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Macromolecular degeneration and biochemical changes in tissue can be quantified using rotating frame relaxometry
in MRI. It has been shown in several studies that the rotating frame longitudinal relaxation rate constant (R1ρ) and
the rotating frame transverse relaxation rate constant (R2ρ) are sensitive biomarkers of phenomena at the cellular
level. In this comprehensive review, existing MRI methods for probing the biophysical mechanisms that affect the
rotating frame relaxation rates of the tissue (i.e. R1ρ and R2ρ) are presented. Long acquisition times and high radio-
frequency (RF) energy deposition into tissue during the process of spin-locking in rotating frame relaxometry are the
major barriers to the establishment of these relaxation contrasts at high magnetic fields. Therefore, clinical applica-
tions of R1ρ and R2ρ MRI using on- or off-resonance RF excitation methods remain challenging. Accordingly, this
review describes the theoretical and experimental approaches to the design of hard RF pulse cluster- and adiabatic
RF pulse-based excitation schemes for accurate and precise measurements of R1ρ and R2ρ. The merits and drawbacks
of different MRI acquisition strategies for quantitative relaxation rate measurement in the rotating frame regime
are reviewed. In addition, this review summarizes current clinical applications of rotating frame MRI sequences.
Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Rotating frame relaxometry was introduced into the field of MRI
in 1985 (1). In MRI, the process by which the longitudinal compo-
nent of the magnetization vector regains its equilibrium value
under the influence of a radiofrequency (RF) field is called
spin–lattice relaxation in the rotating frame of reference and is
characterized by the time constant T1ρ. The MRI method de-
scribed by Sepponen et al. (1) demonstrated the measurement
of the relaxation time constant T1ρ at a very low static magnetic
field strength when the RF pulse was applied on-resonance to
the water peak of the spectrum. Since its inception, this imaging
technique has shown potential for the elucidation of physio-
chemical phenomena in biological tissue that occur at low inter-
action frequencies, i.e. approximately in the range 0.1 kHz to a

few kilohertz. Several methods for the magnetization excitation,
image acquisition and analysis of the rotating frame longitudinal
and transverse relaxation rates, R1ρ (1/T1ρ) and R2ρ (1/T2ρ), respec-
tively, have been employed in MRI. Advances in MRI equipment,
such as high-field technology, improved methods for RF irradia-
tion, faster gradients and state-of-the-art data acquisition tech-
niques, have allowed more accurate and precise rotating frame
relaxometry in MRI, and these developments have enabled
numerous applications that were envisaged in the past. This
imaging technique has been used for rotating frame relaxation
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rate measurements of gray and white matter (2), paramagnetic
substances and human gliomas (3), and in vitro and in vivo breast
lesions (4); for the quantification of blood T1ρ in vitro; for the
determination of the effects of dissolved oxygen on T1ρ in pro-
tein phantoms; for assessing the acidification of intracellular
pH using hypercapnia in rats; and for the manipulation of tissue
oxygen tension via hypoxia in rats (5), etc. As a result of its great
ability to target the low-frequency spectrum, this MRI technique
is promising for the analysis of progression in diseases such as
ischemia (6), cartilage degradation (7), Alzheimer’s disease (8),
Parkinson’s disease (9) and liver fibrosis (10), and for other clinical
applications, i.e. meniscal T1ρ measurement (11), gene therapy
(12), spin-lock flow tagging for MR angiography (13), muscle
imaging (14,15) and differentiation of hemangiomas from liver
metastases (16,17), etc. It is important to mention that the tech-
nique employed in ref. (2) is termed rotating frame off-resonance
(T1ρ-off) imaging because the RF pulse is applied off-resonance to
the water peak of the spectrum. Quantitative R1ρ and R2ρ relaxa-
tion maps reflect the biochemical composition of healthy and
diseased tissues. These relaxation maps can be obtained by
performing curve fitting using the mathematical expressions that
describe the corresponding relaxation phenomena as a function
of the RF pulse duration, with the amplitude of the pulse fixed
in the range of a few kilohertz at low main magnetic fields (B0 in
the range of approximately 0.1–1 T). However, the range of RF
amplitudes increases at high magnetic fields (B0> 1.5 T), where
the specific absorption rate (SAR) becomes significant.

To comprehend the theoretical and experimental concepts of
rotating frame relaxometry in MRI effectively, this review article
is divided into five major sections. First, an introduction to the
physical processes that can be probed by this type of relaxation

is provided. Second, the biophysical bases of rotating frame
relaxation are described. Third, the perspectives of quantum
physics employed for the modeling of rotating frame relaxation,
which have been used in the literature to derive the mathematical
expressions of the relaxation phenomena, are overviewed.
Fourth, the RF irradiation schemes that enable spin-locking (SL)
in rotating frame MRI are described. Fifth, the MRI pulse
sequences that have been proposed in the literature for rotating
frame MRI, some relevant applications and significant results are
summarized.

PROCESSES AND TIME-SCALES

The important molecular motion phenomena that can be
probed using MR are nuclear spin relaxation, diffusion and
exchange processes, over a wide range of time-scales and
between sites with different resonance parameters. The time-scales
for motional processes, such as flow, diffusion, chemical
exchange, mechanical motion, molecular rotations and molecu-
lar vibrations, are summarized in Fig. 1. Rotating frame relaxation
is sensitive to the molecular processes that occur close to the
effective precessional frequency on the order of kilohertz. The
effective precessional frequency is influenced by the effective
magnetic field, named Beff (explained later in the section on ‘RF
fields in the rotating reference frame’). Therefore, the T1ρ and
T2ρ relaxation time constants are sensitive to slow molecular
motional processes in comparison with the T1 and T2 relaxation
time constants, and are very useful for producing MRI contrasts
in vivo, which can provide insight into important biological
processes that are characterized by slow molecular motions.

Figure 1. Typical motional time-scales for physical processes in a rotating frame MRI experiment. The time-scales of the rotating frame relaxation time
constants, T1ρ and T2ρ, are marked in blue and red, respectively. The Larmor time-scale refers to the time required for the spins to precess through 1 rad
in the magnetic field. The spectral time-scale represents the time corresponding to the inverse width of the NMR spectrum, measured in frequency
units. The relaxation time-scale corresponds to the value of the spin–lattice relaxation time constant. All of these time-scales depend on sample, spin
isotope, magnetic field strength and temperature. Processes between the relaxation time-scale and the spectral time-scale influence the exchange
dynamics of the spin population. Processes on the spectral time-scale affect the lineshapes. Processes on the Larmor time-scale are responsible for
the spin–lattice relaxation.
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RELAXATION MECHANISMS
Mechanisms for relaxation in rotating reference frame in MRI

Under the influence of the applied SL field (B1) in rotating frame
MRI, the relaxation phenomena occur in the low-frequency
region of the spectrum. The Beff field rotates at a particular angle
to B0 with the Larmor frequency of the nuclei. In terms of classi-
cal vector-based terminology, the time constant for the recovery
of the magnetization vector to the equilibrium value along the
vector representing Beff is called the spin–lattice or longitudinal
relaxation time constant in the rotating frame and is denoted
by T1ρ (or T1ρ-off in the case of off-resonance irradiation). In the
rotating frame, the cumulative field experienced by a spin in
any state is enhanced if the magnetic fields of the surrounding
spins are directed along the Beff field, which results in the rapid
precession of the spins with the coherent phases following the
RF pulse. As time progresses, the augmentative phase coherence
among the spins is lost. According to the classical vector-based
approach, this process can be depicted by the decay of the net
transverse component of magnetization along Beff and the corre-
sponding decay time constant T2ρ (or T2ρ-off in the case of off-
resonance irradiation), which is called the spin–spin relaxation
time constant in the rotating frame of reference.
In the context of rotating frame nuclear spin relaxation, the

variation of the local magnetic fields (occurring as a result of
internal spin dynamics under the influence of the B1 or Beff field)
experienced by the spins in the system is the main mechanism
of relaxation. The dipole–dipole interaction is influenced by the
distance between the pair of spins and by their orientations
relative to the B1 or Beff field. Another mechanism of relaxation
exists when the electronic environment around the spin is non-
spherical (anisotropic). The magnitude of the electronic shielding
around the spin is dependent on the molecular orientation
relative to the B1 or Beff field, which results in chemical shift
anisotropy (CSA). CSA is another source of local fields that result
from the molecular electron currents induced by the B1 or Beff
field. Furthermore, these local fields are modulated by molecular
tumbling. An additional mechanism is the electrostatic interac-
tion that occurs between a nucleus with an electric quadrupole
moment and the electric field gradient that exists at the nuclear
site as a result of the surrounding charges.
For spin ½ nuclei, T1ρ relaxation occurs in response to the fluc-

tuating local magnetic fields at the sites of nuclear spins as a
result of thermal motion or molecular tumbling. The direct
dipole–dipole coupling between spins is affected by molecular
tumbling, which contributes to this type of relaxation. The
motion of the molecule exposes each spin to a changing mag-
netic field as a result of its neighboring molecule. The total
magnetic field, which is the combined effect of the B1 or Beff field
and the local fields, is time dependent and orientation dependent,
and molecular reorientation or tumbling can then modulate the
corresponding spin interaction energies to cause relaxation
under the influence of RF. The thermal motion of a nucleus can
result in fluctuating electrostatic interaction energies, and these
fluctuations produce transitions between the spin states during
the rotating frame relaxation in a similar manner to dipole–
dipole interactions. The range of the local field fluctuations, their
spatial and temporal magnitude, and the rate of spin diffusion
through locally induced field gradients caused by susceptibility
differences affect these relaxation rates. Another major contribu-
tor to rotating frame relaxation is chemical exchange between
the groups of spins, which depends on several factors, i.e.

chemical shift, temperature and exchange rate of the exchang-
ing spins. In a heterogeneous medium, cross-relaxation in the ro-
tating frame may admeasure exchanging spins that are affected
by non-exchanging protons via through-space dipolar coupling
(18). In a medium that has bulk susceptibility differences and
varying chemical exchange between spins, the rotating frame
relaxation rates reflect the integrated effects of diffusion, chemical
exchange and molecular motion. Under appropriate diffusion
conditions, the magnetic susceptibility gradient fields produce
effects, such as chemical exchange and diffusion, at multiple
time-scales and contribute to T1ρ relaxation (19).

Tissue compartmentalization

Soft tissues are heterogeneous media that contain proteins, DNA,
RNA, carbohydrates and lipids and, in addition, have circulation
and extracellular matrix. The Bloembergen, Purcell and Pound
(BPP) theory (20) explains the proton relaxation characteristics
of solids and most monomolecular solvents (e.g. water, ethanol,
glycerol, oils), but is not applicable for complex heterogeneous
environments, e.g. human tissue and complex protein solutions.
The water content of soft tissue in the human body is between
60% and 80%. For most tissues, the relaxation characteristics
are defined by the water–macromolecule interaction behavior.
Complex protein systems contain minute solute structures that
rotate at rapid rates, depending on the hydrodynamic character-
istics (mass of water/mass of solute) of the specific solute (21).
Protons are abundant in some of the solutes present in tissues
and are therefore a source of the relaxation phenomena in
MRI. In multicomponent macromolecular solutions composed

Figure 2. A schematic representation of bound, structured and bulk
water compartments on a globular protein in a dilute solution. Basic
(BH+) and acidic (A–) protein side chains interact with hydration water
to form charged hydrophilic sites. Hydrophobic sites are also shown.
Hydrophilic solutes are soluble in water and have either electric dipoles
or fixed charges on their molecular surface that can hydrogen bond with
water molecules at the sites termed hydrophilic or hydrogen-bonding
sites. Hydrophobic solutes do not have hydrogen-bonding sites and they
are admissible to the solution by the kind of bonding called hydrophobic
bonding, which is the consequence of splitting of water–water bonds to
accept a hydrophobic molecule as a neighbor to a water molecule at the
sites called hydrophobic sites. Relaxation of water protons in protein so-
lutions and in tissue is dominated by interactions at particular protein–
water interfacial sites that cover less than 1% of the protein–water inter-
face. These are sites that hold solvent water molecules in the first
hydration layer for 1 μs, apparently by four hydrogen bonds.
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mostly of water and macromolecules, some compartments are
formed that contain protons in different molecules. These com-
partments exchange energy in different ways that are deter-
mined by the solute–solvent interactions in the solution. Fig. 2
illustrates these compartments in soft tissues, using a globular
protein as an example.

Water molecules, which are immobilized on the surface of
macromolecules with a correlation time equivalent to ice (the
correlation time for chemical exchange of water is essentially
the period of time a water molecule remains bonded to its four
neighboring water molecules), experience rapid exchange with
free bulk water molecules in solution (22). The spin–lattice relax-
ation rate of tissue can be expressed in terms of the rapid
exchange between three water compartments, i.e. bound, struc-
tured and bulk water (23,24). Water molecules that are directly
hydrogen bonded to the electric dipole site or the ionic charge
site on the macromolecule (with typically two or more ligands)
are classified as bound water. There is an ion-bound domain that
contains water molecules bound to ionic charge sites. Similarly,
there is a polar-bound domain that contains water molecules
bound to polar (electric dipole) sites. Bound water is composed
of both ion-bound and polar-bound domains. Water molecules
that are motionally perturbed by a macromolecule, but not
bonded to it, are termed structured water. All bound or struc-
tured water molecules are collectively called hydration water.
Bulk water contains water molecules that are distant from the
macromolecule in the region in which molecular motion is deter-
mined by the intrinsic interaction characteristics of the water
molecule itself.

The geometric organization of the polar sites and non-polar
sites on the macromolecule influences the compartmentalization
process of water. Non-polar regions of the macromolecule influ-
ence the rotation of water molecules in their vicinity in an aniso-
tropic fashion to establish hydrogen bonds with the neighboring
water molecules. Water molecules near the polar sites form
hydrogen bonds with the macromolecules through the polar
sites. Structured water is aligned with the bound water section
whilst suffering hydrophobic motional restrictions in the case
of nearby non-polar sites (21).

Effects of tissue compartments on the relaxation in the
rotating reference frame

Because the solid content of most tissue types (excluding those
with significant lipid content) is predominantly protein, it may
be reasonable to consider protein solution for any tissue relaxa-
tion model (solute protein is immobilized). Variations in the abil-
ity of different tissues to perturb the intrinsic motion of the water
molecules (formation of bound and structured water compart-
ments) on or near their molecular surfaces are related to the pro-
tein content and composition, and the polymerization state of
the proteins. The rotating frame relaxation behavior at a specific
resonance frequency depends on the relative contributions of
the different tissue compartments, which is related to molecular
motion and other phenomena relative to the frequency selected
by the strength of the B1 field. The relaxation behavior of the
macromolecular compartment is depicted in Fig. 3, in which
the internal macromolecular motion dominates the relaxation
characteristics at Larmor resonance frequency and chemical
exchange and diffusion have a more profound influence at the
low resonance frequencies usually employed for rotating frame
relaxometry in MRI. The bound and free water compartment

contributions to relaxation are illustrated in Fig. 4. Fig. 4 shows
that, at the Larmor frequency, motion and other relaxation
mechanisms of the free water compartment are dominant,
because the same mechanisms of the macromolecular compart-
ment and the bound water compartment are not the most effec-
tive relaxation mechanisms at that frequency. In the range of the
low resonance frequencies used in rotating frame relaxometry,
bound water begins to contribute to the relaxation mechanism.
Therefore, the spin–lattice relaxation rate of free water is longer
than the macromolecular solid’s rate, and the macromolecular
solid’s rate is longer than the bound water compartment’s rate,
in rotating frame relaxometry.

Variants of rotating frame relaxation in MRI

By changing the B1 strength, variations in the rotating frame
relaxation rates can be observed, and the MRI method that mea-
sures these variations is called T1ρ dispersion (or T1ρ-off dispersion
in the case of off-resonance irradiation) imaging (25–28). This
type of imaging can provide information about macromolecular
size distribution, molecular motion and chemical exchange over
a range of time-scales. In the context of multi-component rotat-
ing frame relaxation measurements, the values and fractions of
T1ρ strongly depend on both the specimen orientation and the
SL field strength (29).
Typically, in the case of tissues, if the SL frequency is much

lower than the spectral linewidth of the macromolecular protons,
the cross-relaxation effects are reduced. These effects may be
eliminated during SL imaging at the magic angle. However, at
higher magnetic fields, the chemical exchange contributes

Figure 3. The spectral distribution J(ω) represents the density of the
nuclei rotating at each frequency in the macromolecular environment.
The spectral distribution is plotted versus the frequency of nuclei contrib-
uting to distribution by motion in the macromolecular environment
(green line), the frequency of nuclei contributing to distribution by chem-
ical exchange (red line) and the frequency of nuclei contributing to distri-
bution by diffusion (blue line). The frequency ω0 is the normal resonance
frequency in the MRI experiment and the frequency ω1 represents the
resonance frequency in the rotating frame experiment. The shaded area
around the rotating frame resonance frequency represents the contribu-
tion of the different nuclei to the cumulative spectral distribution with a
correlation time that matches the resonance frequency. It should be
noted in the shaded region around ω0 that the nuclei contributing by dif-
fusion and chemical exchange are less dense or negligible, and only the
nuclei contributing to the spectral density by motion are shown. Alterna-
tively, around ω1 in the rotating frame MRI, the dense cumulative spec-
tral distribution of the macromolecular movement, chemical exchange
diffusion of the nuclei can be probed.
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significantly because of the greater resonance frequency separa-
tion between water and amide protons. There are a few theoreti-
cal models that describe the chemical exchange effects on the
origins of T1ρ dispersion in tissue. Usually, a two-pool model is
used to describe T1ρ relaxation, where the chemical exchange be-
tween water and labile protons in the solute may occur at specific
sites, such as hydroxyl and amine groups. These solutes resonate
at a frequency different from water and contribute an additional
relaxation term to T1ρ relaxation. The Chopra model (30) was pro-
posed to determine the solvent exchange rate using different SL
field strengths. This model assumes that the nuclei involved in
the chemical exchange experience different chemical shifts and
relaxation rates when moving between phases, which is suitable
for biopolymers with properties of strong dipolar relaxation and
for the range of SL frequencies used in T1ρ dispersion. In the study
by Cobb et al. (19), it was demonstrated that the combined chem-
ical and fast diffusive exchange may be approximated as a fast
and slow chemical exchange component in the T1ρ dispersion
curves that were fitted using an extension of Chopra’s chemical
exchange model. Therefore, T1ρ dispersion imaging potentially
can be used for particle size characterization or the estimation of
bulk magnetic field susceptibilities in tissues with different chem-
ical exchange and diffusion relaxation properties, such as iron de-
posits and lesions associated with diseases, e.g. multiple sclerosis
or Alzheimer’s disease. Recently, another model was introduced
by Cobb et al. (18), which is based on twice differentiating the an-
alytical expression of the Chopra model with respect to SL pulse
amplitude to determine the inflection point of the T1ρ dispersion
curve. Consequently, an exchange rate can be estimated using a
knowledge of the chemical shift of the exchanging nuclei and
the rate of variation of R1ρ with the SL pulse amplitude.
In a technique called magnetization transfer (MT) MRI, the

saturation pulse (off-resonance preparation pulse) is applied to

saturate the bound protons of tissue. In this method, the SL prepa-
ration pulse is applied at the Larmor frequency, directly saturating
mobile water protons, or it can be applied closer to the resonance
than the MT saturation pulse with the variable direct saturation ef-
fect of mobile water protons depending on the frequency offset,
duration and amplitude of the preparation pulse (31). However,
MT imaging is primarily sensitive to macromolecule–water interac-
tions in tissues and the mobility of the solid pool. Brown and Koenig
(32) proposed that, for protein-rich tissues, both MT and SL can be
considered as major relaxation mechanisms. Strong correlations
were found between on-resonance T1ρ and MT effects (33), and be-
tween T1ρ dispersion and MT effects (34), in head and neck tumors.
In a phantom study by Ramadan et al. (35), the combined effect of
gadopentetic acid (Gd-DTPA) and T1ρ-off at small offset angles was
demonstrated to be very similar to the combined effect of Gd-DTPA
and MT.

Recently, in a technique called chemical exchange imaging
with spin-lock (CESL) (36), theoretical analysis and numerical
simulations of the z spectrum and the asymmetric magnetization
transfer ratio (MTRasym) were performed using a general two-
pool T1ρ relaxation model beyond the fast exchange limit. Conse-
quently, the classical analytical chemical exchange saturation
transfer (CEST) model could also be derived from the T1ρ relaxa-
tion model for CESL and may better characterize chemical
exchange processes, from slow and intermediate to fast proton
exchange rates, through the tuning of the SL pulse parameters.

MATHEMATICAL EXPRESSIONS

Longitudinal and transverse relaxation in the rotating ref-
erence frame (dipole–dipole interaction)

The relaxation rate of the system of through-space dipolar
coupled spins ½ (‘like’ spins) can be treated as the sum of the
relaxation rates of the individual spins interacting with the other
spins in the ensemble. In a single spin ½ system or a multi-spin ½
system (formed by dipolar coupled spins in condensed matter),
second-order spatial harmonics can be used to describe the
spatial component of the Hamiltonians of the dipolar coupling
and the molecular motions that result from the reorientations
of molecules or chemical groups (37). According to Bloch–
Wangsness–Redfield (BWR) relaxation theory, the fluctuating spin
Hamiltonians can be represented using the autocorrelation of sto-
chastically stationary functions, where only the magnitude of the
time interval matters rather than the absolute time (38). According
to the time-dependent perturbation theory, the spin transition
probability per time unit is proportional to the spectral density
of the fluctuating coupling that induces the spin transition, where
the spectral density is the Fourier transform of the autocorrelation
function. This holds true in the case of a rotating frame of refer-
ence, and the mathematical expressions for the rotating frame re-
laxation rates caused by dipole–dipole interaction are derived in
refs. (37–41) using the approach summarized in Fig. 5.

The rotating frame spin–lattice relaxation rate of ‘like’ spins di-
rectly reflects the spin transition probabilities per time unit for
zero-, single- and double-quantum transitions (37), and therefore
is proportional to a linear combination of spectral densities in
the following form:

1
T1ρ

¼ 3
20 r6

μ0

4π

� �2
r4 3I0 2ω1ð Þ þ 5I1 ω0ð Þ þ 2I2 2ω0ð Þð Þ

Figure 4. The spectral distribution is plotted versus the frequency for
bound water nuclei and free water nuclei contributing to distribution
by mechanical motion/movement, which is mentioned in Fig. 1 (full
green line and broken green line, respectively), bound water nuclei and
free water nuclei contributing to distribution by chemical exchange (full
red line and broken red line, respectively) and bound water nuclei and
free water nuclei contributing to distribution by diffusion (full blue line
and broken blue line, respectively). The frequency ω0 is the normal reso-
nance frequency in the MRI experiment and the frequency ω1 represents
the resonance frequency in the rotating frame experiment. The shaded
area around the rotating frame resonance frequency represents the con-
tribution of the free water or bound water nuclei to the cumulative spec-
tral distribution with a correlation time that matches the resonance
frequency. It should be noted that the rotating frame MRI is capable of
probing the spectral region that contains contributions from both bound
water and free water as well as macromolecular nuclei.
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where ω0 is the resonance frequency depending on the gyro-
magnetic ratio of the nuclei and the external magnetic flux den-
sity, ω1 is the frequency of the RF pulse employed for the
rotating frame relaxometry, I1 and I2 are spectral densities and
their subscripts 1 and 2 correspond to the m of Gm mentioned
in Fig. 5. Specific constants are used to represent the dominating
spin coupling type, i.e. r6 and μ0. This analytical form is valid for a
system of two ‘like’ dipolar coupled spins ½. This expression can
be modified to evaluate the time-dependent longitudinal relaxa-
tion rate R1ρ�dd(t). Similar expressions have been derived for the
transverse relaxation in the rotating frame caused by dipolar
interactions (41), which are characterized by the transverse
relaxation rate R2ρ�dd(t), as illustrated in Fig. 5.

Longitudinal and transverse relaxation in the rotating ref-
erence frame (chemical exchange)

Under equilibrium conditions in a macromolecular solution, the
chemical kinetic processes are described by chemical exchange
principles. For isochronous exchange, in which two sites reso-
nate at the same frequency, the asymptotic apparent longitudi-
nal relaxation time constant in the rotating frame (T′1ρ) was
measured for human occipital lobe water at 4 T using brief imag-
ing readouts following an excitation pulse and a train of adia-
batic full passage (AFP) pulses (frequency swept) with no
interpulse intervals (42). This relaxation mechanism was
modeled using a two-site exchange model for an equilibrium
isochronous process whose exchange conditions were modu-
lated during the adiabatic pulse, and a two-spin description of
dipolar interaction fluctuations in each site was employed. Be-
cause R1ρA (R1ρ of macromolecule-interacting water site A) was

significantly modulated, whereas R1ρB (R1ρ of bulk-like water site
B) was not, the intrinsic relaxographic shutter speed for the pro-
cess (|R1ρA – R1ρB|, thus the exchange condition) was modulated.
Here, R1ρA(t) and R1ρB(t) are the intrinsic longitudinal rotating
frame relaxation rates of the sites A and B in the absence of ex-
change. The relaxation rates R1ρA(t) and R1ρB(t) represent relaxa-
tion from mechanisms other than the equilibrium exchange,
such as dipolar interactions, cross-relaxations and cross-
correlations. If PA and PB represent the intrinsic equilibrium pop-
ulations (mole fractions) of spins in sites A and B, respectively,
and  A and  B are the unidirectional rate constants for the site
outlet (i.e. τcA

–1 and τcB
–1, respectively) of an isothermal tissue

system, their dependence on each other is given by the
McConnell relationship (PA  A = PB  B). The rate constant,
 ¼  A +  B, is the measure of the equilibrium kinetics. For iso-
chronous two-site exchange, the apparent rotating frame relaxa-
tion rate [R′1ρA(t)] and population of the site A (P′A) can depend
on the intrinsic parameters of site B [R′1ρB(t) and P′B], and vice
versa. In the fast exchange limit, the relaxation has a single-
valued rate constant R′1ρ(t) (it varies during the adiabatic rotation),
i.e. R′1ρ(t) =PAR1ρA(t) +PBR1ρB(t). In the slow exchange limit, P′A=PA
and P′B=PB, and R′1ρA(t) =R1ρA(t) +  A, R′1ρB(t) =R1ρB(t) +  B. It is im-
portant to note that there is an R1ρ�dd(t) value for each site that
produces R1ρA(t) and R1ρB(t) values, which, together with PA, PB,  A

and  B, ultimately give R′1ρA(t), R′1ρB(t), P′A(t) and P′B(t), which, in turn,
can give the pulse train length dependence of the signal intensity.
However, the chemical exchange phenomena between two

sites in a solution that have different chemical shifts can also
alternatively be quantified by the longitudinal relaxation rate,
named R1ρ�ex. Assuming that the consequent relaxation is dom-
inated by a single exponential damping constant, slow exchange

Figure 5. A flow chart depicting the process for derivation of the expressions of rotating frame relaxation rates caused by dipole–dipole interactions.
Time dependence is shown for the case of adiabatic radiofrequency (RF) excitation and the same expressions apply for the case of continuous wave
(CW) RF excitation, but ωeff and α are time invariant.
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regime and the population sites are unequal and asymmetric,
the Bloch–McConnell equation can be used to describe the
longitudinal relaxation rate constant in the rotating frame for
the two-site exchange phenomena (R1ρ�ex). A generalization of
such expressions has been described previously using both the
conventional perturbation approach for the evolution of the
density operator in the interaction frame of reference (for fast ex-
change regimes) and the stochastic Liouville equation (SLE) for
the evolution of the average density operator in the rotating
frame of reference (for all exchange regimes) (43,44).
In the conventional perturbation method, the elementary

coupling and exchange processes are equally considered for
the evaluation of the spin system evolution, which undergoes
both random coupling with the lattice and chemical exchange.
First, relaxation is considered in the presence of an applied RF
field B1 without chemical exchange, and relaxation is calculated
for the spin operators in a tilted rotating frame in which the z
axis is aligned along the direction of the effective field Beff in
the rotating frame. Subsequently, this result is extended to
include the chemical exchange. The exchange rate can be
categorized as slow, intermediate or fast according to the chemical
shift time-scale if it is much smaller than, comparable with ormuch
greater than the difference between the Larmor frequencies of the
two sites, δω. Given that the two sites are exchangingwith the first-
order reaction rate constant (  =  A+  B)and the Larmor
frequencies of both sites differ from the frequency of the B1 field,
the linearized expressions of R1ρ�ex outside the fast exchange limit

and in the fast exchange limit, ððω2
aeff

ω
beff
2=ω2

eff
Þþ 

2
» ω2

eff þ 
2Þ,

are described in a study by Trott and Palmer (45). The process of
deriving the expressions for T1ρ�ex is outlined in Fig. 6. Four other
cases were derived by Abergel and Palmer (43). In the first case, the
fast exchange kinetic regime holds, where the chemical exchange
rate constant is much greater than the difference between the
Larmor frequencies of the exchanging spins. In the second case,
one of the sites is much more populated than the other. The third
case is a situation in which the frequency of the applied RF field co-
incides with the Larmor frequency of the population average. In
the fourth case, the relaxation time constants T1 and T2 are equal.
The time-dependent relaxation rates, R1ρ�ex(t) and R2ρ�ex(t), which
were derived in refs. (46–48), are mentioned in Fig. 7.

RF FIELDS IN THE ROTATING REFERENCE
FRAME

In the context of classical continuous wave SL (CW-SL) excitation,
the polarizing magnetic field B0 is slowly swept through the
complete frequency range, including the resonance frequency.
Alternatively, the carrier frequency of the B1 field can also be
swept. Consequently, the spins are aligned along or perpendicu-
lar to the direction of the effective field (Beff). The precession of
the magnetization vector M appears to be stopped in the rotat-
ing reference frame, which rotates at the same rate as the SL
field with the frequency ωRF. A transformation from the labora-
tory frame coordinates to the rotating frame coordinates can
be performed by subtracting ωRF from the Larmor frequency
ω0, resulting in a z-directed field with a value of ω0 – ωRF/γ.
The net effective field Beff is then the vector sum of ω0 – ωRF/γ
and B1 oriented at an angle of arctan[(ω0 – ωRF/γ)/B1] degrees
or radians. The amplitude of the effective frequency (ωeff) is

√ω1
2 +Δω2, where ω1 is the amplitude of the SL pulse. However,

if the B1 field is tuned to exactly match the Larmor frequency, the
net effective field is simply B1 and the desired flip angle is gener-
ated as pure spin-tip in the x–z plane by selecting a specific B1
amplitude and duration. SL can be performed using adiabatic
pulses, where the different spectral components are rotated in
succession during the carrier frequency variation or frequency
sweep. During an adiabatic frequency sweep, from one side of
the resonance to the other, the net rotation of the magnetization
vector M remains highly insensitive to the changes in B1 ampli-
tude. The frequency sweeping feature of the adiabatic pulses
can be useful for addressing the complexities associated with
the spatial heterogeneity of molecular parameters. For example,
variations in the exchange rates across a lesion can occur as a
result of a spread in pH values related to disease. In the adiabatic
fast passage technique, the magnetization is rotated in a short
time compared with the relaxation times. During an adiabatic
pulse, both amplitude and frequency are typically modulated.
In the next section, the classical method to achieve SL using
the typical Beff is described. Afterwards, adiabatic pulses for SL
using Beff with time-varying magnitude and direction are
explained.

On-resonance and off-resonance SL experiment

In a typical off-resonance SL experiment, the locked magnetiza-
tion relaxes along Beff during the spin-locking time period
(TSL). Therefore, the observed relaxation time T1ρ along the
direction of Beff probes a very low-frequency range; therefore,
T1ρ is likely to be more sensitive to changes in the concentration,
mobility and interactions of macromolecules than T1. In the on-
resonance SL technique (shown in Fig. 8), Beff is aligned along
the y′ axis. Therefore, the T1ρ relaxation occurs along the y′ axis.
Typically, an admixture of spin-tip and SL excitation results from
this process, which precesses about Beff in a conical structure, as
shown in Fig. 8A. Initially, a hard 90° pulse tilts the magnetization
aligned with the z axis on the x–y plane. In the TSL period, during
which the amplitude of the SL pulse is B1, the T1ρ-prepared mag-
netization remains locked for the time of TSL and relaxes to-
wards the previously attained equilibrium at the relaxation rate
R1ρ. Subsequently, another hard 90° pulse (with 180° phase off-
set) tilts the relaxed T1ρ-prepared magnetization back to the di-
rection of the z axis. This process is illustrated in Fig. 8A, B. In
Fig. 8B, the application of rotary echoes, which was introduced
by Solomon (49), using a phase-alternating (self-compensating)
SL pulse, is illustrated. Rotary echoes can alternate the phase of
the RF pulse at the middle of the SL pulse period to refocus
the B1 inhomogeneities; rotary echoes can be combined with
the spin echoes to refocus both B0 and B1 inhomogeneities.
Witschey et al. (50,51) described the methods for compensation
of these artifacts. At very low locking field strengths, T1ρ is
approximately T2 (T1ρ approaches T2 in the Redfield limit). The
SL excitation for the T2ρ-weighted imaging is illustrated in Fig. 9.
To establish the T2ρ contrast, all the steps are the same as for T1ρ
excitation, except that the phase difference of the SL pulse
should be 0° relative to the first 90° hard pulse and its phase
should be flipped by 180° halfway through the SL pulse. Fig. 9
shows that the precession of the magnetization is mainly in
the y′–z′ plane during the SL pulse. At the end of the SL pulse
for the T2ρ imaging, the magnetization is restored along the
longitudinal axis by the second hard 90° pulse applied along
the x axis with the phase of 180° (52).
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In off-resonance SL excitation, an off-resonance B1 pulse is
applied, where ω0 – ωRF≠ 0. In this case, if B1 is turned on slowly
relative to the Larmor frequency, the magnetization remains
locked along the direction of Beff. During the SL pulse, the

magnetization along the direction of Beff approaches an equilib-
rium value with a time constant T1ρ-off. As the frequency offset of
the locking field B1 increases, the off-resonance experiment
approaches the MT experiment and T1 starts to contribute to

Figure 6. A flow chart depicting the process for derivation of the expressions of rotating frame relaxation rates caused by the chemical exchange
mechanism in the case of continuous wave (CW) spin-locking (SL) excitation. R1 and R2 are the intrinsic longitudinal and transverse relaxation time
constants, respectively, resulting from processes other than chemical exchange. Pa =  A /  and Pb =  B /  are the site populations. ωaeff

2 and ωbeff
2 are

the effective frequencies (sum of Larmor frequency and field inhomogeneity factor) at each site. In the fast exchange limit, R1ρ-ex does not depend
on δ, Pa and Pb separately, but only on their combination; therefore, it is not possible to determine them independently of each other. In contrast,
in the generalized expression outside the fast exchange limit, independent determination of these quantities is possible because of the dependence
of the denominator on these parameters through ωaeff

2 and ωbeff
2 .
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T1ρ-off, whereas the angle between Beff and the z axis approaches
zero. The relaxation time T1ρ-off approaches the T1ρ value when
the direction of Beff approaches the x′–y′ plane. The transverse
relaxation in the off-resonance SL regime T2ρ-off can be defined
in a similar manner. The dependence of T1ρ-off on the Beff
strength is quantified using T1ρ-off dispersion imaging (53),
whereas SL field cycling relaxometry is used to measure the
dependence of T1ρ-off on ωeff (54). T1ρ-off dispersion is performed
by changing the offset frequency whilst keeping B1 constant, so
that the angle between Beff and the z axis changes. By changing
this angle, the T1ρ-off differences between parietal and frontal
white matter were measured by Ramadan et al. (2). Their data
demonstrated that T1ρ-off dispersion has the potential for normal
brain matter discrimination.

Frames of reference for an SL experiment using adiabatic
pulses

SL can be achieved when the orientation of Beff(t), denoted by
α(t), changes more slowly than the rotation of the magnetization
about Beff(t) during an adiabatic RF passage. In addition, a uni-
form flip angle is attained for the spins precessing within the fre-
quency band used for the adiabatic passage. The rotating frame
relaxation mechanisms that occur during adiabatic irradiation
depend on the initial orientation of the magnetization vector.
T1ρ relaxation occurs when the magnetization vector is aligned
along the z axis when the adiabatic pulse is applied and the
magnetization vector remains oriented along the time-
dependent direction of Beff(t). T2ρ relaxation occurs when the
magnetization vector is in the x′–y′ plane when the adiabatic
pulse is applied and the magnetization vector precesses in the
plane perpendicular to Beff(t).

Figure 7. A flow chart depicting the process for derivation of the
expressions of rotating frame relaxation rates caused by the chemical
exchange mechanism in the case of adiabatic spin-locking (SL) excitation.
The correlation time for exchange phenomena is given as: τex≡ 1/τA

–1 + τB
–1.

It should be noted that the time dependence of R2ρ-ex arises from the
time dependence of α(t) only. Figure 8. A spin-lock cluster for on-resonance T1ρ imaging is shown in

(A). The direction of the conical shape shows the direction of Beff. Spin-
lock and spin-tip components of the magnetization vector are shown
by the non-filled arrows. These are the projections of the spin vector
(shown in black) onto the axis of the cone and onto the base of the cone,
respectively. The direction of the applied B1 field is also shown. In the
spin-lock cluster for on-resonance T1ρ imaging, self-compensating radio-
frequency (RF) pulses can be used to reduce the artifacts caused by B1
inhomogeneity, as shown in (B).

Figure 9. A spin-lock cluster for on-resonance T2ρ imaging is shown. The
precession of the locked magnetization in the y′–z′ plane is shown by the
broken circle. The locked magnetization vector is shown by the filled
black arrow and the corresponding components along the y′ (the spin-
lock component) and x′ (the spin-tip component) planes are shown by
the non-filled arrows. In this case, the spin-tip component is much
smaller than the spin-lock component and is magnified in this diagram
for illustration.
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The motion of the spins induced by an adiabatic pulse can be
visualized in a reference frame x′y′z′ that rotates about the z axis,
collinear with B0. This frame of reference rotates at the instanta-
neous frequency ωRF(t) of the RF pulse and is called the
frequency-modulated frame, in which the RF field vector B1(t)
does not precess in the transverse plane and remains fixed dur-
ing the adiabatic period. Another frame of reference [Beff(t)
frame] is denoted by x″y″z″. This second rotating frame changes
its orientation with Beff(t), relative to the frequency modulated
frame, at the instantaneous angular velocity dα(t)/dt. The effec-
tive field in the second rotating frame is denoted by B′eff(t) and
is the vector sum of Beff(t) and (dα(t)/dt)/γ along y″, as shown in
Fig. 10. When the adiabatic condition is well satisfied, the com-
ponents of the magnetization vectors, which initially are collin-
ear with Beff(t), will remain locked parallel to Beff(t) in the
second rotating frame x″y″z″ during the pulse in which Beff(t)
changes with time. Meanwhile, vectors that are perpendicular
to Beff(t) at the onset of the pulse will remain in the plane per-
pendicular to Beff(t) and will rotate in the second rotating frame

x″y″z″ about Beff(t) through an angle β tð Þ ¼ γ∫
t

0Beff t’ð Þdt′ .
Because the effective magnetic field is time dependent during

the adiabatic pulse, the rotating frame relaxation rates are also
time dependent, and therefore are a function of the pulse mod-
ulation functions, i.e. time-dependent pulse amplitude ω1(t) and
time-dependent pulse frequency ωRF(t). The amplitude, fre-
quency modulation and time–bandwidth product values of the
hyperbolic secant 1 (HS1) and hyperbolic secant 4 (HS4) pulses
have been detailed by Mangia et al. (41). This study analyzes
the dependences of T1ρ and T2ρ on the amplitude and direction
of Beff(t) during conventional SL irradiation, as well as the pulse
length, bandwidth and peak amplitude of the adiabatic pulse
and the effect of different modulation functions during adiabatic
irradiation.

Adiabatic half passage (AHP) and AFP pulses are the adiabatic
pulses that are employed to generate uniform excitation (90°)
and inversion (180°), respectively. The different stages of on-
resonance rotation of Beff(t) and magnetization during an AFP
pulse can be seen in fig. 3 in the study by Tannús and Garwood
(55). The pulse timings of the adiabatic irradiation schemes used
in the studies by Gröhn et al. (56) and Michaeli et al. (57) are
shown in Fig. 11. T1ρ imaging was accomplished using an AHP
pulse to generate the SL contrast (56), as illustrated in Fig. 11A.
AHP was applied with a sufficiently high B1 value to ensure an
adiabatic condition, followed by B1 ramp for the period of TSL,
to reduce the amplitude of the B1 field to the desired SL field am-
plitude. In a study by Michaeli et al. (42), variable numbers of HS1

or HS4 pulses were used in an AFP train, followed by coherence
excitation with an AHP pulse. T2ρ imaging was performed by
Michaeli et al. (57) using variable numbers of HS1 or HS4 pulses
in the Carr–Purcell (CP) train of the fully adiabatic pulse
sequence with no time delays between adiabatic pulses, as
shown in Fig. 11B. The expressions for signal intensity decay
and relaxation during the entire fully adiabatic CP sequence
are provided in a study by Michaeli et al. (42).

Relaxation along a fictitious field

A new method, entitled relaxation along a fictitious field (RAFF),
was introduced by Liimatainen et al. (58). Relaxation dispersion
was created using a fictitious field E and altering its magnitude
and orientation in a doubly (second) rotating frame of reference
by the frequency-modulated RF pulses in the first rotating frame.
This method incorporates the properties of the second rotating
frame relaxation method, is sensitive to slow motion and
efficiently refocuses the rotating frame rotary echo. An increase
in the magnitude of the SL field was achieved without increasing

Figure 10. (A) Beff frame. (B) B′eff frame. (C) Precession of the magnetization vectorM around the resultant magnetic field in the doubly rotating frame.

Figure 11. (A) Adiabatic irradiation scheme for T1ρ imaging with adia-
batic half passage (AHP) pulse. (B) Adiabatic irradiation scheme for T2ρ
imaging with Carr–Purcell (CP) train. [Adapted from refs. (56,57),
respectively.]
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RF power using the fictitious field E at an amplitude greater than
the RF amplitude used in the transmission of RAFF. The relaxa-
tion rate during RAFF is dependent on the tilt angle of the
fictitious field E, and is influenced by the dipolar interactions
and exchange-induced relaxation between spins with different
chemical shifts. The relaxation rates obtained with RAFF are
slower than those with conventional off-resonance SL T1ρ. There-
fore, this technique could potentially be used at ultrahigh fields,
where the relaxations induced by dynamic averaging are accel-
erated and require lower RF power. It is important to mention
that the RAFF method operates in the second rotating frame
(rank = 2) using a non-adiabatic sweep of the effective field to
generate the fictitious magnetic field. Recently, in a study by
Liimatainen et al. (59), the RAFF method was extended to gener-
ate MRI contrasts in the rotating frames of ranks n> 2 (RAFFn),
for example, n= 3, 4, 5. The effective field in the nth rotating
frame is the vector sum of the effective field in the n – 1 rotating
frame and a large fictitious field component, which results from
sweeping the effective field in the n – 1 rotating frame. In human
and rat brains, the relaxograms depict greater separation
between gray and white matter with increased n. RAFFn has
contributions from both T1ρ and T2ρ in the nth rotating frame.
In addition, RAFFn is simultaneously sensitive to dipolar interac-
tions, diffusion and/or exchange. For adiabatic T1ρ, the contribu-
tion of the saturation transfer from off-resonance spins within
the bandwidth of the adiabatic pulse is minor (up to 10%) (60).
However, the contribution of off-resonance saturation to RAFFn
relaxation is unknown. Indeed, with increased n values, the
sensitivity of RAFFn to slow exchange increases, which provides
a possible reason for the increased gray and white matter con-
trast observed with RAFF4 and RAFF5. The bandwidth of the
RAFFn pulses significantly increases when n increases, which is
partially a result of the lower tip angle of RAFF5 compared with
RAFF2. Decreased SAR, together with larger bandwidth, promise
broader applications for RAFFn (n> 2) methods compared with
the previously developed RAFF2 and SL T1ρ techniques (59).

PULSE SEQUENCES FOR ROTATING FRAME
MRI

There are numerous MRI pulse sequences for the establishment
of rotating frame relaxation contrast. Generally, T1ρ and T2ρ pulse
sequences are composed of two modules, i.e. the magnetization
preparation module, which is used to sensitize the signal to the
rotating frame relaxation phenomenon during the SL irradiation
period, and the magnetization acquisition module. After magne-
tization preparation, the SL magnetization can be acquired using
two-dimensional single-slice, multi-slice and three-dimensional
pulse sequence techniques. T1ρ-weighted sequences are usually
based on spoiled gradient echo generation [i.e. fast low-angle
shot (FLASH), spoiled gradient echo (SPGR) and T1-weighted fast
field echo (T1-FFE) sequences] or unspoiled gradient echo gener-
ation [i.e. fast imaging with steady-state precession (FISP), gradi-
ent recalled acquisition using steady states (GRASS), FFE
sequences, multiple gradient echoes in a single TR of echo pla-
nar imaging, named GE-EPI sequence, and single spin echo var-
iations and multiple spin echo variations in a single TR, known
as fast spin echo (FSE) sequence]. Three different trajectories
may be used for the readout process in a sequential or inter-
leaved manner, i.e. rectilinear, radial or spiral trajectories. Minor
changes in any of the readout parameters (TE, TR, etc.) can yield

significant variations in the measured T1ρ or T2ρ. This is the major
problem for consistent T1ρ and T2ρ quantification. To avoid
discrepancies in the interpretation of the rotating frame relaxa-
tion times, it is necessary to carefully specify the readout
sequence parameters, such as RF pulse type, flip angle, TE and
TR, etc. In the following sections, the characteristics of different
types of sequences for T1ρ or T2ρ measurements are discussed.

T1ρ sequences and their applications

Three-dimensional gradient echo sequences

A three-dimensional gradient echo sequence was implemented
on a very low field strength using adiabatic pulses and RF spoil-
ing (3). The major limitation of this method was the long adia-
batic SL excitation scheme, which was unsuitable for the
desired SAR at higher B0 field strengths (3 T and higher than
3 T). Another three-dimensional T1ρ-weighted pulse sequence
has been proposed for clinical imaging at 1.5 T by Borthakur
et al. (61). Generally, three-dimensional T1ρ sequences have
higher SAR because of the repetitive application of the hard
pulses in the SL irradiation cluster, and are limited by the
required B1 of the SL pulse. A three-dimensional T1ρ map of a
specimen of bovine patella was calculated by Borthakur et al.
(61) according to the pixel-by-pixel fitting method. The variation
in estimated T1ρ as a function of T1 was calculated, and it was
concluded that a ± 10% error in T1 results in less than a ± 3%
change in the calculated T1ρ. Three contiguous 1.5-mm-thick
slices from a three-dimensional dataset of 16 slices from the
knee joint of a healthy 30-year-old volunteer in the sagittal plane
are shown in a study by Borthakur et al. (61). A clear delineation
between cartilage and other tissues, such as bone marrow, was
observed inside the proximal tibia and distal femur using the
B1 value of the SL pulse at 400Hz (61).

A sequence that combines T1ρ and T2 quantification in human
knee cartilage with a scan time of less than 10min, and is robust
to B0 and B1 inhomogeneity, was developed with excellent
repeatability by Li et al. (62). The sequence was developed based
on the magnetization-prepared angle-modulated partitioned
k-space spoiled gradient echo snapshots (MAPSS) T1ρ quantifica-
tion sequence. Composite tip-down pulses were employed to
bring the magnetization close to the SL axis, and the composite
tip-up pulses returned the magnetization close to the longitudi-
nal axis even under the condition of a large off-resonance (63).
The tip-down/tip-up 90° hard pulses were followed and
preceded by a hard 135° pulse with the opposite phase.
Recently, a three-dimensional gradient echo T1ρ sequence was
used in a study to demonstrate that quantitative T1ρ mapping
may provide a useful biomarker for the assessment of disease
progression in Huntington’s disease (64), as shown in Fig. 12.
Another recent study based on the three-dimensional gradient
echo T1ρ sequence has shown that T1ρ values are elevated in
the cerebral white matter and cerebellum of patients with bipolar
disorder (65). A T1ρ-prepared gradient echo sequence, which is
capable of obtaining three T1ρ images with different TSL in a
segmented fashion within a single breath-hold, has been used to
detect fibrosis in patients with hypertrophic cardiomyopathy (66).

Two-dimensional single-slice (SS) and multi-slice (MS) spin echo
sequences

Two-dimensional spin echo sequences usually generate higher
signal-to-noise ratio (SNR) than three-dimensional gradient echo
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sequences per unit time. The spin echo sequence-based imaging
technique for the depiction of human cartilage and muscle
abnormalities was designed by Duvvuri et al. (67). It consisted
of an SL pulse cluster pre-encoded to the FSE acquisition. The
limiting factor of this approach was SS acquisition because of
the non-slice-selective RF pulses. Another spin echo sequence
capable of acquiring multiple slices was proposed by Wheaton
et al. (68), who demonstrated phantom and mouse brain imag-
ing using this sequence. In this method, TSL duration is the
limiting factor; however, it can produce good SNR for certain
TSL periods (0–100ms). For long TSL periods, signal decay
caused by persistent saturation can occur, but a self-compen-
sating SL pulse can be used to prevent this decay. Another limi-
tation of this approach was that the images contained both T1ρ
and T2ρ weighting coupled together as a function of TSL. T2ρ
saturation must be eliminated to perform an accurate and
precise quantification of T1ρ in heterogeneous human tissue. In
a study by Wheaton et al. (68), non-selective SL pulses were used

and the saturated longitudinal magnetization was modeled and
measured independently as T2ρ decay, and then corrections for
T1ρ measurements were subsequently performed. In this study,
normalized average signal intensities, with and without satura-
tion correction, as a function of TSL for the five-slice MS-SL data
were compared with SS-SL data (SS-SL-generated T1ρ values
were verified using a spectroscopic method) (68). The average
T1ρ measurement with saturation reduction was nearly the same
as the true measurement of T1ρ. The signal intensity of the in vivo
image of mouse brain measured using the MS-SL sequence was
less than the intensity measured using the SS-SL sequence as a
result of saturation from the repeated application of the SL
pulses. The SS-SL and MS-SL images had identical T2 and T1ρ
weighting, whereas the MS-SL image had an additional decay
factor of T2ρ because of the saturation effect, particularly at long
TSL. Possible local T2ρ variations were accounted for because the
T1ρ measured values were consistent with spectroscopy
measurements for the homogeneous sample. Biological tissues

Figure 12. T1ρ differences between HiCAP subjects [subjects with high CAP value = age × (cytosine adenine guanine – 33.6), i.e. CAP greater than or
equal to 368] and controls (A), LoMoCAP subjects (subjects with low or moderate CAP value = age × (cytosine adenine guanine – 33.6), i.e. CAP less than
368) and controls (B), and HiCAP and LoMoCAP subjects (C). T2 differences between HiCAP subjects and controls (D), LoMoCAP subjects and controls (E),
and HiCAP and LoMoCAP subjects (F). T2* differences between HiCAP subjects and controls (G), LoMoCAP subjects and controls (H), and HiCAP and
LoMoCAP subjects (I). The Z value maps, thresholded at a Z value of 2.3 (p< 0.05, corrected at the cluster level), are overlaid on the Neuroimaging Anal-
ysis Center (NAC) atlas for reference. The yellow color indicates prolonged relaxation times, whereas the blue color indicates shorter relaxation times.
[Adapted from ref. (64).]
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have spatially inhomogeneous relaxation properties; the satura-
tion effects should be resolved for each pixel value of the
T1ρ map.
Another technique was described by Wheaton et al. (69) for

the elimination of the intrinsic T2ρ weighting from the MS T1ρ
measurements of knee joints of healthy human subjects using
a separate single scan. In this method, a single slice was excited
by the T1ρ SL module, which acted as the saturation pulse to
produce the longitudinal magnetization decay as a function
of pulse duration according to T2ρ. T1ρ-weighted MS data and
T2ρ-weighted SS data were separately obtained in one session.
T2ρ values were estimated by the equations described by
Wheaton et al. (69), and the values calculated directly using
the data obtained with the sequence were considered as true
values. T1ρ and T2ρ values were obtained from healthy human
patellae (six subjects and 10 slices) using an SL pulse amplitude
of 500 Hz (five evenly spaced TSL values from 10 to 50ms) at
1.5 T. TSL values between 10 and 50ms were used for the ac-
quisition of 10 slices. It is important to recognize that this SS
method was used to obtain T2ρ data; therefore, MS T2ρ satura-
tion elimination of the SL data was not possible using this
method. One possible strategy is to acquire the T2 data with
an MS multi-echo sequence together with the T1ρ data.
Because T2ρ is more closely related to T2, the calculation of
T2ρ using the T2 data is generally insensitive for a broad range
of T1 values. However, if the variations in T1 are within a phys-
iologically relevant range, an inaccurate T1 will result. This
potential source of inaccuracy may be reflected prominently
in tissues with short T1 or in the presence of severe pathological
changes that can affect T1.
The quantification of multi-component rotating frame relaxa-

tion is affected by variation of the SL field strength in the range
0.5–5 kHz. The values of the three resolved T1ρ components (cor-
responding to the three-compartment model) increase at high

SL fields and closer orientation to the magic angle (29,70). The
smallest number of T1ρ components and the largest T1ρ values
were obtained in the range in which the SL field is strongest
and the dipolar interaction is lowest. At the magic angle, T1ρ re-
laxation at the SL field> 1000Hz has only one high-value com-
ponent. This transition between multiple components and a
single component manifests when sufficient exchange processes
exist that are able to diminish the difference between the differ-
ent pools of water molecules when the dipolar interaction is
minimal at the magic angle.

A method to measure proton exchange in human patella was
described by Kogan et al. (71), which combines CEST and T1ρ
magnetization preparation methods (chemical exchange satura-
tion transfer in rotating frame, CESTrho). A slightly modified SL
irradiation pulse cluster was employed for the T1ρ magnetization
preparation in this study, in which a refocusing pulse was used
between two rectangular SL pulses. The CEST magnetization
preparation module consisted of a series of off-resonance satura-
tion pulses, which was followed by the SL irradiation pulse clus-
ter. A two-dimensional turbo spin echo (TSE) readout was used
for magnetization acquisition.

Recently, a three-dimensional TSE T1ρ sequence, with isotro-
pic high-resolution whole-brain coverage, has been applied to
assess degenerative changes in multiple sclerosis (72), as
shown in Fig. 13. T1ρ MRI demonstrates enhanced lesion con-
trast compared with T2 and may provide a useful measure of
demyelinating processes in multiple sclerosis. In addition, an-
other study used a three-dimensional TSE T1ρ sequence to in-
vestigate the variations in human brain T1ρ values over
adulthood, and concluded that the T1ρ relaxation time constant
is sensitive to the changes related to the normal aging process
(73). A representative T1ρ map of pediatric articular cartilage in
the knee generated using a two-dimensional TSE sequence is
shown in Fig. 14.

Figure 13. Patient with relapsing–remitting multiple sclerosis with cortical lesion (arrows). (A) Fluid attenuated inversion recovery (FLAIR). (B) Double
inversion recovery (DIR). (C) T1ρ map (range, 50–100ms). (D) T2 map (range, 40–80ms). The lesion is better visualized on DIR compared with FLAIR and
has higher contrast-to-noise ratio (CNR) on the T1ρ map compared with the T2 map. [Adapted from ref. (72).]
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Echo planar imaging (EPI) sequences

A sequence termed gradient echo spin-locked EPI (SL-EPI) was
introduced by Borthakur et al. (75) for imaging the human brain
and blood in the popliteal artery. SL-EPI was used to study the
dependence of T1ρ on in vivo blood oxygenation levels in a clin-
ical setting, and the relative contribution of susceptibility to the
relaxation times was different for the T2, T2* and T1ρ sequences.
Comparison of human brain data acquired using SL-EPI, EPI
and SL-TSE, with different TE and TSL + TE, obtained at 1.5 T,
was performed by Borthakur et al. (75). The authors concluded
that the T1ρ-weighted images were less prone to susceptibility
artifacts than T2*-weighted images. In this EPI sequence, the
effect of the SL pulse on the transverse magnetization was
essentially similar to a series of 180° pulses in a CP train, where
the pulses were separated by the inverse of the B1 frequency,
which was 1/500Hz or 2ms in this study. According to the calcu-
lation of SNR as a function of TE for T2* EPI and TSL + TE for T1ρ
SL-EPI, performed by Borthakur et al. (75), the SL-EPI values were
closer to those calculated using SL-TSE. T1ρ of cerebrospinal fluid
(CSF) was slightly lower in SL-EPI than in SL-TSE because of the
volume averaging of periventricular tissue with CSF. This
sequence was limited to the acquisition of only one slice per
TR, because the SL pulse was not slice selective. SAR can be
reduced by inserting only SL pulses between the excitation pulse
and the encoding gradients in the EPI sequence. A T1ρ spin echo
EPI signal can be generated by placing an 180° refocusing pulse
after the 90° excitation and SL pulses. Integrating SL pulses with
the interleaved EPI sequences (for both gradient echo EPI and
spin echo EPI) may discern the relative contributions to the
blood oxygenation level-dependent (BOLD) effect from blood
flow and blood oxygen saturation changes, which occur in the
arterial, capillary and venous pools (75) under specific conditions,
such as breath-hold, hypoxia or hypercapnia.

The BOLD signal, measured using a T1ρ sequence, has both
vascular and tissue-associated components. A local volume
redistribution effect in an imaging voxel can be the main source
of the vascular-associated component because of the large dif-
ferences between the T1ρ values of blood, tissue and CSF. In par-
ticular, vessel dilation would lengthen the parenchymal apparent
T1ρ, but would result in shorter T1ρ values at the cortex boundary
and CSF. The tissue-associated component is probably caused by
an activation-induced change in tissue metabolism. Tissue T1ρ

has better localization to the middle cortical layer than the spin
echo BOLD response and is faster than both BOLD and cerebral
blood volume. Tissue T1ρ remains unaffected by tissue oxygena-
tion, cerebral blood flow and volume changes induced by
hyperoxia (76). The vascular contribution to the T1ρ functional
MRI signal change is B0 dependent because the difference in
T1ρ between the blood, tissue and CSF is dependent on B0. Sim-
ilarly, tissue-associated T1ρ changes, if they were mainly caused
by the proton exchange effect, would also be B0 dependent,
because an increase in B0 would result in larger chemical shifts
between labile protons and water.
A spin echo EPI acquisition was combined with SL and CEST ir-

radiation pulse cluster by Jin et al. (77) to perform SL and CEST
experiments at various pH levels using concentrated metabolite
phantoms with exchangeable amide, amine and hydroxyl pro-
tons at 9.4 T. The authors showed that in the intermediate ex-
change regime, on-resonance SL was the most sensitive to
chemical exchanges and detected hydroxyl and amine protons
on a millimolar concentration scale. It has also been shown that
off-resonance SL and CEST methods are sensitive to slow-
exchanging protons when an optimal SL or CEST saturation
pulse power, respectively, matches the exchange rate. In addi-
tion, it has been observed that the offset frequency-dependent
SL and CEST spectra are very similar and can be explained using
the SL model developed by Trott and Palmer (45). Offset
frequency-dependent SL, CEST spectra or on-resonance SL relax-
ation dispersion measurements have proven to be useful for the
determination of the exchange rate and population of metabo-
lite protons. An effective exchange relaxation rate Rex was con-
structed from the CEST z spectra to quantitatively characterize
the chemical exchange process. A simple and conventional mea-
sure of chemical exchange contrast, MTRasym, was employed and
the CEST saturation pulse power determined the degree of
asymmetry of MTRasym. Because MTRasym is not a monotonic
function of exchange rate and pH, its application in the interme-
diate exchange regime becomes problematic.

Balanced steady-state sequences

There are a few T1ρ steady-state sequences that employ short
delay times with the T1ρ-prepared three-dimensional acquisition
schemes. These sequences are inherently time inefficient
because they employ delay periods to wait for the equilibrium

Figure 14. (A) A T2-weighted turbo spin echo (TSE) sagittal scan of the knee used to plan the region of interest (ROI) for the T1ρ map shown in (B). The
red ROI is articular cartilage, the yellow ROI is load-bearing (LB) epiphyseal cartilage and the green ROI is non-load-bearing (NLB) epiphyseal cartilage.
(B) T1ρ map of the same subject as shown in (A). A maximum threshold of 120ms was applied to the T1ρ map, and the soft tissue and patellar regions
were removed for clarity. The color scale is given in milliseconds. Note a difference of approximately 25ms in articular and epiphyseal cartilage T1ρ
values. [Adapted from ref. (74).]
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restoration of the longitudinal magnetization. They allow partial
recovery of the longitudinal magnetization, as mentioned previ-
ously in the study by Li et al. (62), and full recovery in the study
by Witschey et al. (78). The inability to attain high SNR, the long
acquisition time and the high SAR are the major limitations of
these approaches. Therefore, it is important to acquire the T1ρ-
weighted magnetization under rapid and balanced steady-state
conditions to achieve high SNR and contrast with lower SAR.
The balanced gradient echo steady-state (b-GRE) sequence used
by Witschey et al. (78) was capable of combining standard T1ρ SL
pulse cluster with balanced steady-state free precession (b-SSFP),
FIESTA, balanced fast field echo (b-FFE) or true fast imaging with
steady-state precession (True-FISP). This b-GRE acquisition was
used to obtain three-dimensional coverage of the patellofemoral
and tibiofemoral cartilage and lower lumbar spine of a human
asymptomatic subject. The T1ρ preparation period and balanced
steady-state acquisition period are inherently conflicting con-
cepts, because the former enables T1ρ weighting of the equilib-
rium magnetization, whilst the latter abolishes any previous
weighting during the approach from the transient state to the
steady state via transient signal decay during acquisition. This
sequence could acquire a single view (axial, coronal or sagittal)
in one-third of the time necessary to acquire similar data using
the T1ρ-prepared three-dimensional gradient echo sequence.
This sequence begins with the application of a pulse cluster,
which includes a CW-SL pulse amplitude in the range 200–
1000Hz, and the residual magnetization in the transverse plane
is destroyed after the SL pulse cluster. For other applications, this
pulse cluster can be preceded by a slab-selective inversion
recovery pulse or a spectrally selective fat saturation pulse and
spoiler gradient. To prepare the balanced magnetization state,
another pulse cluster was applied, which was composed of a
small flip angle RF pulse, delay time period and dummy RF
pulses. Thereafter, b-GRE image encoding for a specific phase-
encoding line was performed, followed by a longitudinal relaxa-
tion delay time period to restore equilibrium magnetization.
These steps were repeated for the next phase-encoding line. This
method was based on the acquisition of the SL magnetization
during the transient period of the b-GRE signal evolution, where
the memory of the SL magnetization was retained. A blurring
problem was associated with this type of acquisition because
the transient signal decay filtered the k space in the phase-
encoding direction (17). Variable flip angle and T2-TIDE (79)
based schemes have been proposed to solve this problem; how-
ever, the variable flip angle method should be customized for a
particular tissue and the T2-TIDE method blurs the signal as a re-
sult of T2 decay during the initial phase of acquisition. Flip angle
optimization and k-space filtering methods were used by
Witschey et al. (78) to reduce image blurring. Subsequently, T1ρ
mapping of human patellar and femoral cartilage and the
human spine in vivo was demonstrated by Witschey et al. (78).
Another SL steady-state free precession (slSSFP) pulse

sequence was proposed by Witschey et al. (80) to measure T1ρ,
and compared the slSSFP signal with the well-known b-SSFP sig-
nal originating from an MnCl2-doped phantom and the human
brain at 7 T. This technique was based on three-dimensional
non-selective excitation using typical off-resonance hard SL
pulses applied from TR to TR, interrupted briefly for a short
period of a typical b-SSFP acquisition regime. slSSFP imaging
can be performed with various RF pulse power values, without
significant changes in contrast, under extreme motional
narrowing conditions.

A rotary echo SL pulse cluster was integrated with a two-
dimensional b-FFE sequence at 3 T by Yuan et al. (81). To force
a fast approach to steady state, an α/2 pulse was applied before
the subsequent α pulses in a typical b-SSFP sequence, where α is
the flip angle for data acquisition. The α/2 pulse and four startup
pulses were used by Yuan et al. (81) during the course to steady
state, whilst maintaining the T1ρ preparation. A normal phase
alternating b-FFE readout and centric acquisition order were
employed to maintain the T1ρ weighting of images during the
transient state. Eighty k-space lines were acquired for each shot.
A delay time of 5000ms after each shot was set to restore equi-
librium magnetization prior to the next T1ρ preparation. It is
important to note that only six slices were acquired using this
sequence. The precision in T1ρ estimation with two SL times
was analyzed by Yuan et al. (81), and the feasibility of using
two specific operator-selected TSLs for precise and accurate liver
T1ρ mapping was examined. No significant difference was
observed between the T1ρ maps generated using the optimized
two-TSL (1 and 50ms) combination and the maps generated
using the six TSLs of 1, 10, 20, 30, 40 and 50ms at an SL
frequency of 500Hz. The B0 and B1 field inhomogeneity artifacts
may compromise the robustness and reliability of using a limited
number of TSLs, specifically at low SL frequencies. An analytical
expression of T1ρ magnetization for rotary echo SL pulses was
derived by Yuan et al. (82) to demonstrate its relationship with
the off-resonance frequency, TSL, SL frequency, and T1ρ and T2ρ
relaxation time constants. A high SNR is critically important for
high-precision T1ρ mapping with limited TSLs. The average SAR
was not reduced by reducing TSLs because, in terms of RF en-
ergy deposition, the SL RF SAR level is proportional to the square
of the flip angle of SL pulses within the unit pulse duration,
equivalent to the SL frequency. Nevertheless, the total RF energy
deposited by the SL pulses was reduced by a factor of approxi-
mately 3 in that sequence. However, the utilization of slSSFP with
different TSL durations remains unexplored. For a fixed RF ampli-
tude, ω1, the tradeoff between T1 and T1ρ contrast, which
depends on Δω, remains to be explored. If hard RF pulses are
used for SL excitation, the transient decay to the steady state is
affected by the B0 and B1 inhomogeneity, and the magnetization
can attain a different steady state as a result of the free preces-
sion that occurs from B0 inhomogeneity. There is no appropriate
description regarding the energy exchange effects around the
lattice in the rotating frame of reference under the b-SSFP
regime. A thorough study is required to analyze the effects of dif-
ferent variables of an RF irradiation scheme, i.e. the exchange
rates, number and size of spin pools undergoing exchange and
ω1-based disentangling of the T1ρ dispersion effect from the
MT effect. The quantitative relationship between the
frequency-dependent response of the slSSFP sequence, the
effective field orientation, SL pulse amplitude, Δω and the relax-
ation rates has not yet been established.

Sequences based on adiabatic pulses

The relative changes in the measured relaxation rate constants
generated by varying the parameters of CW-SL and adiabatic
SL irradiation were calculated by Mangia et al. (41). For adiabatic
excitation, HS1 or HS4 adiabatic pulses were placed at the start
of the FSE readout imaging sequence. For CW-SL excitation, a
CW pulse was inserted between two AHP pulses prior to FSE. In
order to compare optimal parameters (flip angle, pulse duration,
modulation functions, bandwidth, rotational and exchange
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correlation times) for the measurement of R1ρ-dd and R1ρ-ex in the
case of CW and adiabatic irradiation, simulations were used and
the results were in agreement with the human brain in vivomea-
surements at 4 T (41). The relaxations during the CW-SL excita-
tion were calculated according to the expressions derived in
several studies (39,40,43,44). The relaxations during the adiabatic
SL rotation in the weak field approximation were calculated as
an average of the instantaneous time-dependent contributions
from the different relaxation mechanisms (42,46,47). The
abovementioned methods developed by Mangia et al. (41) were
used to reveal abnormalities in normal-appearing white matter
of subjects with multiple sclerosis (83).

The implementation of the CW-SL sequence for in vivo clinical
applications is challenging for several reasons, such as increased
B0 inhomogeneities with increased B0 strength and the tilt angle
uncertainty caused by variations in B1. At high magnetic field,
high locking power is required for sufficient spin locking. There
are SAR limitations on the range of ω1

max. The use of the adiabatic
SL sequence is dependent on suitable values of the bandwidth
of the pulse functions and ω1

max with respect to in vivo condi-
tions. The minimum values achievable for adiabaticity can be
beyond the required range of values for human imaging. There-
fore, the contrast in adiabatic SL sequences is usually manipu-
lated using different pulse modulation functions. T1ρ imaging
has been performed within SAR guidelines in the human brain
using adiabatic pulses in several studies (42,54). The correspond-
ing SL excitation schemes are illustrated in Fig. 11. The method
developed by Michaeli et al. (42) was used to demonstrate that
the sub-millimeter resolution T1ρ and T2ρ relaxation time con-
stants were a non-invasive measure of iron content, as well as
evidence of neural loss in the mid-brain of patients with
Parkinson’s disease (9), as shown in Fig. 15.

Ultrashort TE sequences

An ultrashort TE (UTE) T1ρ sequence was employed by Du et al.
(84) to measure T1ρ of goat posterior cruciate ligament and hu-

man Achilles tendon specimens at a series of angles relative to
the B0 field and SL field strengths to investigate the contribution
of dipole–dipole interactions to T1ρ relaxation. Significant magic
angle effects were observed by the increase in T1ρ in the poste-
rior cruciate ligament near the magic angle. In a study by Du
et al. (85), another UTE sequence based on the dual inversion re-
covery method was used to quantify the zone of calcified
cartilage.

Variations in SL field and T1ρ dispersion imaging studies

T1ρ dispersion in the human brain in vivo was demonstrated by
Borthakur et al. (86) using an FSE-based sequence. This method
was employed by Haris et al. to evaluate the T1ρ relaxation time
constant in hippocampus in the brain of patients with
Alzheimer’s disease (87), as shown in Fig. 16, and in patients with
Parkinson’s disease (88). It was concluded by Virta et al. (28) that
R1ρ was sensitive to the molecular weight, concentration and
structure of the protein, using on-resonance SL MRI for SL fields
below 200 μT and at B0 = 0.1 T. In addition, it was observed that
the amount of intra- and intermolecular hydrogen and disulfide
bonds particularly contributed to R1ρ. T1ρ dispersion imaging was
performed on organs with high macromolecular protein content,
such as muscle (anterior tibia and gastrocnemius), at an SL range
of 10–160 μT and B0 = 0.1 T (14). The comparison of normal and
diseased muscle by Virta et al. (15) revealed that R1ρ of fat was
B1 field independent, whereas R1ρ of muscle clearly decreased
with an increasing B1 field. In the SL range of 50–460 μT at
0.02 T, fresh brain infarctions had a long T1ρ and smaller T1ρ dis-
persion than normal brain tissue because of the higher water
content and reduced macromolecular fraction in a fresh infarc-
tion (25). T1ρ dispersion was employed to differentiate between
benign and malignant head and neck tumors (34,89). Consider-
able T1ρ dispersions were observed in brain tissues in the SL
range of 50–250 μT (2) and in head and neck tissues in the SL
range of 35–100 μT (89). However, the T1ρ dispersions in the SL

Figure 15. T2 (A), T2ρ (B) and T1ρ (C) maps generated from a transverse slice in a patient with Parkinson’s disease. (D) T2-weighted image of the same
slice acquired with a rapid relaxation enhancement pulse sequence. T2ρ images were obtained with no time delays between adiabatic full passage (AFP)
in the AFP pulse train placed after the adiabatic half passage pulse. T1ρ images were obtained with no time delays between AFP in the AFP pulse train
placed prior to the imaging readout. T2 images were measured with the double spin echo pulse sequence using a variable interpulse time interval. For
T1ρ, T2ρ and T2 measurements, the TurboFLASH imaging readout (four segments) was used. Images were measured using an in-plane resolution of
0.70mm2, field of view of 20 cm2, 2562 matrix, slice thickness of 3mm and TR = 4.5 s. [Adapted from ref. (9).]

856

I. A. GILANI AND R. SEPPONEN

wileyonlinelibrary.com/journal/nbm Copyright © 2016 John Wiley & Sons, Ltd. NMR Biomed. 2016; 29: 841–861



range of 50–250 μT of different healthy brain regions were sim-
ilar and thus not useful for healthy brain matter discrimination.
The T1ρ dispersion profile of rat tissues in vitro measured at

0.1 T by Koskinen et al. (90) had a similar pattern in various
tissues (liver, brain, spleen, kidney, heart and skeletal muscle).
The highest R1ρ values were measured in the liver and muscle,
followed by the heart, whereas the values for spleen, kidney
and brain were similar. The T1ρ dispersion of subcutaneous fat
was measured by Virta et al. (14) and no conspicuous dispersion
was observed. Because the SL pulse amplitude is dependent on
the Larmor frequency (γB1/2π), R1ρ~ R2(1/T2) at values of γB1/2π
near zero and R1ρ increases to a maximum of R1(1/T1) as the
value of (γB1/2π) increases (52). The corresponding dispersion
reflects the characteristic time-scale of the irreversible dephasing
effects.

T2ρ sequences and their applications

Two-dimensional SS spin echo sequences

A T2ρ-weighted two-dimensional SS spin echo sequence was
described by Wheaton et al. (52). Mean T2 and T2ρ values of the
human brain structures (white matter, gray matter, putamen
and caudate nucleus), single subject and SS acquisition, were
calculated using an SL pulse amplitude of 500Hz (five evenly
spaced TSL values from 15 to 75ms) at 1.5 T. The measured T2ρ
values appeared to be 50% greater than the T2 values for all
regions of the brain. T2ρ contains the auxiliary influence of T1,
which can potentially aid in the differentiation of tissue struc-
tures with similar T2. This difference in T2ρ translates into a 38%
increase in contrast between the tissues in the T2ρ-weighted
image compared with the T2-weighted image. The increased
contrast between general types of tissue can be used to improve
the accuracy and precision of volumetric quantification in the
brain.

Sequences based on adiabatic pulses

In a study by Michaeli et al. (46), the quantification of T2ρ relaxa-
tion as a result of chemical exchange during the AFP pulses of a
CP spin echo sequence was performed. Signal intensity decay
during the adiabatic CP sequence can be described by exponen-
tial decay functions with rate R2ρ(t) during the pulses and R2
during the interpulse time intervals (46). Sensitivity to the chem-
ical exchange and the rotational correlation times was mani-
fested by the HS1 and HS4 adiabatic pulses using different
modulation functions for the adiabatic pulses. The theoretical
developments and experimental verifications of these tech-
niques have been described in detail in several reports
(42,46,60). This method was also applied by Nestrasil et al. (91)

to measure T2ρ values in patients with Parkinson’s disease. SAR
has been the major obstacle in the development of these tech-
niques for clinical applications. In order to compare optimal
parameters (flip angle, pulse duration, modulation functions,
bandwidth, rotational and exchange correlation times) for the
measurement of R2ρ-dd and R2ρ-ex in the case of CW and adiabatic
irradiation, simulations were used and the results were in agree-
ment with the human brain in vivo measurements at 4 T (41). In
the T2ρ LASER sequence (92), which was employed for MRS of rat
brain at 9.4 T, a CP train of AFP pulses was applied in the
presence of gradients for three-dimensional localization, and
was phase cycled according to the Malcolm Levitt’s composite
pulse decoupling (MLEV) scheme. The interpulse delay was
1.5ms in T2ρ LASER (equivalent to the duration of one AFP pulse).
In MRS, the data are acquired separately for resonances that are
spread over a wide chemical shift range. Therefore, the utiliza-
tion of CW-SL for MRS applications in vivo is time inefficient
because the rotating frame relaxation rates measured during a
CW-SL pulse are dependent on the frequency offset between
the carrier frequency of the RF pulse and the frequency of the
isochromat of interest. In a study by Mangia et al. (93), phantom
and in vivomeasurements were performed to measure the relax-
ations during the train of HS AFP pulses as a function of the
offset from the carrier frequency. In particular, the adiabatic R1ρ
and R2ρ values of total creatine and N-acetylaspartate were
measured using localized MRS in a healthy human brain at 4 T.
However, adiabatic R1ρ and R2ρ values of the methyl protons of
total creatine (at 3.03 ppm) were almost doubled when com-
pared with those of the methyl protons of N-acetylaspartate (at
2.01 ppm), despite the fact that these resonances were in the flat
region of the inversion band of the AFP pulses. It was concluded
that R1ρ and R2ρ values were minimally dependent on the
frequency offset under general experimental conditions, unlike
CW SL measurements. Hence, the dissimilarities in adiabatic R1ρ
and R2ρ values of human brain metabolites are not caused by
their chemical shifts, but instead exemplify differences in
dynamics.

The sensitivity to B0 and B1 inhomogeneity is reduced in the
high-order rotating frame RAFF method that was mentioned
earlier, but this method is non-slice selective. Two-dimensional
MS and three-dimensional sequences using the gradient offset-
independent adiabaticity (GOIA) design (55) were introduced
by Andronesi et al. (94). The gradient offset-independent
adiabaticity wideband, uniform rate, smooth truncation (WURST)
modulation, i.e. GOIA-W(4, 16), pulse (95) reduces the maximum
B1 amplitude by 55%, resulting in 80% less SAR, compared with
conventional adiabatic pulses of the same bandwidth and dura-
tion. Alternatively, the GOIA-W(4, 16) pulse can still attain lower
B1 amplitude than conventional adiabatic pulses in the shorter

Figure 16. T1ρ maps of the hippocampus region in the brain (in color) overlaid on fluid-attenuated T1ρ MRI of control [female, 72 years (A)], mild
cognitive impairment [male, 76 years (B)] and Alzheimer’s disease [female, 75 years (C)]. Pixels with higher T1ρ (red) are more prominent in the
hippocampus of the patient with Alzheimer’s disease. A lack of signal from cerebrospinal fluid (CSF) implies that the higher T1ρ values are not caused
by fluid. [Adapted from ref. (87).]
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duration, which is a useful feature for the T1ρ and T2ρ irradiation
module. In comparison with a CW-SL of the same amplitude, the
GOIA-W(4, 16) pulse achieves a 20% reduction in SAR. Slice selec-
tion for T1ρ and T2ρ is performed using the gradient modulation
in GOIA-W(4,16) pulses. Two-dimensional spin echo EPI and
three-dimensional turbo FLASH readouts were used with the
GOIA-W(4,16) pulse-based SL irradiation module for robust and
feasible T1ρ and T2ρ imaging of the human brain (94). GOIA-
W(4,16) pulses are concatenated without gaps according to the
Malcolm Levitt’s composite pulse decoupling-4 (MLEV-4) phase
cycling approach (96). For T2ρ mapping, the GOIA-W(4,16) pulse
train is preceded and followed by 90° pulses. For two-
dimensional slice-selective T2ρ mapping, 90° SLR pulses are used,
whereas, for three-dimensional mapping, 90° AHP HS8 pulses are
used. The parameters of molecular dynamics can be calculated
from rotating frame relaxation curves as shown previously in
several studies (42,79,97,98). In the study by Andronesi et al.
(94), three-dimensional maps of water molecular dynamics in
the human brain region (white matter, gray matter, caudate,
putamen, thalamus, pallidum, hippocampus and ventral dien-
cephalon) were shown.

SUMMARY OF T1ρ AND T2ρ MRI TECHNIQUES

Since its inception, T1ρ-weighted imaging has been used to eval-
uate the pathology and physiology of brain, breast, liver, muscle
and the human musculoskeletal system, whereas T2ρ-weighted
imaging has been mainly used for brain imaging. In this review,
basic contrast mechanisms and signal generation in T1ρ and T2ρ
MRI, and the MRI sequences employed for the abovementioned
applications, have been discussed. As the imaging sequences are
the basic tools for the measurement of rotating frame relaxation
rates, the description of technical strengths and limitations is an
important feature of this review. Ideally, the application of T1ρ
and T2ρ mapping sequences to the human body in the clinical

environment requires full volume coverage of the desired region
of the body. Except for the sequence introduced by Andronesi
et al. (94) for human brain imaging, the two-dimensional MS
sequences presented to date are insufficient for a standard clin-
ical examination, with incomplete volume coverage as a result of
the different factors described above. However, the typical three-
dimensional sequences require long scan times. Solution of the
problems related to the method proposed by Andronesi et al.
(94), such as the accumulation of imperfect inversion of the mag-
netization over the pulses in the presence of the gradient, sensi-
tivity to diffusion in two-dimensional T2ρ imaging, effects of cross
terms from other imaging gradients and the inclusion of auto-
relaxations, cross-relaxations and cross-correlations in the relaxa-
tion model, would increase the accuracy and precision of the
whole-brain rotating frame MRI method. A three-dimensional
spoiled gradient echo sequence provides full volume coverage
using typical SL irradiation, but magnetization saturation reduces
the SNR because of the short TR, and it requires compensation of
T1 weighting. Sequences that employ multiple hyperbolic secant
adiabatic pulses either do not provide full volume coverage or
SAR exceeds limitations. Application of a slice selection gradient
with the off-resonance SL pulse is another challenge because
this process would introduce the dephasing effect, which de-
stroys SL in the direction parallel to the effective field. The ability
of the slSSFP sequence to maintain similar contrast levels across
different preparatory flip angles and modulations of the effective
field orientation is advantageous at high (3 T) and ultrahigh
(>7 T) fields, where changes in RF amplitude are required to
overcome the SAR constraints. Although new methods are
required to provide solutions to the challenging technical prob-
lems in order to improve the abovementioned imaging
sequences for rotating frame MRI, T1ρ imaging has extensive
potential to become a accurate and precise measure for early
disease diagnosis and progression. The number of clinical appli-
cations based on contrast in the rotating frame has increased in
the last decade as a result of the numerous improved SL

Figure 17. Colored T1ρ maps. (A) A 68-year-old man, mean T1ρ = 38.5ms, indocyanine green (ICG-R15) = 9.3%. (B) A 76-year-old woman, mean
T1ρ = 44.7ms, ICG-R15 = 40.7%. (C) A 64-year-old man, mean T1ρ = 54.1ms, ICG-R15 = 79.9%. The T1ρ value of the liver was prolonged with increasing
ICG-R15, i.e. worsening liver function. [Adapted from ref. (102).]
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irradiation techniques mentioned in this review. A recently pub-
lished review article on T1ρ MRI of the human musculoskeletal
system summarizes the practical applications of T1ρ MRI methods
in this region (99). The recent T1ρ liver imaging studies show that
these techniques can offer clinically significant information asso-
ciated with biochemical changes in the human liver (100–102),
as shown in Fig. 17. The T1ρ MRI technique may be very useful
for myocardial tissue characterization (103). Additional recent
applications of these techniques can be found in refs. (74,104–
116). The main strength of T1ρ and T2ρ MRI, i.e. the sensitivity to
slow spin motions in tissues, is evident in the literature reviewed
in this paper. Therefore, the prospects of clinical applications uti-
lizing the strengths of rotating frame relaxometry in MRI are
promising.
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