE 4
04 0 1 04 6 1
AQ (kHz) AQ (kHz)

Figure 4.

Experimental Ry, and Ry, values during the adiabatic hyperbolic-secant (HS) pulse with T,
= 6 ms and bandwidth (BW)/(2n) ~ 3.3 kHz, as a function of AQ. Full lines represent results
from simulations. Relaxation rate constants are plotted over BW of the HS pulse. (A,B)
Results from acetate in glycerol-water phantom, which represents the dipolar interaction

channel, wg/(27) = 200 MHz, "™ /(27)=2.5 kHz; values of z; which fitted the experimental
Ry, and Ry, data were 1.0 x 10710 sand 1.6 x 10719 s, respectively. (C,D) Results from the
ethanol-water phantom, which represents the anisochronous exchange relaxation channel,
W™ /(2m)=2.5 kHz; values of zex and PaPg which fitted the Ry, and Ry, data
simultaneously were approximately 1.4 x 1074 s and approximately 0.16, respectively (5w =
0.85 ppm). (E,F) Dependence of Ry, on AQ for different BW profiles of the HS pulse: (E)
experimental results from the water—ethanol phantom, wg/(2r) = 169 MHz; (F) inversion
profiles over BW for the different HS pulses. R values and T, are given in the figure. Other
parameters: BW/(2r) = 5 kHz; w™/(27)=2.5 kHz. (G,H) Results from the human brain, wg/

(2n) = 169 MHz, ™ /(27)=1.3 kHz.
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Figure 5.
Adiabatic Ry, (left) and Ry, (right) of metabolites measured from the human brain. Top:
spectra acquired at different durations (TD) of the adiabatic full passage (AFP) train from
one representative subject. MRS data processing: frequency and phase corrections of
individual scans; summation of 16 scans; residual eddy current correction; Gaussian
multiplication (c = 0.0865s); fast Fourier transformation and zero-order phase correction.
No further post-processing, such as water signal removal and baseline correction, was
performed. Bottom: normalized signal intensity (SI) decays plotted as a function of TD. Full
lines indicate a monoexponential fit. The values of the measured relaxation rate constants
are given in the figure. Data are presented as averages + standard deviation (n = 10). NAA,
N-acetylaspartate; t-Cr, total
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