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A new method entitled Relaxation Along a Fictitious Field (RAFF) was recently introduced for investigat-
ing relaxations in rotating frames of rank P2. 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 e
between E and the z00 axis of the second rotating frame. When e > 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 anisochro-
nous 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. Theoret-
ical and experimental results demonstrated that changes in e induced a dispersion of the relaxation rate
constants. The fastest relaxation was achieved at e � 56�, where the averaged contributions from trans-
verse 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 T1q experiments. As compared with the off-resonance spin lock T1q method, a slower
rotating frame relaxation rate was observed with RAFF, which under certain experimental conditions is
desirable.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Rotating frame longitudinal and transverse relaxation experi-
ments (with characteristic time constants T1q and T2q, respec-
tively) are capable of probing slow molecular motions at high
magnetic fields (B0) with the motional correlation times in the ns
to ms time scale [1–5]. For some biomedical applications, both
T1q and T2q have been shown to be more informative than labora-
tory frame T1 and T2 in assessing specific tissue pathologic pro-
cesses, for example cartilage degeneration, gene therapy-induced
apoptotic response in BT4C gliomas, cerebral ischemia, and brain
iron accumulation and neuronal integrity in patients with Parkin-
son’s disease [6–11]. Although T1q and T2q measurements are com-
monly 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 com-
pletes an adiabatic full-passage (AFP) [12–14].
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inen).
A potential limitation to the wide spread exploitation of rotat-
ing frame relaxation in living systems is the required RF power
delivered to the sample (i.e., specific absorption rate (SAR) and con-
cern about tissue heating). To satisfy the adiabatic condition in adi-
abatic T1q and T2q 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, Beff [15]. However,
in both on- and off-resonance T1q experiments, a separate RF pulse
is needed to place the magnetization vector initially at the locking
angle, which can be challenging to achieve accurately in the pres-
ence of non-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,
c�1da=dtŷ, that exists in a second rotating frame, (the xeff-frame)
where c is the gyromagnetic ratio and a is the time-dependent an-
gle between the effective RF field Beff and the axis of quantization
in the first rotating frame, z0 (collinear with B0). By convention B1 is
assumed to be along the x0-axis of the first rotating frame. The
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vector sum of c�1da=dtŷ and Beff leads to a fictitious effective field
E in the xeff-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)
T1q and adiabatic T1q and T2q 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 co-
sine, respectively) operating in a sub-adiabatic condition [16]. In
the initial RAFF method, we set the angle between Beff and E to
e = 45� when designing the sine/cosine pulse, by using parameters
satisfying the condition Beff = |c�1da/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 (c�1da/dt)
to produce different locking angles e 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 dur-
ing these sine/cosine pulses. Finally, we present our initial develop-
ments 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 e in RAFF, while recognizing that
they would be inadequate for simulation purposes of intrinsic
relaxation parameters of tissue in vivo. Based on theoretical predic-
tions 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 Beff 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 sen-
sitivity of rotating frame methods and with acceptable RF power
levels. Finally, our results demonstrate that relaxation rate con-
stants are slower with RAFF as compared to conventional off-reso-
nance spin-lock T1q. This property is especially beneficial at high
magnetic fields where relaxation pathways such as anisochronous
exchange are significantly accelerated.

2. Theory

2.1. Description of the RAFF method

The xRF-frame rotates around the laboratory z axis with the
time-dependent pulse frequency xRF(t). By convention, the axes
of the xRF-frame are labeled x0, y0, z0. In this reference frame, the
net effective field Beff(t) is the vector sum of B1(t) x̂0 and the ficti-
tious field c�1DxðtÞẑ0 ¼ c�1ðx0 �xRFðtÞÞẑ0, where Dx is the offset
frequency (i.e., the difference between the Larmor frequency
(x0 = cB0) and the pulse frequency (xRF)). The amplitude of Beff(t)
is given by

BeffðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

1ðtÞ þ ðc�1DxðtÞÞ2
q

ð1Þ

and the angle between Beff and the first rotating frame z0 axis is

aðtÞ ¼ tan�1 x1ðtÞ
DxðtÞ

� �
ð2Þ

where x1(t) = cB1(t). When the adiabatic condition, |c�1da/dt|
� Beff, is well satisfied, the trajectory of the net magnetization
(M) can be approximately described as a simple nutation about
Beff(t) with the angular velocity xeff(t) = cBeff(t). In the sub-adiabatic
condition, however, the rapid sweep of Beff(t) results in a non-neg-
ligible fictitious field vector in xeff-frame (double-primed axis
labels, x00, y00, z00). This frame is sometimes referred to as ‘‘doubly
rotating’’ because it rotates with frequency x0 �xRF around the
z-axis of the laboratory frame and simultaneously with frequency
da/dt around the y0-axis of the xRF-frame. The magnitude of the
fictitious field component that arises from the rotation around the
y0-axis is equal to c�1da/dt and is directed along the y00 axis. Note,
y0 and y00 axes are collinear, and Beff is directed along the z00 axis
by convention [16]. The net effective field in the xeff-frame is there-
fore the vector sum of Beff(t) ẑ00 and c�1da/dt ŷ00. Accordingly, the
time-dependent amplitude of this net effective field is

EðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2

effðtÞ þ c�1 da
dt

� �2
s

ð3Þ

and the angle between E and Beff is

eðtÞ ¼ tan�1 c�1da=dt
BeffðtÞ

� �
ð4Þ

When Beff(t) and da/dt are time invariant throughout the pulse, the
amplitude of E remains constant. From Eq. (4), it can be seen that a
change of c�1da/dt relative to Beff(t) creates the possibility to vary
the locking angle e. It can also be seen that the magnitude of E is
greater than the peak RF amplitude, Bmax

1 ¼ c�1xmax
1 (Fig. 1, and

Eq. (3)).
In our prior work, E was kept stationary with e = 45� by choos-

ing 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 e of any arbi-
trary value can be produced. To accomplish this, let us modulate
the pulse amplitude and offset frequency according to sine and co-
sine functions having maximum amplitude of xmax

1 and frequency
x,

x1ðtÞ ¼ xmax
1 sinðxtÞ ð5Þ

DxðtÞ ¼ xmax
1 cosðxtÞ ð6Þ

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

BeffðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðc�1xmax

1 sinðxtÞÞ2 þ ðc�1xmax
1 cosðxtÞÞ2

q
¼ c�1xmax

1 ð7Þ

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

daðtÞ
dt
¼ xmax

1 tanðeðtÞÞ ð8Þ

It can be verified using Eqs. (2), (5), and (6) that, to produce a given
angle e, x must equal da/dt. That is,

daðtÞ
dt
¼ d

dt
tan�1 xmax

1 sinðxtÞ
xmax

1 cosðxtÞ

� �
¼ d

dt
tan�1ðtanðxtÞÞ

¼ d
dt

xt ¼ x ð9Þ

Therefore, the amplitude and frequency modulation functions
based on Eqs. (5), (6), (8), and (9) are

x1ðtÞ ¼ xmax
1 sin xmax

1 tanðeÞt
� �

ð10Þ

DxðtÞ ¼ xmax
1 cos xmax

1 tanðeÞt
� �

ð11Þ

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



tr long

Fig. 1. RF pulse amplitude (x1(t)) and phase (/(t)) modulation functions corresponding to e = 5� (A), e = 45� (B), e = 85� (C) with the refocusing scheme during RAFF; and
planes of magnetization rotation for initial magnetization along z00 (M(t = 0) = [0 0 1]) (D�F) are shown. Note, the scales of x1(t) and /(t) are equally scaled for separate e.
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/ðtÞ ¼
Z t

0
Dxðt0Þdt0 ð12Þ

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

/ðtÞ ¼ 1
tanðeÞ sin xmax

1 tanðeÞt
� �

ð13Þ

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

Tp ¼
4pffiffiffi

2
p

xmax
1

ð14Þ

for all angles of e used. In experiments and simulations, the basic
RAFF pulse element to produce a specified e was concatenated to
create a set of windowless RAFF trains. Examples of the basic RAFF
pulse element (e = 5�, 45�, and 85�) are shown in Fig. 1. In previous
work [16], a phase of p

ffiffiffi
2
p
� 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 e, the RAFF modulation functions, including
self-refocusing, are:

x1ðtÞ ¼ xmax
1 sin xmax

1 tanðeÞt
� �

0 6 t < Tp=4

/ðtÞ ¼ 1
tanðeÞ sin xmax

1 tanðeÞt
� �

0 6 t < Tp=4

x1ðtÞ ¼ xmax
1 sin xmax

1 tanðeÞ t � Tp

2

� �
þ p

� �
Tp=4 6 t < Tp=2

/ðtÞ ¼ 1
tanðeÞ sin xmax

1 tanðeÞ t � Tp

2

� �
þ p

� �
Tp=4 6 t < Tp=2

x1ðtÞ ¼ xmax
1 sin xmax

1 tanðeÞ t � Tp

2

� �� �
Tp=2 6 t < 3=4Tp

/ðtÞ ¼ 1
tanðeÞ sin xmax

1 tanðeÞ t � Tp

2

� �� �
Tp=2 6 t < 3=4Tp

x1ðtÞ ¼ xmax
1 sin xmax

1 tanðeÞðt � TpÞ þ p
� �

3=4Tp 6 t 6 Tp

/ðtÞ ¼ 1
tanðeÞ sin xmax

1 tanðeÞðt � TpÞ þ p
� �

3=4Tp 6 t 6 Tp

ð15Þ
An additional phase of p must be added to the phase function dur-
ing the times when the amplitude modulation function is negative
(i.e., a p phase shift is the equivalent of a change in sign of x1(t)).
Notably, the period of the sine and cosine functions is longer than
the RAFF pulse element when ðx1ðtÞ tanðeÞÞ�1 P Tp=4; in this case,
the amplitude of the RAFF pulse element does not reach xmax

1 with
e < 24� (Fig. 1).

If M is initially aligned with Beff, during the RAFF pulse it precess-
es on a cone having an axis defined by the vector E. Wigner rotation
matrices can be used to transform from the xRF-frame (x0, y0, z0) to
the xeff-frame (x00, y00, z00), followed by a final rotation around x00

by the angle e to align the axis of quantization (z00) along E.
2.2. Invariant trajectory

When the spin rotation is characterized by rotational correla-
tion 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, xeffsc� 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-relax-
ations of like spins, the effective relaxation rate constant Reff is
given by:

Reff ¼ R2
1
Tp

Z Tp

0
fMxðtÞ2 þMyðtÞ2gdt þ R1

1
Tp

Z Tp

0
ðMzðtÞ2dt

¼ R2 � Ctr þ R1 � Clong; ð16Þ

where R1 and R2 are free precession longitudinal and transverse
relaxation rate constants respectively, while Clong and Ctr represent
their relative weightings and the integration is over the duration of
the pulse of Tp. The weighted average depends on the trajectory of
the normalized magnetization vector MðtÞ ¼ ½MxðtÞ;MyðtÞ;MzðtÞ�,
with the condition

C þ C ¼ 1 ð17Þ
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being satisfied. Similar equations have been found for evaluating
exchange-induced relaxation rate constants when setting R2 and
R1 in Eq. (16) to

R2 ¼ PAPBdx2sex

R1;ex ¼ 0
ð18Þ

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

2.3. 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
RðuÞ ¼
u2 þ ðv2 þw2Þ cosðuÞ uvð1� cosðuÞÞ �w

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þw2
p

sinðuÞ uvð1� cosðuÞÞ þ v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þw2
p

sinðuÞ
uvð1� cosðuÞÞ þw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þw2
p

sinðuÞ v2 þ ðu2 þw2Þ cosðuÞ vwð1� cosðuÞÞ � u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þw2
p

sinðuÞ
uwð1� cosðuÞÞ � v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þw2
p

sinðuÞ vwð1� cosðuÞÞ þ u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2 þw2
p

sinðuÞ w2 þ ðu2 þ v2Þ cosðuÞ

2
64

3
75

ð19Þ
for time invariant angle u. In the xeff-frame, the amplitude of E in
rad/s is xE, so the angle of rotation of M at time t is xEt and the
direction of M is defined by the normalized unit vectors [u = 0,
v = sin(e), w = cos(e)]. It is noticed here that e is time invariant.
When viewing from the xeff-frame, M initially aligned along z00 will
evolve according to:

MðtÞ ¼ RðxEtÞM0 ¼ RðxEtÞ
0
0
1

2
64

3
75 ¼

sinðeÞ sinðxEtÞ
sinðeÞ cosðeÞð1� cosðxEtÞÞ
cos2ðeÞ þ sin2ðeÞ cosðxEtÞ

2
64

3
75

ð20Þ

Transformation from the xeff-frame to the xRF-frame is performed
around y0 axis with the rotation matrix given by:

RðaðtÞÞ ¼
cosðaðtÞÞ 0 sinðaðtÞÞ

0 1 0
� sinðaðtÞÞ 0 cosðaðtÞÞ

2
64

3
75 ð21Þ

Thus, the magnetization trajectory in the xRF-frame is described as:
M0ðtÞ ¼ RðaðtÞÞRðxEðtÞtÞM0 ¼ RðaðtÞÞMðtÞ ¼
cosðaðtÞÞ sinðeðtÞÞ sinðxEðtÞtÞ þ sinðaðtÞÞðcos2ðeðtÞÞ þ sin2ðeðtÞÞ cosðxEðtÞtÞÞ

sinðeðtÞÞ cosðeðtÞÞð1� cosðxEðtÞtÞÞ
� sinðaðtÞÞ sinðeðtÞÞ sinðxEtÞ þ cosðaðtÞÞðcos2ðeðtÞÞ þ sin2ðeðtÞÞ cosðxEðtÞtÞÞ

2
64

3
75 ð22Þ
Now, the Mx(t) and My(t) components of M(t) are given by:

MxðtÞ ¼ cosðaðtÞÞ sinðeðtÞÞ sinðxEðtÞtÞ þ sinðaðtÞÞðcos2ðeðtÞÞ
þ sin2ðeðtÞÞ cosðxEðtÞtÞÞ

MyðtÞ ¼ sinðeðtÞÞ cosðeðtÞÞð1� cosðxEðtÞtÞÞ ð23Þ
Here, aðtÞ ¼ tanðeÞxmax
1 t. Finally, substituting Eq. (18) in Eq. (16) the

exchange-induced relaxation rate constant Rex
RAFF in the case of two-

site anisochronous exchange (2SX) in the fast exchange regime is

Rex
RAFF ¼ PaPbdx2sex

1
Tp

Z Tp

0
MðtÞ2x þMðtÞ2y
� �

dt
� �

ð24Þ

with Mx(t) and My(t) given by Eq. (23). Here, PA and PB are popula-
tions of exchanging sites A and B with chemical shift difference
dx in rad/s and exchange correlation time sex. It should be noted
that the consideration above is valid for like spin at one specific
sites A or B.

2.4. 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 equa-
tions written in the phase-modulated rotating frame [21]:
dMA
z ðtÞ

dt
¼ MA

0 �MA
z ðtÞ

T1A
� kAB

ex MA
z ðtÞ þ kBA

ex MB
z ðtÞ þx1 sinð/ÞMA

x ðtÞ �x1 cosð/ÞMA
y ðtÞ

dMB
z ðtÞ

dt
¼ MB

0 �MB
z ðtÞ

T1B
� kBA

ex MB
z ðtÞ þ kAB

ex MA
z ðtÞ þx1 sinð/ÞMB

x ðtÞ �x1 cosð/ÞMB
yðtÞ

dMA
x ðtÞ

dt
¼ �MA

x ðtÞ
T2A

� kAB
ex MA

x ðtÞ þ kBA
ex MB

x ðtÞ � DAMA
y ðtÞ �x1 sinð/ÞMA

z ðtÞ

dMB
x ðtÞ

dt
¼ �MB

x ðtÞ
T2B

� kBA
ex MB

x ðtÞ þ kAB
ex MA

x ðtÞ � DBMB
yðtÞ �x1 sinð/ÞMA

z ðtÞ

dMA
y ðtÞ

dt
¼ �

MA
y ðtÞ

T2A
� kBA

ex MB
yðtÞ þ kAB

ex MA
y ðtÞ þ DAMA

x ðtÞ þx1 cosð/ÞMA
z ðtÞ

dMB
yðtÞ

dt
¼ �

MB
yðtÞ

T2B
� kBA

ex MB
yðtÞ þ kAB

ex MA
y ðtÞ þ DBMB

x ðtÞ þx1 cosð/ÞMB
z ðtÞ

ð25Þ
where DA,B are the chemical shifts relative to on-resonance in rad/s
of exchanging groups A and B, respectively (dx = |DA + DB|), PA and
PB are the populations of the exchanging sites, kAB

ex ¼ PB=sex and
kBA

ex ¼ PA=sex are the exchange rate constants, and T1,2,A,B = 1/R1,2,A,B

are the relaxation time constants at sites A and B, respectively. Here,
the sine/cosine modulation functions (Eq. (15)) were used. The RF
pulse amplitude was set to xmax

1 =ð2pÞ ¼ 625 Hz and the pulse dura-
tion (Tp) was set according to Eq. (14). For the simulations, 15 line-
arly spaced angles e 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 R1 and R2 were



Fig. 2. Magnetization trajectories during the first segments of sine/cosine pulses
with different e angles are shown. Fifteen e values were evenly distributed between
5� and 85�, and the RF pulse amplitude and frequency modulation functions
generated with xmax

1 =ð2pÞ ¼ 625 Hz were used. The Runge–Kutta algorithm was
used for simulating the Bloch equations.
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calculated considering dipolar interactions between isolated identi-
cal spins (at specific sites A and B), following:

R1 ¼
3

10
b2 sc

1þ s2
c x2

0

þ 4
sc

1þ 4s2
c x2

0

� �
ð26Þ

and

R2 ¼
3

20
b2 3sc þ

5sc

1þ s2
c x2

0

þ 2sc

1þ 4s2
c x2

0

� �
ð27Þ

where sc is the rotational correlation time and x0 is the Larmor pre-
cession frequency, b ¼ �l0�hc2=ð4pr3Þ, l0 = 4p � 10�7 H/m is the
vacuum permeability, �h ¼ 1:055� 10�34 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 biologic tis-
sues, where a variety of dipolar mechanisms contribute to relaxa-
tion. 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 T1 and T2 calculated
using sc = 2 � 10�12 s for both sites A and B. The decay of M
(M0 = [0 0 1]) during the pulse was estimated by solving Eq. (25)
using the Runge–Kutta numerical method. Simulations were per-
formed with magnetization initially oriented along z0 M0 = [0 0 1]
and then for inverted M0 = [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.

3. Materials and methods

All human experiments were performed according to proce-
dures approved by the Institutional Review Board of the University
of Minnesota Medical School. After obtaining informed consent,
MRI measurements on human brain (of five healthy volunteers)
were performed with a 4 T magnet (Oxford Instruments) interfaced
to a Varian UNITYINOVA console. A volume coil based on the trans-
verse 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 � 128,
FOV = 256 � 256 mm2, and slice-thickness = 4 mm. Maps of the
RAFF relaxation rate constant (RRAFF) 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 ls hard pulse
to be calibrated as 90o excitation.

A total of three c57bl mice from the University of Eastern Fin-
land, 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 con-
ducted 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, Rim-
par, Germany) was used for mouse brain imaging. In all experi-
ments, anesthesia was induced using 4.5% and maintained with
1.5% isoflurane during the experiment in oxygen/N2O with frac-
tions 0.21:0.79. Temperatures of animals were maintained using
a circulating water heater. For off-resonance CW T1q, spin lock
durations between 20 and 120 ms (four values linearly spaced)
were selected with hard pulse excitation and 180� phase flip in
the middle of the CW pulse. Pulse durations were selected simi-
larly for RAFF but linearly spaced up to 144 ms. For both setups,
cB1/(2p) = 625 Hz (also for hard pulse excitation). For RAFF, a stan-
dard hyperbolic secant pulse (HS1), with Tp = 4 ms, time-band-
width 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 � 19.2 mm2, and matrix size = 128 �
128 for readout.

Experimental details of the acquisition strategy used for obtain-
ing 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 ini-
tial 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�ZðtÞ ¼ S0;�Ze�RRAFFt � SSSð1� e�RRAFFtÞ ð28Þ

in which S0,±Z are the initial amplitudes of magnetization before the
application of sine/cosine pulse (with and without inversion), and
SSS 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).
4. Results and discussion

During the sine/cosine pulse, M undergoes precession around E
in the second rotating frame (the xeff-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 (Eqs. (1)–(3)), and the amplitude of E ap-
proaches 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
xRF-frame) are presented. The simulations were performed using
the Runge–Kutta algorithm to solve the Bloch equations. The tra-
jectories of M for a given e between 5� and 85� demonstrate that
M nutates only slightly from z0 axis when e is small and large. With
small e, M undergoes slow nutation to a small angle. On the other
hand, with large values of e (when e ? 90�), fast oscillations of both
frequency and amplitude modulations occur (see Eqs. (5) and (6)).
For large angles, E is close to y00, and in the second rotating frame,
M precesses in the plane almost perpendicular to E with increasing
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number of the trajectory cycles as e increases. The latter phenom-
enon becomes evident especially with high values of e. The number
of these cycles depends on how close E is to y00, or equivalently,
Fig. 3. Simulated relaxation rate constants due to dipolar interactions (RRAFF,dd)
between two identical spins as a function of angle e and correlation time sc. For the
simulations, Eq. (28) was used under the condition kex

AB ¼ 0, along with Eqs. (29) and
(30). sc = 2 � 10�12 s was assumed for both sites A and B. xmax

1 =ð2pÞ ¼ 625 Hz.

Fig. 4. Simulated exchange-induced relaxation rate constants (RRAFF,ex) between
spins with different chemical shifts as a functions of e and exchange correlation
times (sex). For the simulations, Eqs. (28), (29) and (30) were used. For both sites A
and B, sc = 2 � 10�12 s was assumed. Other assumptions: difference in chemical
shifts, dx = 0.85 ppm; PA = PB = 0.5; xmax

1 =ð2pÞ ¼ 625 Hz.

Fig. 5. (A) Magnetization weighting coefficients Ctr and Clong Eqs. (20), (21) averaged ove
exchange-induced relaxations with RAFF using Bloch–McConnell formalism Eqs. (25)–(27
for different exchange–correlation times. For both sites A and B, sc = 2 � 10�12 s was ass
xmax

1 =ð2pÞ ¼ 625 Hz. Exchange correlation times are shown in the inset of (B).
how fast Beff rotates relative to z0. 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 xRF-frame.
For intermediate values of e, M nutates with larger angles.

Results of calculations of the relaxation rate constant due to
dipolar interactions between like spins (RRAFF,dd) are presented in
Fig. 3. This analysis of RAFF was performed using the Bloch equa-
tions. It can be seen that when T1 � T2, which corresponds to rota-
tional correlation times shorter than 5 � 10�10 s, RRAFF,dd is
independent of the angle e. With longer correlation times, when
T1 – T2, a significant dependence of RRAFF on e was found. The
greatest RRAFF values were observed for angles e ranging between
50� and 60�.

The simulations of the exchange-induced relaxation rate con-
stant (RRAFF,ex) were performed using Bloch–McConnell formalism
for two-site equilibrium exchange Eq. (24). In Fig. 4, it is shown
that, for small sex < 10�5 s and large sex > 10�2 s, RRAFF,ex values
are independent of e. This property of RRAFF,ex is similar to the
RRAFF,dd dependence on e for the correlation times sc P 10�9 s
(Fig. 4). In the intermediate region of correlation times, RRAFF,ex at-
tains its maximum at e = 56�.

The relative weighting contributions of the magnetization com-
ponents during RAFF were investigated using invariant-trajectory
approach Eqs. (16)–(24). In Fig. 5a, the integrated magnetization
weighting, i.e., normalized coefficients of transverse, Ctr, and longi-
tudinal, Clong, components Eq. (18) are shown. It can be seen that
the maximal weighting of transverse magnetization occurs with
e = 56� where the contribution of the longitudinal magnetization
weighting is minimal. On the other hand, with the smaller and
larger e the contribution of Mz becomes greater and the contribu-
tion of Mx and My reduce. This suggests that largest RRAFF should
be detected when e = 56�. The calculation of the RRAFF rate con-
stants were performed using Eqs. (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 RRAFF 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 e.

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 anatomic 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 (RRAFF) are
r time during the RAFF pulse, plotted as a function of e. B) Theoretical simulations of
) (dashed line) and invariant trajectory method Eq. (24) (solid line), as a function of e

umed. Other parameters: difference in chemical shifts, dx = 0.85 ppm; PA = PB = 0.5;
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significantly dependent on e as can be seen in Fig. 6E. Here, a
superior difference in RRAFF, greater than double, between the mea-
surements with RAFF at 56� and 74� was detected. The differences
in tissue RRAFF values obtained with small and large es are signifi-
cantly 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 T1q was also performed
at 9.4 T, and the dependencies on angles e (for RAFF) and a (for
Fig. 6. Maps of the relaxation rate constant RRAFF obtained from the human brain of one r
(A) 28�, (B) 56� and (C) 74�. T2 weighted anatomic reference image (D) and multi-subjec
represent gray matter and CSF, respectively), plotted as a function of e. Data are present

Fig. 7. (A) Maps of the relaxation rate constant (RRAFF) measured in the intact mouse brai
image of the same slice with the ROIs used for the analysis. The differences in the RAFF
average to be 6.3% (n = 3) and the displayed are the averaged rate constants between bot
mean ± SD values are shown (n = 3).
CW T1q) were investigated. It can be seen that with RAFF the max-
imum rate constant is observed at e = 56�. As expected with CW
T1q, the maximum rate constant is measured at a = 90� since
T1q ? T2 in the Redfield limit (fast motional regime) [17]. This
experiment demonstrates an advantage of RAFF as compared to
conventional CW T1q 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
epresentative volunteer at 4 T when using sine/cosine pulses with different e angles:
t averaged relaxation rate constants (E) from regions of interest (red and green in D
ed as mean ± SD (n = 5 for all angles except e = 45� where number of studies n = 4).

n using several settings of the locking angle e. Also shown is a T2-weighted anatomic
45� rate constants between right and left hemispheres of the brain was found on

h sides of the brain. (B) A comparison between RRAFF and CW off-resonance R1q. The
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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 de-
tails 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 treat-
ments are necessary to completely understand the relaxation dur-
ing 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 pro-
vides excellent sensitivity to spin dynamics since it comprises
characteristics of both rotating frame relaxation methods, T1q
and T2q. In addition, due to its highly efficient refocusing proper-
ties, the RAFF method has similarities to the Carr–Purcell–Mei-
boom–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.

5. 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–in-
duced relaxation between spins with different chemical shifts,
the relaxation rate during RAFF has a large dependence on the tilt
angle e of the fictitious field E. Maximum values of RRAFF were
shown to occur at e = 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 T1q. This suggest its applica-
bility for the rotating frame relaxation measurements at high mag-
netic fields (3T and above) where the relaxations induced by
dynamic averaging are accelerated.
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