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Abstract

A new method entitled Relaxation Along a Fictitious Field (RAFF) was recently introduced for
investigating relaxations in rotating frames of rank > 3. RAFF generates a fictitious field (E) by
applying frequency-swept pulses with sine and cosine amplitude and frequency modulation
operating in a sub-adiabatic regime. In the present work, MRI contrast is created by varying the
orientation of E, i.e. the angle ¢ between E and the z” axis of the second rotating frame. When ¢ >
45°, the amplitude of the fictitious field E generated during RAFF is significantly larger than the
RF field amplitude used for transmitting the sine/cosine pulses. Relaxation during RAFF was
investigated using an invariant-trajectory approach and the Bloch-McConnell formalism. Dipole-
dipole interactions between identical (like) spins and anisochronous exchange (e.g., exchange
between spins with different chemical shifts) in the fast exchange regime were considered.
Experimental verifications were performed in vivo in human and mouse brain. Theoretical and
experimental results demonstrated that changes in ¢ induced a dispersion of the relaxation rate
constants. The fastest relaxation was achieved at ¢ ~ 56°, where the averaged contributions from
transverse components during the pulse are maximal and the contribution from longitudinal
components are minimal. RAFF relaxation dispersion was compared with the relaxation
dispersion achieved with off-resonance spin lock Ty, experiments. As compared with the off-
resonance spin lock Ty, method, a slower rotating frame relaxation rate was observed with RAFF,
which under certain experimental conditions is desirable.
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Introduction

Rotating frame longitudinal and transverse relaxation experiments (with characteristic time
constants Ty, and Tp, respectively) are capable of probing slow molecular motions at high
magnetic fields (Bg) with the motional correlation times in the ns to ms time scale [1-5]. For
some biomedical applications, both Ty, and T, have been shown to be more informative
than laboratory frame T and T» in assessing specific tissue pathologic processes, for
example cartilage degeneration, gene therapy-induced apoptotic response in BT4C gliomas,
cerebral ischemia, and brain iron accumulation and neuronal integrity in patients with
Parkinson's disease [6-11]. Although Ty, and T, measurements are commonly pursued with
time-invariant radiofrequency (RF) pulses, these experiments can also be conducted using a
train of amplitude-(AM) and frequency-modulated (FM) pulses, each of which completes an
adiabatic full-passage (AFP) [12-14].

A potential limitation to the wide spread exploitation of rotating frame relaxation in living
systems is the required RF power delivered to the sample (i.e., specific absorption rate
(SAR) and concern about tissue heating). To satisfy the adiabatic condition in adiabatic Ty,
and T, experiments, the RF power deposition can sometimes exceed allowable SAR levels
for human studies at high magnetic fields. The RF power needed in the classical spin-lock
experiments often limits its applicability for human studies, although RF power can
sometimes be reduced by using off-resonance irradiation to create the locking field, Bess
[15]. However, in both on- and off-resonance Ty, experiments, a separate RF pulses are
needed to place the magnetization vector initially at the locking angle, which can be
challenging to achieve accurately in the presence of hon-uniform RF field (B1), especially at
high magnetic fields.

To satisfy the adiabatic condition, a sufficiently slow frequency sweep must take place to
minimize the fictitious field component, y"1da/dt #, that exists in a second rotating frame,
(the wesr —frame) where y is the gyromagnetic ratio and « is the time-dependent angle
between the effective RF field Bg¢s and the axis of quantization in the first rotating frame, 2/
(collinear with Bp). By convention B is assumed to be along the x’-axis of the first rotating
frame. The vector sum of y"lda/dt $ and Begs leads to a fictitious effective field E in the wes—
frame.

Recently we introduced a rotating frame relaxation experiment that exploits E called
Relaxation Along a Fictitious Field (RAFF). RAFF does not require an initial rotation of the
magnetization to a specific locking angle. As compared to continuous wave (CW) Ty, and
adiabatic Ty, and T, methods, RAFF experiments can be performed with reduced RF
power because the stationary spin-locking field E is produced by AM and FM functions
(sine and cosine, respectively) operating in a sub-adiabatic condition [16]. In the initial
RAFF method, we set the angle between B¢ and E to ¢ = 45° when designing the sine/
cosine pulse, by using parameters satisfying the condition Beg = |y Lda/dt]. In the present
work, we further explore the effect of sub-adiabatic rotation with FM pulses, and use
different amplitudes of the fictitious component (y1da/dt) to produce different locking
angles ¢ and amplitudes of E. With this goal, we first extend the experimental capabilities of
the RAFF method, and then use an invariant trajectory method to model the evolution of the
transverse and longitudinal components during these sine/cosine pulses. Finally, we present
our initial developments of relaxation theory during RAFF. This theory covers dipolar
interactions between like spins in the Redfield limit (fast rotational motion) [17] and
anisochronous exchange (e.g., exchange between spins with different chemical shifts) in the
fast exchange regime described here using both the invariant trajectory approach and the
Bloch-McConnell formalism. These theoretical efforts are meant to predict general features
of the dispersion of relaxation rate constants induced by varying ¢ in RAFF, while
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recognizing that they would be inadequate for simulation purposes of intrinsic relaxation
parameters of tissue in vivo. Based on theoretical predictions and on experimental
verifications that we obtained in vivo from human and mouse brain, we demonstrate that
dispersion of relaxation rates are indeed induced by altering the orientation of E in the
RAFF method, in analogy to how altering the orientation of Bg¢s induces dispersion of
relaxation rate constants in the CW spin-lock experiment. This property can be utilized to
expand the possible MRI contrasts that can be obtained with the RAFF method, thus
offering a novel tool to investigate tissues in vivo with the sensitivity of rotating frame
methods and with acceptable RF power levels. Finally, our results demonstrate that
relaxation rate constants are slower with RAFF as compared to conventional off-resonance
spin-lock Ty,. This property is especially beneficial at high magnetic fields where relaxation
pathways such as anisochronous exchange are significantly accelerated.

Description of the RAFF method

The wrp—frame rotates around the laboratory z axis with the time-dependent pulse frequency
wgrr(t). By convention, the axes of the wrp-frame are labeled x', vy, Z'. In this reference
frame, the net effective field Begf(t) is the vector sum of B4(t) R’ and the fictitious field
y1Aw(t) 2 = yL(wg - wre(t)) 2/, where Aw is the offset frequency (i.e., the difference
between the Larmor frequency (wq = yBg) and the pulse frequency (wgg)). The amplitude of
Bess(t) is given by

Besi(1)= \/ BX(1)+(y 1 Aw(n)’, 0

and the angle between Bef and the first rotating frame z’ axis is

wl(f))

a1
a(t)=tan ( Aon)

(2)

where w1(t) = yB(t). When the adiabatic condition, [y 1da/dt| < Begs, is well satisfied, the
trajectory of the net magnetization (M) can be approximately described as a simple nutation
about Bgg(t) with the angular velocity weff(t) = yBetr(t). In the sub-adiabatic condition,
however, the rapid sweep of Bgg(t) results in a non-negligible fictitious field vector in wef—
frame (double-primed axis labels, x”, y”, z"). This frame is sometimes referred to as “doubly
rotating” because it rotates with frequency wg — wgrg around the z-axis of the laboratory
frame and simultaneously with frequency da/dt around the y’-axis of the wrg-frame. The
magnitude of the fictitious field component that arises from the rotation around the y’-axis is
equal to y1da/dt and is directed along the y” axis. Note, y’ and y” axes are the same, and Begs
is directed along the z” axis by convention [16]. The net effective field in the weg—frame is
therefore the vector sum of Beg(t) 2" and y1da/dt §”. Accordingly, the time-dependent
amplitude of this net effective field is

) lar)?
E()= B;ﬂ.(r)+(y‘1[a),
di @3
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and the angle between E and Bggt is

y”ldoz/dr)

—tom-1
&(t)=tan ( Bur) )

(4)

When Beff(t) and de/dt are time invariant throughout the pulse, the amplitude of E remains
constant. From Eq. (4), it can be seen that a change of y1da/dt relative to Beg(t) creates the
possibility to vary the locking angle . It can also be seen that the magnitude of E is greater
than the peak RF amplitude, B;M = y1 M3 (Fig. 1, and Eq. (3)).

In our prior work, E was kept stationary with ¢ = 45° by choosing AM and FM shapes based
on sine and cosine functions with equal amplitudes [16]. However, the angular velocity of
the sweep (da/dt) depends on the arguments of the sine and cosine functions. It is
straightforward to verify that a stationary angle ¢ of any arbitrary value can be produced. To
accomplish this, let us modulate the pulse amplitude and offset frequency according to sine

and cosine functions having maximum amplitude of )} and frequency w,

max

w(H=w| " sin(wt) (5)

max

Aw(t)=w; " cos(wt). ®)

In this case, the amplitude of Begf(t) can be simplified based on Eq. (1) to

B.g(t)= \/ (y‘lw‘fmsin(wt))-+(y‘1w‘l‘mcos((ur))_=y’1w’1‘m.

This result, when combined with Eq. (4), leads to

da(t)

= =w]™tan ((1)) .

(8

It can be verified using Egs. 2, 5, and 6) that, to produce a given angle ¢, @ must equal da/dt.
That is,

d
=—tan"! (t =—wi=w.
it dr gt an(wn) = got=e o

max

da/(t)_ita _ (@ sin(wn) d
—= —wl

cos(wr)

Therefore, the amplitude and frequency modulation functions based on Egs. (5, 6, 8 and 9)
are
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w1 (N=w]™sin ((u‘lmxtan(s)r) (10)

Aw(t)=w]™cos (w‘lmxtan(s)t) . (11)

The analytical form for the phase modulation function of the pulse, which is typically
applied in the MR scanners, can be obtained by

t
¢(O)=[Aw(t)dr .
0 (12)

Substitution of the frequency offset function given by Eq. (11) into Eq. (12) yields the sine/
cosine phase modulation function of the pulse,

sin (w‘fmtan(s)t) .

w(n=

1
tan(e) (13)

In this work, the RAFF pulse was calculated using Egs. (5,6), and the length of each RAFF
pulse element was chosen as

ar

Ty=——
V2o (14)

for all angles of ¢ used. In experiments and simulations, the basic RAFF pulse element to
produce a specified ¢ was concatenated to create a set of windowless RAFF trains. Examples
of the basic RAFF pulse element (¢ = 5°, 45°, and 85°) are shown in Fig. 1. In previous work

[16], a phase of ”( V2- 1) was added to the middle section of the RAFF element to achieve
self-refocusing, as used in the adiabatic plane rotation pulse, BIR-4 [18]. For an arbitrary
choice of the time-invariant parameter ¢, the RAFF modulation functions, including self-
refocusing, are:

wi(H=w™sin (w’l”“"‘tan(s)t) 0 <t<Tp/4
t;(f):ﬁg—)sin (a)‘l‘mtan(e)r) 0 <t<T,/4
wi(N=w[*sin (w’lmxtan(s) (r - %) +7r) Tp/4 < t<Tp/2
tp(r):m(s) sin (w‘l““xtan(s) (l - T—) +7r) Tp/4 <t<Tp/2
wl(t)—wm“"‘sin( X tan(e) (1 - 3 )) T,/2 < 1<3/4T,
P()= g sin (™™ tan(e) (1 - —")) T,/2 < 1<3/4T,
wi ()= w‘““"sm (w‘fmtan(s)( ) +7r) 3/4T, <t< T,
(1)= s sin (wi™tan(e) (1 = Tp) +71)  3/4T, <t < T,

N

(15)
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An additional phase of = must be added to the phase function during the times when the
amplitude modulation function is negative (i.e., a = phase shift is the equivalent of a change
in sign of w4(t)). Notably, the period of the sine and cosine functions is longer than the
RAFF pulse element when (w1 (t)tan (¢))1 > Tp/4; in this case, the amplitude of the RAFF

pulse element does not reach w(™ with & < 24° (Fig. 1).

If M is initially aligned with B, during the RAFF pulse it precesses on a cone having an
axis defined by the vector E. Wigner rotation matrices can be used to transform from the
wrp—frame (X', y', 2') to the wes—frame (x”, y”, z"), followed by a final rotation around x” by
the angle ¢ to align the axis of quantization (z”) along E.

Invariant Trajectory

1 . 1 .
R"=Ry— | M) + My (1) di+R, = oP(M,(1Y’di=R; - Cq+R; - Ciong
p p

When the spin rotation is characterized by rotational correlation times on the order of ps/ns,
the Redfield relaxation theory (or fast motion limit) with the perturbation treatment of the
spin dynamics applies because the corresponding relaxation rate constants are larger than the
NMR anisotropies (in frequency units) modulated by the rotational motion [2,17,19]. Here,
the condition applicable to non-viscous liquids should be satisfied, weff 7o <1. The invariant
trajectory approach introduced by Griesinger and Ernst [20] can be used to calculate the
relaxation rate constants in the presence of RF irradiation. For dipolar auto-relaxations of
like spins, the effective relaxation rate constant Re is given by:

(16)

where Ry and R, are free precession longitudinal and transverse relaxation rate constants
respectively, while Cjong and Cyr represent their relative weightings and the integration is
over the duration of the pulse of T,. The weighted average depends on the trajectory of the
normalized magnetization vector M(t) = [My(t),My(t),M,(t)], with the condition

Ctr+cloug:1 (17)

being satisfied. Similar equations have been found for evaluating exchange-induced
relaxation rate constants when setting R, and R1 in Eq. (16) to

Ry=P, P, 60’7,y
Ry ex=0. (18)

As will be shown below, this approach agrees well with the Bloch-McConnell treatment.

Evaluating exchange induced relaxations using invariant trajectory approach

In order to use the invariant trajectory approach to calculate relaxation rate constants in
RAFF, the magnetization trajectory during RAFF irradiation needs to be calculated. The
generalized matrix describing rotation around an arbitrary axis in three-dimensional space is
given by normalized unit vectors [u, v, w] which has the form
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1P+ +u?)cos(¢) wv (1 = cos(@)) — w Vit +v2+w2sin(e)  uv (1 — cos(@)) +v Vi2+v2+w2sin(p)
R()=| uv (1 - cos(p)) +w Vur+v2+w2sin(p) V242 +w?)cos(p) vw (1 = cos(¢)) — u Vi2+v2+wlsin(yp)
uw (1 = cos(p)) — v V2 -2 4+wZsin(g)  vw (1 = cos()) +1 Vil +12+w2sin(yp) w2+ +v?)cos(¢)
(19)

for time invariant angle ¢. In the weg—frame, the amplitude of E in rad/s is wg, so the angle
of rotation of M at time t is wgt and the direction of M is defined by the normalized unit
vectors [u=0, v=sin(g), w=cos(¢)]. It is noticed here that ¢ is time invariant. When viewing
from the wes-frame, M initially aligned along z” will evolve according to:

0 sin(g)sin(w, 1)
M(H)=R(w, ) Mo=R(w,1) [ 0 ]:l sin(g)cos(g) (1 — cos(w, 1)) }
1

c052(8)+sin2(6)cos(wk. 1) (20)

Transformation from the weg—frame to the wrp—frame is performed around y' axis with the
rotation matrix given by:

cos(a(r)) 0O sin(a(t))
R(a(n)= | 0 1 0
—sin(a(?)) 0 cos(a(t))

(21)

Thus, the magnetization trajectory in the wrg—frame is described as:

cos (a(1) sin (&(1)) sin (w, (1)) +sin (a(7)) (0052 (&(t)) +sin” ((1)) cos (w, (t)r))
M’ (=R (a() R (w, (1) Mo=R(a(N)M(1)= sin (&(1)) cos (e(1) (1 = cos (w,(N1))
 —sin(a(1)) sin (&(1)) sin (w, 1) +cos (a(1)) (cos2 (&(1)) +sin’ (&(1)) cos (w, (1)1))

(22)
Now, the My(t) and My(t) components of M(t) are given by:
M (r)=cos (a(1)) sin (&(1)) sin (w, (H)1) +sin (a(7)) (cos2 (&(1)) +sin” (&(1)) cos (v, (r)t))
M,(1)=sin (&(f)) cos (&(1)) (1 = cos (w, (1)) ' (23)
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Here, a(f)=tan(e)w]™*t. Finally, substituting Eq. (18) in Eq. (16) the exchange induced

relaxation rate constant ( R ) in the case of two-site anisochronous exchange (2SX) in the
fast exchange regime is

RAFF;

T
. 1,

Ry =PaPpd ter | = [ (M@O2+M@7)dt|,
PO (29)

with My(t) and My (t) given by Eq. (23). Here, Pa and Pg are populations of exchanging sites
A and B with chemical shift difference dw in rad/s and exchange correlation time zay. It
should be noted that the consideration above is valid for like spin at one specific site A or B.

Bloch-McConnell Formulation of the Relaxations during RAFF

Relaxations during RF irradiation due to dipolar interactions (like spins) and induced by
anisochronous exchange between two pools A and B can be described using Bloch-
McConnell equations written in the phase-modulated rotating frame [21]:

AMA () My—MMb)

‘T — k&> MM 1) +hpt M (D) +wisin(@) ME (1) — wicos(@)M (1)

dM]z3(7) MB-MB(1)

:OTT kA MP(1)+kEE MM (D) +w1sin(@) ME(1) — wicos(9) M (1)

ML) _ M MO kABMA()+RBAMB(1) — A, MN(D) - wisin(@)MA (1)

Tdr

aO_ _ M MED _ BANB () AP M) - A L MB(1) - wisin(@)MA (1)

dt

;o “; O KBAMB(1)+RABMA(1)+ A M2 1)+ cos(p) MA()
dMB(t) M (r)
= T BAME(1)+KAB M2 (1)+A, M2 (1)+w)cos(9) ME(1) 25

where Ap g are the chemical shifts relative to on-resonance in rad/s of exchanging groups A
and B, respectively (6w = |Aa + Ag|), Pa and Pg are the populations of the exchanging sites,

KAB=p_ /7. and kAB=p /z., are the exchange rate constants, and T12AB=1/R12ap are the
relaxatlon time constants at sites A and B, respectively. Here, the sine/cosine modulation

functions (Eg. (15)) were used. The RF pulse amplitude was set to w™/ (27) =625 Hz and
the pulse duration (Tp) was set according to Eq. (14). For the simulations, fifteen linearly
spaced angles ¢ between 5 and 85° were generated. The pulse train was extended by
increasing the number of basic RAFF elements up to a total length of 144.82 ms. The R; and
R, were calculated considering dipolar interactions between isolated identical spins (at
specific sites A and B), following:

3 5, Te Te
Ri=—b" +
10 l+T§wé 1+4T§wg (26)

and
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22| 3425 21c

R —
2720 1+72w

2

TTraa )
o 1taTewyg (27)

where 1. is the rotational correlation time and w is the Larmor precession frequency, b=
—ughy?l(4nr3), uo=4m - 10”7 H/m is the vacuum permeability, # = 1.055 - 10-3* Js is Planck's
constant, and r is the internuclear distance in meters. The dipolar interaction theory used in
this work is an over-simplification for biological tissues, where a variety of dipolar
mechanisms contribute to relaxation. However, the complete description of dipolar
relaxation is outside of the scope of this work. The simulations of the two-site exchange
were carried out using Eq. (24) with T and T, calculated using z. = 2:10"12 s for both sites A
and B. The decay of M (Mg=[0 0 1]) during the pulse was estimated by solving Eq. (25)
using the Runge-Kutta numerical method. Simulations were performed with magnetization
initially oriented along z' Mp=[0 0 1] and then for inverted Mg=[0 0 -1] to include the steady
state in the analysis. The approach of placing magnetization initially along the +z or —z axis
was previously described in detail [16], and was shown to facilitate the analysis of the
relaxations during sine / cosine pulses.

Materials and Methods

All human experiments were performed according to procedures approved by the
Institutional Review Board of the University of Minnesota Medical School. After obtaining
informed consent, MRI measurements on human brain (of 5 healthy volunteers) were
performed with a 4 T magnet (Oxford Instruments) interfaced to a Varian YUNITYINOVA
console. A volume coil based on the transverse electromagnetic design was utilized for brain
imaging [22]. Images were acquired using fast spin echo readout, TR = 4.5 s, 15 ms echo
spacing, number of echoes 8, matrix size 256 x 128, FOV = 256 x 256 mm?, and slice-
thickness = 4 mm. Maps of the RAFF relaxation rate constant (Rrarr) Were generated with
0, 36, 72, 108, 144 ms preparation pulse train lengths. Sine/cosine pulse power calibration
was performed using LASER localization [23] in voxels placed in the area of interest and
using 400 ps hard pulse to be calibrated as 900 excitation.

A total of three c57bl mice from the University of Eastern Finland, National Laboratory
Animal Center, Finland were imaged in this study. The mice were housed in a controlled
environment with free access to food and water. Animal experiments were reviewed and
approved by the national Animal Experiment Board and conducted in accordance with the
guidelines set by the European Community Council Directives 86/609/EEC. Mice were
scanned in a 9.4 T vertical magnet (Oxford Instruments, Plc., Witney, UK) interfaced to a
Varian DirectDrive console. A quadrature volume transceiver coil (diameter 23 mm) (Rapid
Biomedical GmbH, Rimpar, Germany) was used for mouse brain imaging. In all
experiments, anesthesia was induced using 4.5 % and maintained with 1.5 % isoflurane
during the experiment in oxygen/N,O with fractions 0.21:0.79. Temperatures of animals
were maintained using a circulating water heater. For off-resonance CW T, spin lock
durations between 20 and 120 ms (4 values linearly spaced) were selected with hard pulse
excitation and 180° phase flip in the middle of the CW pulse. Pulse durations were selected
similarly for RAFF but linearly spaced up to 144 ms. For both setups, yB1/(2x) = 625 Hz
(also for hard pulse excitation). For RAFF, a standard hyperbolic secant pulse (HS1), with
Tp = 4 ms, time-bandwidth product (R) = 10, and peak amplitude = 2.5 kHz, was used for
initial inversion to allow steady state fitting. A fast spin-echo sequence was used for readout
with TR =4 s, effective TE = 6.85 ms, echo spacing 3.3 ms, number of echoes in the pulse
train = 4, field-of-view = 19.2 x 19.2 mm?, and matrix size = 128 x 128 for readout.
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Experimental details of the acquisition strategy used for obtaining RAFF maps were
described in detail in [16]. Briefly, signal intensity decay and rise during sine/cosine pulses
for the different angles of RAFF were collected consequently with and without initial
inversion of magnetization. The results with and without initial inversion of magnetization
were simultaneously fitted using model that takes into account the formation of a steady
state [16]

S:Z(r)SO:Ze_RRAFFr - Sss (1 - g_RRAH’) s (28)

in which Sg .7 are the initial amplitudes of magnetization before the application of sine/
cosine pulse (with and without inversion), and Sgg is the amplitude of magnetization when
the pulse train length approaches infinity. Relaxation maps were generated pixel-wise using
Matlab 7.1 (Mathworks Inc., Natick, MA, USA).

Results and Discussion

During the sine/cosine pulse, M undergoes precession around E in the second rotating frame
(the wes—frame) (Figs. 1 and 2). Using Bloch simulations we demonstrated previously that
E behaves as a spin-locking field [16]. A unique feature of the RAFF method is that the
amplitude of E can be larger than the input RF amplitude used for the sine/cosine pulses
(Egs. (1-3)), and the amplitude of E approaches its maximal value with e— 90°. Thus,
RAFF might be exploited in rotating frame relaxation experiments to achieve a large spin-
lock field without increasing the RF amplitude.

In Fig. 2, the trajectories of M in the first rotating frame (the wrg—frame) are presented. The
simulations were performed using the Runge-Kutta algorithm to solve the Bloch equations.
The trajectories of M for a given ¢ between 5 and 85° demonstrate that M nutates only
slightly from z’ axis when ¢ is small and large. With small ¢, M undergoes slow nutation to a
small angle. On the other hand, with large values of ¢ (when ¢ — 90°), fast oscillations of
both frequency and amplitude modulations occur (see Egs. (5 and 6)). For large angles, E is
close to y”, and in the second rotating frame, M precesses in the plane almost perpendicular
to E with increasing number of the trajectory cycles as ¢ increases. The latter phenomenon
becomes evident especially with high values of . The number of these cycles depends on
how close E is to y”, or equivalently, how fast B rotates relative to z'. Despite the high
amplitude of the effective field, the effective tip angle of M may remain small due to the
rapid change in the direction of E in the wrg—frame. For intermediate values of ¢, M nutates
with larger angles.

Results of calculations of the relaxation rate constant due to dipolar interactions between
like spins (RraFr gi) are presented in Fig. 3. This analysis of RAFF was performed using the
Bloch equations. It can be seen that when T1 ~ T,, which corresponds to rotational
correlation times shorter than 5:1010 s, RRraFF di is independent of the angle . With longer
correlation times, when Ty # T, a significant dependence of Rrarr On & was found. The
greatest Rrapr Values were observed for angles & ranging between 50 and 60°.

The simulations of the exchange-induced relaxation rate constant (Rrarr ex) Were performed
using Bloch-McConnell formalism for two-site equilibrium exchange Eq. (24). In Fig. 4, it
is shown that, for small zey < 1072 s and large zex > 102, RrAFF ex Values are independent
of &. This property of Rrapr ex is similar to the Rrarr ¢i dependence on ¢ for the correlation
times z; > 10" s (Fig. 4). In the intermediate region of correlation times, RRAFF ex attains its
maximum at &= 56°.
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The relative weighting contributions of the magnetization components during RAFF were
investigated using invariant trajectory approach Egs. (16-24). In Fig. 5a, the integrated
magnetization weighting, i.e., normalized coefficients of transverse, Cy,, and longitudinal,
Ciong: cOmponents Eg. (18) are shown. It can be seen that the maximal weighting of
transverse magnetization occurs with = 56° where the contribution of the longitudinal
magnetization weighting is minimal. On the other hand, with the smaller and larger ¢ the
contribution of M, becomes greater and the contribution of My and My reduce. This suggests
that largest Rrarr should be detected when ¢= 56°. The calculation of the Rgapr rate
constants were performed using Egs. (19-24) for invariant trajectory and for Bloch-
McConnell approaches Eq. (25). Evidently, when M spends more time close to the xy-plane
the values of Rrarr are greater (Fig. 5a). It can be seen in Fig. 4 and in Fig. 5B that these
two methods correspond well and closely describe exchange-induced relaxation rate
constants dependencies on the angle ¢.

In Fig. 6A-C, a representative example of the human brain relaxation mapping with RAFF
from one healthy subject at 4T is presented along with the anatomical image in Fig. 6D. The
multi-subject (n=5) averaged rate constants from the ROIs indicated in Fig. 6D from
substantia nigra (SN) and CSF areas are shown in Fig. 6E. The rate constants measured with
RAFF (Rragr) are significantly dependent on ¢ as can be seen in Fig. 6E. Here, a superior
difference in Rragr, greater than double, between the measurements with RAFF at 56° and
74° was detected. The differences in tissue Rrapr Values obtained with small and large &s
are significantly bigger than those in CSF (almost no difference), suggesting good sensitivity
of RAFF to slow dynamics in tissues. The results of the RAFF measurements in mouse
cortex are shown in Fig. 7. Here, the comparison with CW spin lock Ty, was also performed
at 9.4 T, and the dependencies on angles ¢ (for RAFF) and a (for CW Ty,,) were
investigated. It can be seen that with RAFF the maximum rate constant is observed at ¢ =
56°. As expected with CW Ty, the maximum rate constant is measured at a= 90° since Ty,
— T, in the Redfield limit (fast motional regime) [17]. This experiment demonstrates an
advantage of RAFF as compared to conventional CW Ty, for rotating frame relaxation
measurements at high magnetic fields (3T and above), where the relaxations induced by
exchange and diffusion in local magnetic gradients (collectively referred to here as dynamic
averaging) are significantly accelerated. This is particularly important for probing slow
motional correlation times when the relaxation rates could be so large that the signal escapes
detection.

Our theoretical description, although performed using the most parsimonious relaxation
models, well described our in vivo results. At this stage of investigation we did not intend to
describe the details of specific relaxation pathways during RAFF in the human brain, for
example, relaxations due to dipolar interactions, dynamic averaging (e.g., anisochronous/
isochronous mechanisms), residual dipolar interactions, or cross relaxations. Detailed
theoretical treatments are necessary to completely understand the relaxation during RAFF in
vivo. The developed RAFF method provides a possibility to generate novel contrast in MR
which is based on the relaxations in the presence of the fictitious field E. Based on the
theoretical and experimental results presented in this work, the RAFF method provides
excellent sensitivity to spin dynamics since it comprises characteristics of both rotating
frame relaxation methods, Ty, and To,. In addition, due to its highly efficient refocusing
properties, the RAFF method has similarities to the Carr-Purcell-Meiboom-Gill (CPMG)
method [24], while simultaneously having characteristics of the classical rotating frame
rotary echo technique [5]. Due to its sensitivity to different relaxation channels in vivo
particularly in the slow motional regime, MRI contrast based on RAFF has potential utility
for a number of in vivo applications.
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Conclusions

Here, we presented a method to create relaxation dispersion using a (partially) fictitious field
E and altering its magnitude and orientation, in a doubly rotating frame of reference. The
amplitude of E can be greater than the RF amplitude used in transmitting RAFF pulses and
thus provides an alternative means to increase the magnitude of the spin-lock field without
increasing the RF power. In the presence of dipolar interactions and exchange-induced
relaxation between spins with different chemical shifts, the relaxation rate during RAFF has
a large dependence on the tilt angle ¢ of the fictitious field E. Maximum values of RRarr
were shown to occur at ¢ = 56°, which is consistent with the weighted contributions to the
relaxations from transverse and longitudinal magnetization components using an invariant
trajectory analysis and Bloch-McConnell formalism. The RAFF method comprises
properties of the second rotating frame relaxation method with sensitivity to slow motion
and efficient refocusing of the rotating frame rotary echo, and thus holds potential to
generate unique contrast for MRI. With RAFF, relaxation rates are slower than with
conventional off resonance spin-lock Ty,,. This suggest its applicability for the rotating
frame relaxation measurements at high magnetic fields (3T and above) where the relaxations
induced by dynamic averaging are accelerated.
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Fig. 1.

RF pulse amplitude (w4(t)) and phase (¢(t)) modulation functions corresponding to ¢ = 5°
(A), & = 45° (B), ¢ = 85° (C) with the refocusing scheme during RAFF; and planes of
magnetization rotation for initial magnetization along z” (M(t=0)=[0 0 1]) (D-F) are shown.
Note, the scales of w1(t) and ¢(t) are equally scaled for separate &.
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e=45°

Figure 2.

Magnetization trajectories during the first segments of sine/cosine pulses with different &
angles are shown. Fifteen ¢ values were evenly distributed between 5° and 85°, and the RF
pulse amplitude and frequency modulation functions generated with w,M#/(2x) = 625 Hz
were used. The Runge-Kutta algorithm was used for simulating the Bloch equations.
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Figure 3.

Simulated relaxation rate constants due to dipolar interactions (Rrarr qi) between two
identical spins as a function of angle ¢ and correlation time z.. For the simulations, Eq. (28)
was used under the condition kB, =0, along with Eqs. (29 and 30). 7. = 2:10"12 s was
assumed for both sites A and B. wM®/(21)=625 Hz.
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Fig. 4.

Simulated exchange-induced relaxation rate constants (RRarr ex) between spins with
different chemical shifts as a functions of ¢ and exchange correlation times (zex). For the
simulations, Egs. (28, 29 and 30) were used. For both sites A and B, 7. = 2-10"12 s was
assumed. Other assumptions: difference in chemical shifts, 6=0.85 ppm; Pp = Pg = 0.5;
w1MX/(2m) = 625 Hz.
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A) Magnetization weighting coefficients Cy and Cjong Egs. (20, 21) averaged over time
during the RAFF pulse, plotted as a function of . B) Theoretical simulations of exchange
induced relaxations with RAFF using Bloch-McConnell formalism Egs. (25 - 27) (dashed
line) and invariant trajectory method Eq. (24) (solid line), as a function of ¢ for different
exchange-correlation times. For both sites A and B, 7, = 2:10"12 s was assumed. Other
parameters: difference in chemical shifts, dw= 0.85 ppm; Pa = Pg = 0.5; w1M®/(2x) = 625
Hz. Exchange correlation times are shown in the inset of (B).
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Fig. 6.

Maps of the relaxation rate constant Rrarr oObtained from the human brain of one
representative volunteer at 4 T when using sine/cosine pulses with different ¢ angles: (A)
28°, (B) 56° and (C) 74°. T, weighted anatomical reference image (D) and multi-subject
averaged relaxation rate constants (E) from regions of interest (red and green in D represent
grey matter and CSF, respectively), plotted as a function of ¢. Data are presented as mean +
SD (n=5 for all angles except ¢ = 45° where number of studies n=4).
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Fig. 7.

(A) Maps of the relaxation rate constant (Rrarg) measured in the intact mouse brain using
several settings of the locking angle ¢. Also shown is a To-weighted anatomical image of the
same slice with the ROIs used for the analysis. The differences in the RAFF 45° rate
constants between right and left hemispheres of the brain was found on average to be 6.3%
(n=3) and the displayed are the averaged rate constants between both sides of the brain. (B)
A comparison between Rparr and CW off-resonance Ry,,. The mean + SD values are shown

(n=3).
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