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A B S T R A C T

The nonlinear effects associated with intermolecular multiple-quantum coherences (iMQCs) that are present in
magnetic resonance imaging (MRI), localized spectroscopy (MRS), and spatially resolved thermometry of bio-
logical tissues are reviewed. These nonlinear effects occur especially for samples with a high concentration of
resonant nuclei, at ultra-high magnetic fields or under hyperpolarization conditions. The classical Bloch equa-
tions and approaches based on quantum mechanical density operator evolution were employed for description of
nonlinear effects on the spin system response in the presence of distant (long-range) dipolar field in samples
containing high molecular mobility like liquids. The multiple spin echoes that appear in the presence of dipolar
demagnetization fields in the presence of homogenous and heterogenous spin interactions and their applications
are also discussed. One emphasis of the review is on the excitation, evolution, and detection of intermolecular
zero-quantum coherences (iZQCs) and intermolecular double-quantum coherences (iDQCs) in the presence of
correlated field gradients that represent the basis for CRAZED pulse sequences (Warren et al. Science 262 (1993)
2005–2009). The physics behind these methods employed for magnetically equivalent and non-equivalent spins,
J-coupled spin, in homonuclear and heteronuclear systems is discussed. The principles of magnetic resonance
localized spectroscopy and imaging applications for brain investigations to reduce the effect of inhomogeneous
magnetic fields and to increase the image resolution is reviewed. The physics related to the used of CRAZED
methods to produce fundamentally different contrast than does conventional imaging is also addressed. Col-
lective effects in the presence of strong nuclear magnetization that can affect MRI and MRS results such as
spectral clustering and spin turbulence are summarized.
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1. Introduction

1.1. The goal

Nuclear Magnetic Resonance (NMR) is the most versatile and widely
applicable form of spectroscopy in the radio-frequency (RF) range [1–4].
This technique having a well-developed theoretical framework based
mostly on a quantum-mechanics formalism, allows one to obtain in-
formation about structure and dynamics of a variety of substances
having microscopic or macroscopic structures [3–10]. For liquid and
gaseous samples with a high spin concentration, in the case of the NMR
experiments made at ultrahigh magnetic fields (for flux density B0 > 20
T), or under hyperpolarization conditions in the presence of magnetic
gradients the conventional assumptions made in all experiments have to
be discarded. To explain one and two-dimensional NMR experiments
performed in the above conditions new assumptions need to be taken
into account concerning: (i) the dipolar interactions of all spins leading
to the demagnetization dipolar field and (ii) the exact description of the
thermal equilibrium for the spin systems. The spin system response
becomes nonlinear in the presence of multiple quantum coherences that
manifest in multiple spin echoes and anomalous peaks resulting from
two-dimensional pulse sequences. The discoveries of nonlinear spin
echoes [11,12] and nonlinear coherence transfer echoes [13–17] open a
new era in NMR leading to important applications in the field of mag-
netic resonance spectroscopy (MRS) and imaging (MRI). Nonlinear and
collective effects in hyperpolarized liquids and gases in the presence of
distant dipolar field are also reviewed in Refs. [18–20]. In conventional
NMR spectroscopy nonlinear effects are well known and are represented
by saturation effects, line broadening, and line shifts by strong radio-
frequency perturbations. In some cases structure and dynamics of mo-
lecular systems can only be noticed through nonlinear effects, e.g. lon-
gitudinal relaxation processes and the connectivity of the various
transitions in the energy level scheme [3,4].

The aim of this work is to review the physical principles and appli-
cations of the nonlinear and collective effects that occurs in spin system
responses to specific pulse sequences in the presence of long-range
dipolar spin interactions and to consider the exact expression for the
thermal equilibrium density operator. This partially overlaps with the
review of Desvaux that mainly discussed the nonlinear effects in
hyperpolarized liquid state NMR [18]. However, the emphasis of the
present review is more on the applications of nonlinear NMR spectros-
copy including volume localized spectroscopy, imaging, and spatially
resolved thermometry. The spin system response is mainly discussed
using the fully justified formalism of quantum statistical mechanics even
though the classical magnetization evolution treatment leads in some
cases to equivalent results [21,22]. We shall note that full quantitative
agreement between experiments and simulations has only been reached
with the classical formalism [21]. Collective effects in the presence of
strong nuclear magnetization that can possible affect MRI and MRS are
summarized such as spectral clustering, spin turbulence, and spin noise.

1.2. Long-range dipolar interactions

Interesting effects were revealed by NMR experiments when the
magnetic flux density B0 acting on a diamagnetic sample by the external
static magnetic field is modulated by the nuclear magnetization of the
concentrated spins. The sample density magnetization is described by a
vector field M(r), where the vector r defines the position of a small
volume element within the sample. The change in the total magnetic
flux density by the sample magnetization is associated with the
demagnetization field as introduced in classical magnetostatics [22,23].
For a spherical sample the magnetization M(r) is spatially uniform and
parallel to the applied field B0. The uniform internal magnetic flux is
valid for an ellipsoidal sample with one of its principal axes along the
external field. In the case of an infinite cylindrical sample, oriented with
its long axis parallel to the applied field the magnetization is also

D.E. Demco et al. Progress in Nuclear Magnetic Resonance Spectroscopy 146–147 (2025) 101557 

2 



uniform in the same direction [22]. The dipolar demagnetization field
Bd(r) that is related to M(r) depends on the spin concentration and
temperature but not on the sample volume.

The nonlinear effects in liquid NMR experiments detected in multiple
spin echoes or 2D intermolecular multiple quantum coherences (iMQCs)
are induced by anisotropic long-range dipolar interactions or as it is
sometimes called the dipolar demagnetization field (DDF) [11,22].
These effects are most strongly manifested when spatially modulated
transverse magnetization evolves in the presence of similarly modulated
longitudinal magnetization. The periodic modulation of the nuclear
magnetization due to non-averaged DDF can be produced by the
application of magnetic field gradients and radio-frequency pulses.

The long-range dipolar field is characterized by the local magnetic
flux density Bd(r) and was discovered by analyzing the origin of multiple
echoes in 3He [11,24] and pure water [12,25]. Furthermore, the dipolar
demagnetization field was the origin of the dependence of peak fre-
quency shifts and line shapes on the RF pulse angles in samples with high
proton concentration [26]. The origin of DDF in liquid or gaseous
samples, i.e. for samples with high molecular mobility, can be under-
stood if we consider the spatial proportionality factor

(
3cos2θij − 1

)
/r3ij ,

of dipolar coupling between i and j spins separated by the internuclear
vector rij that makes a θij polar angle with direction of the static mag-
netic field B0. In the presence of isotropic, fast molecular diffusion on the
NMR time scales the dipolar interaction vanishes, i.e.,

〈
3cos2θij − 1

〉
=

0. That means the short-range dipolar interaction average to zero
through molecular diffusion process. The situation is different for long-
range dipolar interactions. In this case the dipolar interaction falls off as
1/r3ij, but the total number of spins at a given distance |r| is proportional
to

⃒
⃒r2

⃒
⃒, and therefore produces a divergent total radial distribution [14].

This is valid for internuclear distances larger than the distancemolecules
diffuse on an NMR timescale [11]. Nevertheless, for a sample with
uniform spin density the angular part of the total DDF vanishes. If the
spatial spin distribution is made nonuniform by the combination of
multiple pulses and field gradients long-range dipolar effects can reap-
pear [13–16].

The nonlocal dipolar demagnetization field Bd(r) is related to sample
magnetization M(r), and can be written in the secular approximation
[11,14,16],

Bd(r) =
μ0

4π

∫

d3 ŕ
1 − 3cos2θrrʹ
2|r − rʹ|3

[3Mz(rʹ)ẑ − M(rʹ) ] (1)

A spatial Fourier transform simplifies the relation between Bd(r) and M
(r) as given below

Bd(k) =
∫

d3rexp(ik⋅r)Bd(r) (2)

M(k) =
∫

d3rexp(ik⋅r)M(r) (3)

From the above relations it is possible to write [11],

Bd(k) =
1
3

μ0Δk

[

3Mz(k)ẑ −
1
3
M(k)

]

(4)

where Δk is the second order Legendre polynomial of variable (k⋅ẑ)/|k|.
When the magnetizationM(r) is spatially modulated in a single direction
s, as will happen if gradient pulses are applied, Fourier transformation
back into the spatial domain will create a local relation for Bd(r), that
depends only on the variable r⋅s = s. The local DDF is given by

Bd(s) =
1
3

μ0Δ[3Mz(s)ẑ − M(s) ] (5)

where Δ =
[
3(s⋅ẑ)2 − 1

]
/2. The dipolar field Bd(s) gives an additional

contribution [M× γBd (r)] to the Bloch equations and therefore, onlyMz

(s) in Eq. (5) matters in generating a resonance frequency variation
across the sample at maximum when the gradient is applied parallel to
the B0 field, i.e. for Δ = 1. At the magic angle Δ = 0, and the dipolar field
Bd(s) vanishes. Extensions of the above arguments to two spin species
were given in Refs. [27,28]. When the magnetization is spatially
modulated on a length scale that is small compared with any sample
structure, the dipolar demagnetization field becomes local in real space
and is a one dimensional function Bd(s) along the direction of modula-
tion ŝ. Warren and coworkers mention that a correction to Eqs. (4) and
(5), describing the classical dipolar demagnetization field in solution is
needed because this relation has a singularity near k = 0, that is
important if there is any average magnetization after the action of the
pulse sequence [27,29]. The correction proposed for Bd(s) depend on the
sample shape and size. Moreover, a gradient pulse of strength G and
duration T will winds both the transverse and longitudinal magnetiza-
tion into helices. Spins separated by half the repeat distances of these
helices with correlation distances d = π/γGT, create detectable NMR
signals [29]. The helix pitch is p = 2π/γGT or p = 2π/k, where k is the
modulation of k reciprocal space. Sample shape effects can be neglected
if the sample dimensions are much bigger than the modulation period.

There are several conditions that have to be fulfilled by the dipolar
demagnetization field in order for it to induce multiple spin echoes or
“anomalous” cross-peaks that can be quantitatively interpreted as was
initially discussed by Deville et al. [11]. The dipolar field Bd(r), is in-
dependent of time and Bd(r) 4πM0, whereM0 is the thermal equilibrium
magnetization of the sample. Moreover, the dipolar field Bd(r), is
negligible with respect to the gradient field variation over the size L of
the sample, i.e., GL≫Bd(r), or 4πM0

GL ≪1. The condition that the dipolar
demagnetization field becomes local in real space requires that L/p≪1,
or γGTL≪1. In the evaluation of the spin system response for 2D ex-
periments it is convenient to introduce a new variable, the dipolar
demagnetization time τd defined as τd = 1

μ0γM0
, [16]. This time constant

reflects the action of the dipolar coupling in the evolution of multiple-
quantum coherences. Thus, the dipolar demagnetization field is ex-
pected to have an important effect at times t > τd, which must occur
before relaxation effect appears. For instance, the condition for
observing large multiple echoes is t T2, which becomes μ0γM0T2 > 1,
[11].

1.3. Exact expression for multi-spin density operator at thermodynamic
equilibrium

For a multispin system at temperature T, the thermal equilibrium
density operator has a form different from that valid in high-
temperature approximation and is generally nonlinear in the Boltz-
mann exponent ℏH

kBT, where ℏH is the total spin Hamiltonian dominated
by the Zeeman interaction and kB is the Boltzmann constant. The ℏω0

kBT
exponent is very small of the order 10-4 for protons at magnetic flux
density of 10 T. The high temperature approximation was used in the
theoretical prediction of conventional NMR experiments in gases, liq-
uids and solids [3–10] where nonlinear effects are weak and in con-
ventional conditions are difficult to detect. As noted by Goldman the
high temperature assumption is extremely restrictive [8]. For a spin
system composed of nuclei with spin number I= 1/2 the Zeeman energy
levels have the energy ε and –ε. The eigenvalues of the total Hamiltonian
describing a system ofN spins can vary from N∊/ℏ to − N∊/ℏ. IfN is very

large the difference 2N∊/ℏ is also large even if
(
∊
ℏ

)
/(kBT) is small.

Hence, the linear approximation in ℏH
kBT, is no longer justified.

A Zeeman Hamiltonian for a system of N magnetically equivalent
spins is given by

H = ω0

∑N

i=1
Iiz (6)
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where ω0 is the Larmor angular frequency and Iiz is the z-component of
the i-spin operator. For a canonic spin ensemble the reduced equilibrium
density operator has the general form [3,8,15,16]

σ0 =

∏N
i=1exp{ − ℏω0Izi/kBT}

Tr{ℏH/kBT}
(7)

If we ignore all inter-spin couplings the equation below holds,

σ0 = σ0,1 ⊗ σ0,2 ⊗ σ0,3 ⊗ ⋯ ⊗ σ0,N (8)

and finally it is possible to write the exact expression for multi-spin
density operator at thermal equilibrium,

σ0 = (2)− N
∏N

i=1
(1 − IIzi) (9)

where I = 2tanh
(

ℏω0
2kBT

)

, [15]. As the temperature increases the

following approximation becomes valid I ≈ ℏω0
2kBT. The exact Eq. (7) is a

product of N-spin operators and hence convergence is not an issue. The
essential physics behind the CRAZED pulse sequence (Section 3) was
described by Richter and Warren, [16] using the approximation of
bilinear operators IziIzj in Eq. (9), that occur in connection with I

2 term.
Even though the factor I

2 is about four orders of magnitude smaller than
I the number of second order terms is about N2, and hence, the trun-
cation to first order is in not justified. In the limit of the high-
temperature approximation the density operator is proportional to the
I factor and is not a good approximation for spin systems of macro-
scopic size. Furthermore, the full form Eq. (7), is required for a quantum
statistical description of long-range dipolar interaction effects in NMR
experiments [21,30].

The general expression for multi-spin equilibrium density operator
was validated a posteriori by evaluation of the 2D spin system response
to the CRAZED pulse sequence [13] which is in agreement with exper-
imental results [14–16]. However, if the initial density operator is taken
in the high-temperature approximation no peaks related to multiple-
quantum coherences can be predicted [15]. Moreover, the experi-
mental confirmation of the phase signal predictions [17], shows that the
nonlinear spin echoes (Section 2) provide direct evidence for the
breakdown of the high temperature approximation used for the initial
thermal equilibrium of multi-spin density operator.

1.4. Intermolecular multiple-quantum coherences

To explain the physics of 1D and 2D NMR experiments in liquid
samples based on multi-quantum coherences in the presence of long-
range dipolar couplings some rules of the multi-spin operator trans-
formations should be taken into account [3,5–8]. For small spin numbers
of molecules and clusters the following rules were proposed and are also
valid for “macroscopic” or intermolecular multiple quantum coherences
as given below [3,5–8].

(1) Hard RF pulses can change the order m of multiple quantum co-
herences. In the free evolution periods of NMR experiments the
order of multiple quantum coherences remains constant but the
number of spins can increase or decrease.

(2) A phase shift with angle ϕ of an RF pulse will lead for m-order
quantum coherence to mϕ-fold phase-shift.

(3) The evolution of multiple quantum coherences is not affected by
couplings between nuclei actively involved in the transition. If
total spin coherences are excited the spin dynamics are not
affected by dipolar couplings or J-indirect couplings.

(4) Multiple quantum coherences evolving under couplings to “pas-
sive” spins, will lead to multiples in the multiple quantum
spectrum.

(5) Form-order multiple quantum coherence an m-fold amplification
of any resonance offset take place that enhances the effective
strength of the field gradient. This has a beneficial effect on MRI
and for the sensitivity to molecular diffusion.

(6) Multiple quantum coherence relaxation contains via correlated
fluctuation fields more information about molecular dynamics
than conventional T2 measurements.

NMR experiments based on multiple-quantum coherences were
useful for homonuclear and heteronuclear spectral simplification and
filtering, tickling, decoupling, cross-polarization, selection of multiplets,
and removal of magnetic field inhomogeneity as well as increasing MRI
resolution [3,5–10].

The effect of the intermolecular dipolar spin interaction on the
secular approximation induced by Zeeman interaction during free evo-
lution periods on the density operator terms that contains n-spins andm-
order quantum operators was introduced and justified by Lee et al. [15].
We will summarize below these rules taking into account that in the
dipolar Hamiltonian between equivalent spins the scalar term Ii ⋅ Ij can
be ignored and the spin operator evolutions under the dipolar term IziIzj
are well-know [3].

(i) The specific n-spin, one-quantum operator Ixi,Izj…Izn can be
converted into an NMR observable (Ixi or Iyi) by (n-1) successive
dipolar interactions. For instance, for an antiphase product
operator of two spins i and j, we can write

exp
{
− iDijIziIzjt

}
2IxiIzjexp

{
iDijIziIzjt

}
= 2IxiIzjcos

(
Dijt
2

)

+ Iyisin
(
Dijt
2

)

(10)

i.e., each dipolar operation gives an extra factor of sin
(
Dij t
2

)

, where Dij is

the dipolar coupling factor for i and j spins.
(ii) In the evaluation of the spin system response only the most direct

route from a n-spin, one-quantum term to an one-spin, one-quantum
term, i.e., the one with (n-1) commutators, need ever be considered. The
assumptions Dijt≪1 makes the coefficients of all the indirect pathways
negligibly small.

(iii) In the case of small intermolecular dipolar couplings the only
dipolar sums which lead to observable signals have the form
I
n( ∑

iDij
)n.

The justification for the above rules used for the quantum–mechan-
ical evaluation of spin system in experiments based on intermolecular
multiple-quantum coherences are given in Ref. [15].

1.5. Radiation damping

One of the effect in NMR experiments that provides an important
decay for the time domain signal is related to radiation damping
[31,32]. The qualitative explanation of this nonlinear NMR effect is that
precessing spin magnetization induces an oscillating current in the
tuned radio-frequency coil, hence an oscillating RF magnetic field is
produced that tends to rotate the transverse magnetization back to its
thermal equilibrium direction. This collective effect induces a shift and
broadening of the resonance lines as well as line-shape distortion
[4,33–36]. The classical approach based on the Bloch equations has
been used for analyzing quantitatively radiation damping [4,33–36].
The presence of an additional magnetic field which depends explicitly
upon the average state of the spins, induces nonlinear behavior of the
Bloch equation [33]. Hence, new effects due to radiation damping are
present in spin-echo and 2D NMR experiments as were demonstrated in
Refs. [14,33], and [36]. The effect of radiation damping in the presence
of intramolecular J-coupled spin systems was discussed in a COSY
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experiment [37]. The RF field induced by radiation damping generates
an effect equivalent to soft pulse with bandwidth of order 1/τr, where τr
is the radiation damping time [14]. When the above condition is not
fulfilled the cross-peaks can be detected originating from radiation
damping soft pulses [37]. In this review, we will not discuss the radia-
tion damping effects that could be of importance alone or in combina-
tion with intramolecular J coupling or the dipolar demagnetization field
because an active electronic feedback techniques was developed to
suppress this effect without hampering multiple pulse experiments [38].

2. Multiple spin echoes in the presence of long-range dipolar
field

The spin echo is a fundamental phenomenon in NMR spectroscopy
and imaging [3,5]. Spin echoes are produced based on the general
scheme: excitation-evolution-mixing-evolution-detection [3–9]. The evolu-
tion of spin coherences can take place in laboratory or rotating reference
frames under the effect of linear spin interactions like inhomogeneity of
static magnetic fields, field gradients or heteronuclear couplings and
bilinear spin interactions as J-indirect couplings, dipolar and quad-
rupolar couplings. If the quantum mechanics propagator P, during the
mixing period is inducing a sign reversal of linear or bilinear spin
interaction Hamiltonian Hi, i.e., PHiP-1 = -kHi, where k is a number, the
coherence evolution during the first evolution interval is “time reversed”
in the second evolution period and a spin echo is detected at the end of
the last evolution period of same duration for k= 1. This picture changes
drastically when local dipolar interactions modulated by field gradients
are active in the second evolution period as these lead to nonlinear
coherence evolution and finally to multiple (nonlinear) spin echoes.

The conventional Bloch equations are linear in sample magnetization
M, which means by taking kM, the dynamics will not change. In the
presence of a demagnetization field the additional term dM/dt = γM ×

Bd is nonlinear in M, since considering kM will lead to kBd, where Bd is
the flux density of the demagnetization field. Furthermore, in the
framework of quantum mechanics the presence of Bd essentially mod-
ifies the Liouville-von Neumann equation for the density matrix.
Therefore, this equation becomes nonlinear because evolution propa-
gators depends explicitly on the initial state of the spin system.

Multiple-quantum coherences can be also refocused and detected by
conversion to (− 1) single-quantum coherences. In 2D NMR spectroscopy
coherence transfer echoes are an important source of information about
molecular structure via J-couplings [3]. We will review below only the
single-quantum coherences refocused under multiple spin echoes in the
presence of a nuclear demagnetization field.

2.1. Multiple spin echoes

The conventional spin echo or Hahn spin echo [3,39], is analyzed in
the simplest case when the spins are non-interacting between them-
selves and single-quantum coherences evolve in the presence of mag-
netic linear or inhomogenous gradients. For such conditions the pulse
sequence producing the spin echo is: (π/2)x − τ-(π)x,y − τ-echo-acqui-
sition, where the phase of the refocusing π-pulse can by x or y. This spin
echo is produced by “Hamiltonian time reversal”. i.e. sign reversal of the
dominant spin interaction, induced by the π-pulse acting on the external
interactions linear in the spin operator Iz. In the presence of a long-range
dipolar field induces by a field gradient the spin system response be-
comes nonlinear producing multiple spin echoes. A sinusoidal demag-
netization field partially modulates the NMR resonance frequency so
that the transverse magnetization is a superposition of helical configu-
ration with pitch pk, yielding multiple echoes at time pτ, where k is the
wave vector defined below and p is an integer.

The density operator formalism of quantum mechanics was used by
Kimmich [9], to describe in an elegant manner the production of mul-
tiple spin echoes [11,12]. The pulse sequence: (π/2)x-τ-(π/2)y-t acting
on the spin system in the presence of a local, gradient-induced frequency

offset from resonance and a dipolar demagnetization field Bd(z) =
μ0Mz(z)uz where uz is the unit vector in the direction of the z-axis
defining the orientation of B0, andMz(z) is the z component of the slab of
spins located at coordinate z. The spin-dependent reduced density
operator σ(z, τ+) just after the second π/2 RF pulse can be written as

σ(z, τ+)∝Iycos(kz)+ Izsin(kz), (11)

where the wave number describing the spatial modulation of magneti-
zation due to field gradient of strength G is k = γGτ. We note that both
transverse and longitudinal magnetization that can be computed from
Eq. (11) are spatially modulated and the effect of long-range dipolar
fields can be neglected. The z component of magnetization is given by

Mz(z, τ+) = NγℏTr{σ(z, τ+)Iz} (12)

and from Eq. (11) and Eq. (12), we obtain

Mz(z, τ+) = M0sin(kz) (13)

Equation (13) shows that the effect of the gradient is to break the
rotational symmetry of magnetization around B0, inducing a spin
magnetization grid. The long-range dipolar interaction generated by the
spatially encoded spin magnetization can be written as

Bd(z) = μ0Mz(z)uz (14)

From Eq. (14) we obtain the total offset of the magnetic flux density at a
position z in the sample,

ΔBd(z) =
Ωd + ΩG

γ
(15)

In the above Equation, Ωd = γμoM0sin(ΩGτ), and ΩG = Gz. In the
detection period of duration t, after the second pulse the spatially
modulated density operator is given by

σ(z, τ+ t) = exp{i(Ωd + ΩG)tIz}σ(z, τ+)exp{ − i(Ωd + ΩG)tIz} (16)

The single-quantum coherence (SQC) related to the z localized signal
〈I− (z, t)〉, can be easily evaluated from Eq. (16), i.e., 〈I− (z, t)〉 =

Tr{I− σ(z, τ + t) }. For the NMR signal of the whole sample, the average
over all z position in other words over all phase angles ΩGτ, has to be
taken. The only detected SQC that survive this spatial averaging have
the phase factor given by the Fourier series

exp{iΩGt}exp{ − i(ΩGτ − Ωdt)} = exp{iΩGt}
∑∞

m=− ∞
amexp{ − imτ} (17)

The spatial average of the right-hand side of Eq. (17), vanishes unless the
relation ΩGt = mΩGτ, is fulfilled at the detection time t = mτ, for m = 1,
2, 3,…. Hence, multiple spin echoes are detected at integer multiple of
the pulse spacing. The amplitude of the spin echo of order m is given by
the Fourier coefficient

am =
1
2π

∫ π

− π
exp{i(Ωdt − ΩGτ}d(ΩGτ), (18)

that is a nonlinear function of the modulations induced by distant
dipolar field and gradient. Moreover, Ωd, being proportional to sin(ΩGτ),
is a nonlinear function of ΩG. Multiple spin echoes arise after nonlinear
evolution of coherences in the presence of the modulated long-range
dipolar field [9]. The amplitude of multiple spin echoes depend solely
on the ratio Ωd

ΩG
, [9].

These multiple echoes were observed for the first time in solid 3He in
the mK temperature range and can be explained within the theoretical
framework of paramagnetic phase [24]. These types of nonlinear spin
echoes were also observed in liquid 3He below 300 mK, generated by
Fermi-liquid interaction at the transition to the collisionless regime, and
long-range dipolar fields in the slow spin diffusion regime at higher
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temperature [12]. In these samples the local long-range dipolar field is
relatively intense due to the comparatively large nuclear magnetization
reached at low temperatures. The Bloch-Torrey equations can describe
the production of multiple spin echoes encoded by relaxation and
diffusion in the framework of classical formalism [25].

Multiple spin echoes generated by the long-range dipolar field have
been studied in pure water in high magnetic field [25]. The results are
shown in Fig. 1 (left-hand panels) for the first three spin echoes. The
echo amplitude was evaluated as a function of the second tipping angle
based on nonlinear Bloch equations and the results are also shown in
Fig. 1 (right-hand panels).

Spatially modulated long-range dipolar interactions in liquids have
recently offered the possibility to obtain structural information on
porous media through the two-pulse sequence 90◦-τ-120◦, that in the
presence of a field gradient G refocused a train of echoes at multiple
integer values of time τ [40,41]. The second echo shape is modulated by
dips. The physical explanation given by Maraviglia and coworkers [40]
concerns the relation that occurs between the average pore size and the
time positions of the dips through the correlation distance d = π/γGτ,
defined as half a cycle of the dipolar magnetization helix. When the
correlation distance d approaches the average pore size, the second non-
linear echo shows a drop in the intensity. In the case when the corre-
lation distance affected by gradient strength becomes smaller than the
pore dimensions, the spins are not subject to internal gradients and the
second echo approaches that of a homogeneous sample.

Nonlinear spin echoes can also be generated in heteronuclear spin
systems [41–44]. Heteronuclear nonlinear spin echoes were reported by
the Kimmich group based on the evolution of 13C coherences in the
presence of the spatially modulated demagnetization field originating
from the 1H magnetization helix [42]. The pulse sequence used for this
purpose is shown in Fig. 2a. The first nonlinear 13C echo amplitude os-
cillates as a function of the modulation period of the demagnetization
field. The Fourier transform of the amplitude modulated nonlinear echo
reveals a doublet with a splitting equal to the intramolecular 1H–13C J-
coupling constant (Fig. 2b).

We can summarize the key properties of multiple spin echoes that are
also present in the rotating or tilted rotation reference frames and in the
case of coherence transferred echoes that are the backbone of CRAZED
pulse sequences (see Section 3). (i) The multiple spin echoes represent
refocused coherences, and therefore they are subject to attenuation by
transverse relaxation and translational diffusion. These echoes are more
sensitive to the molecular diffusion than an ordinary spin echo would be
[9]. (ii) The evolution of spin system can be described quantitatively by
the conventional nonlinear Bloch formalism [22,24] or alternatively by
the density operator approach [9]. The advantage of the density oper-
ator formalism based on the Liouville-von Neumann equation is that a J-
coupled spin system can be treated as well. (iii) The multiple spin echoes
disappear when no finite gradient exists or when the long-range dipolar
field is too small. The last case occurs for low external magnetic field,
nuclei with low γ, low spin density, or high temperature. (iv) Multiple
spin echoes can be generated in the limit of the high-temperature
approximation of the thermal equilibrium density operator. (v) In the
first evolution period the transverse magnetization component forms a
helical structure. In the presence of field gradient the spatially encoded
magnetization induces a helix structure in the distant dipolar field. The
second RF pulse transform this helix into a modulated x , y, and z
components of magnetization, which vary spatially sinusoidally in the z
direction. This spatially modulated nuclear demagnetization field causes
after the second pulse, higher harmonics of the spatial oscillation of the
transverse magnetization. Multiple spin echoes appear because the
phase shifts associated with the mth harmonic are compensated by
Larmor precession in the magnetic field gradient after a time mτ, [24].
(vi) Sample shape effects can be neglected if the sample dimension is
much bigger than the modulation of the dipolar demagnetization field
[22]. (vii) The echo attenuation by molecular translational diffusion is
much more efficient for nonlinear echoes than for ordinary spin echo
[44,45]. Remarkably, in the case of nonlinear echoes the refocusing
process is spoiled by diffusion not only during the gradient intervals but
also thereafter.

Fig. 1. Left-hand panels: Multiple spin echoes labeled as E1, E2, and E3, for 1H in water at 293 K and resonance frequency of 200 MHz produced by two π/2 RF pulses
separated by a τ interval in the presence of the magnetic field gradient applied along B0. The pulse-pair repetition time is short (a) or long (b, c) compared with T1 and
T2. The in-phase and quadrature signals are shown in b) and c), respectively. Right-hand panels: Relative echo amplitude as a function of the flip angle of the second
RF pulse. The tipping angle for the first pulse was π/2, τ = 40 ms, and Gz = 2.55x10-3 T/m. The solid lines give the tipping angle dependences of the theoretical
functions evaluated in Ref. [25]. Adapted from [25] with permission.
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2.2. Multiple stimulated spin echoes

Similar to the case of multiple spin echoes, multiple (nonlinear)
stimulated echoes (NOSE) were predicted and observed after the action
of a three RF pulse sequence: (π/2)x-τ1-(π/2)y-τ2-(α)y-τ-(acquisition), in
the presence of a constant field gradient [46,47]. The conventional
stimulated echo (STE), [9] arises at time τ1 after the third pulse, whereas
the multiple stimulated echoes are generated at times 2τ1, 3τ1,…, mτ1.
The dependence of the NOSEs as a function of the duration of the 3th RF
pulse and times τ1, and τ2, are shown in Fig. 3, together with theoretical
predictions (solid lines) as discussed in Ref. [48].

A semiclassical formalism employing the spin operators and the
relaxation effects taking into account an analogy with the Block equa-
tions was used to describe the evolution of the spin system. The three-
pulse sequence averaged over spatial dependence induced by the field
gradient was considered in Ref. [47,48]. In the limit μ0M0τ1≪1, the
following relations were derived

〈
(Mx +My

)
〉(τ1) =

i
2
M0e− 2τ1/T2e− τ2/T1 sin(α) (19)

〈
(Mx +My

)
〉(2τ1) = −

i
4
M2

0γμ0M0τ1e− 4τ1/T2 e− 2τ2/T1 sin(2α) (20)

and

〈
(Mx +My

)
〉(3τ1) = i

9
32

M3
0(γμ0M0τ1)2e− 6τ1/T2e− 3τ2/T1 sin(2α)cos(α) (21)

that correspond to the amplitude of the conventional, second and third
stimulated echoes, respectively [47–49]. The solid lines in Fig. 3

represent best fits of experimental multiple stimulated echoes ampli-
tudes based on the above equations. The condition γμ0M0τ1≪1, means
that the first stimulated echo, to a good approximation is not affected by
the demagnetization field.

The physics behind the non-linear stimulated echoes are similar to
those of multiple spin echoes (Section 2.1). The local transverse
magnetization develops into a spatial helix after the first pulse and static
field gradient. The helix pitch is p = 2π/(γGτ1), and decreases with
increasing evolution time. The evolution of spin coherences after the
second pulse is influenced by the demagnetization field. Assuming
complete relaxation of all coherences in the interval τ2, the magneti-
zation induced by the third pulse is split into two components modulated
along the z direction of B0, and the field gradient. The transverse
component (coherences) evolves in the presence of the demagnetization
field created by the longitudinal component. The signal of the entire
sample is determined by a spatial average over all spin positions. The
coherence interference is nondestructive for τ = mτ1, when multiple
stimulated echoes will appear.

2.3. Multiple rotary spin echoes

The dephasing of the SQCs in the rotating frame under the action of a
radio-frequency field gradient can be “time reversed” generating a
conventional rotary spin echo [50,51]. The simplest scheme to generate
such an echo is given by the pulse sequence (α(x, τ))x-(α(x, τ))-x,
composed of two on-resonance RF pulses, each with a spatially distrib-
uted flip angle α(x, τ)=γ(∂B1

∂x )τ, duration τ, having a RF gradient ampli-
tude ∂B1

∂x , oriented along the x axis of rotating reference frame. The
second pulse has a phase –x, that change the sign of the inhomogeneous
spin Hamiltonian in the second time interval of duration τ. The total
pulse sequence propagator becomes a unity operator leading at the end
of the pulse sequence to the initial spin system state, i.e., to a rotary spin
echo as discussed in Ref. [51,52]. Conventional rotary echoes have
proved to be of interest for self-diffusion and flow measurements
[51–56] as well as for NMR imaging [57,58].

The new type of nonlinear spin echoes also called multiple nutation
echoes having coherence evolution in rotating and laboratory reference
frames were discussed theoretically and experimentally in Refs. [59,60].
As with the other multiple echoes the origin of nonlinear rotary echoes is
a consequence of coherence evolution in the modulated demagnetiza-
tion field produced by the longitudinal magnetization component after
the second RF pulse. The pulse sequence and field gradients are shown in
Fig. 4a and the multiple rotary echoes obtained for PDMS (Mw= 17,000)
in Fig. 4b. If the coherences are not completely spoiled during the
evolution period τ, further echo groups having either linear or nonlinear
character can be detected [59]. Besides the coherence evolution in the
presence of both radiofrequency and static magnetic field [59], a
rotating-frame experiment leading to multiple rotary echoes was
described in Ref. [60].

3. Intermolecular multiple-quantum coherences (iMQCs) edited
by CRAZED pulse sequences

Multiple-quantum coherences detected by multiple spin echoes were
extended in a two-dimensional NMR experiment on liquid samples. This
involves intermolecular multiple-quantum coherences (iMQCs) edited
by the CRAZED (correlation spectroscopy revamped by asymmetric z-
gradient echo detection) pulse sequence (Fig. 5) proposed by Warren
and coworkers [13–16,61]. This nonlinear 2D pulse sequence adapted
the conventional COSY sequence valid for θ1 = θ2 = π/2, ϕ1 = ϕ2 = x,
andG1=G2= 0, (Fig. 5) to the case when long-range dipolar interaction
must be taken into account. The CRAZED pulse sequence generate
multiple-quantum coherences filtered by a pair of gradients and detec-
ted by coherence transfer echoes in the presence of intermolecular
distant dipolar interactions. The evolution of iMQCs and intermolecular

Fig. 2. A) pulse sequence applied in the presence of field gradient for the
investigation of the influence of j-coupling on heteronuclear nonlinear spin
echoes. b) fourier transform of the amplitude of the first heteronuclear
nonlinear spin echo detected by evolution time τ1. The sample was 13C (S spins)
enriched formic acid with deuterated hydroxyl groups. The remaining protons
refer to the I spins. The value of the intramolecular 1H–13C J-coupling constant
is given in the insert. Adapted from [42] with permission.
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single-quantum coherences (iSQCs) using pulsed matched gradients can
be described using a quantum–mechanical formalism [13–16,45,61,62]
especially when indirect J-couplings are present. Another equivalent
approach as proved by Lee et al. [15], and Jeener [21] is based on
nonlinear Bloch equations [22,63,64]. The classical formalism gives no
intuition for the pulse sequence design when the sample magnetization
is modulated [15]. Nevertheless, this classical approach easily in-
corporates radiation damping, longitudinal and transverse relaxation,
and molecular diffusion. In the following we neglect these effects and
concentrate on the density operator formalism for the description of the
multiple-quantum coherences evolving under CRAZED and CRAZED-
like pulse sequences.

We can note that the dynamics of multiple-quantum coherences in
CRAZED experiment are represented by off-diagonal elements of the
density operator and therefore, are quantum–mechanical entities with
no corresponding classical description [45]. Furthermore, Minot et al.
showed that coherence transfer echoes of CRAZED which identify the
existence of intermolecular multiple quantum coherence in liquid NMR
and nonlinear (multiple) spin echoes reviewed in Section 2 have a
common origin [17] (see Section 3.3).

Besides long-range dipolar couplings explored in the CRAZED pulse
sequence for structural and dynamical investigation of samples with
large molecular translational mobility for instance in liquids, in addition
a partially averaged dipolar network was investigated for medium-sized
residual dipolar couplings (RDC) in soft matter. For instance, RDC in
elastomers were measured using multiple-quantum (MQ) one-
dimensional pulse sequences (Fig. 6), [65,66].

In the last case MQ filters are based on pulses and receiver phase
cycling and buildup curves of MQ coherences are detected in a similar
way as in CRAZED-like experiments [45, 64, and references therein].
The density operator formalism was used to derive the spin system
response in the presence of a residual dipolar network. Nevertheless, the
CRAZED MQ filters based on a pair of correlated pulse gradients are
essential not only to edit the spin system response to select different
orders of MQ coherences but also to produce spatially modulated
demagnetization fields in liquids. Moreover, for measuring the residual
dipolar couplings and their associated dynamic order parameter as
discussed in Refs. [65,66], the initial spin density operator describing
the thermodynamic equilibrium was used in the high-temperature
approximation without employing the exact thermal equilibrium

Fig. 3. a) Amplitude of multiple stimulated echoes generated by the pulse sequence (π/2)x-τ1-(π/2)y-τ2-(α)y-τ-(acquisition). The measured intensity are shown for the
stimulated echo (STE) at τ = τ1, and of the nonlinear stimulated echoes (NOSE1) for τ = 2τ1, at τ = 3τ1 (NOSE2), and at τ = 4τ1 (NOSE3) as a function of the flip
angle α of the third RF pulse. The echo intensity are not plotted to scale. Figures b) and c) show intensity of STE, NOSE1 and NOSE2 for α = π/4, as a function of τ1
and τ2 pulses duration, respectively. Poly(dimethylsiloxane) (PDMS with Mw = 17,000) at room temperature was used as the investigated sample. For this sample it is
possible to neglect signal attenuation due to self-diffusion. The solid lines and the values of τ1 and τ2 are explained (see text) and given in Ref. [48]. Adapted from
[48] with permission.
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density operator (see Section 1.3).

3.1. Spin dynamics for homonuclear CRAZED pulse sequence

The idea of indirect multiple-quantum spectroscopy dates back to the
article of Aue et al. [67]. This pulse sequence was extended to 2D
multiple-quantum-filtered COSY by Piantini, Sorensen and Ernst [68]
and Shaka et al. [69]. These techniques are based on the scheme shown

in Fig. 6 and differences between possible pulse sequences are discussed
by Goldman [8]. The spin system response was described using the
density operator formalism in the high temperature approximation and
the spin dynamics are taking place under intramolecular spin in-
teractions. A novel pulse sequence for obtaining structural and dynamic
information in liquids was proposed byWarren and coworkers under the
acronym CRAZED [13]. This method is designed in such a way as to
excite and detect iMQCs specifically, zero-quantum (ZQ) and double-

Fig. 4. (a) Radio-frequency pulse sequence used for generation of two-pulse non-linear, multiple rotary echoes. The amplitude of the RF pulses and the static
magnetic field are assumed to be subject to gradients G1 and G0 (G1‖G0‖OX − RF − coil direction), respectively. (b) Multiple rotary echoes labeled as e1-e4, were
detected in poly(dimethyl siloxane) sample with weight average molecular weight Mw = 17,000, and G1 = 320 mT/m, G0 = 10 mT/m. The other pulse sequence
parameters are given in Ref. [60]. Adapted from [60] with permission.

Fig. 5. General scheme of two-dimensional CRAZED pulse sequence [13] using nonselective RF pulses with arbitrary flip angles θ1 and θ2, having phases ϕ1 and ϕ2,
respectively. The pulsed field gradients G1 and G2 have duration δ1 and δ2, respectively. The gradients area is relevant for the experiment and no importance need be
attached to the precise temporal positioning used for coherence transfer selection. The gradient multiple-quantum filter or order n is obtain for G2/G1 = n (n is an
integer number) and δ1 = δ2. Acquisition is taken in the region of coherence transferred echoes that occurs at τ2 = nτ1, for n = 1, 2, 3,…. Reproduced from [64]
with permission.
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quantum (DQ) filtered 2D spectra (Fig. 5). Three new ingredients that
are not present in conventional COSYmethods (see Ref. [8]) include (i) a
general form for the thermal equilibrium density operator (Section 1.3),
(ii) the induced long-range dipolar interactions produced by a pulsed
gradient filter (Section 1.2), and (iii) coherence echoes produced by
spatial averaging. Especially, the last two features of CRAZED edited
spectra will lead to new characteristics for MRS and MRI applications.
Due to the presence of multiple-quantum coherences the product oper-
ator formalism applied to the spin dynamics was the main method used
for evaluation of spin system response for the CRAZED pulse sequence
[13–15]. However, a classical formalism based on Bloch equations can
predict some of the features of CRAZED spectra (see for instance,
Ref. [63]).

A simplified discussion of the spin system response in terms of co-
herences and spin correlations in the CRAZED experiment can be given
by the case of two magnetically equivalent spins i and j with I = 1/2,
without indirect coupling (J = 0), [16]. The evolution and detection
periods have duration t1 and t2, respectively (Fig. 7a). For intermolec-
ular DQ coherences the gradient filter is represented by a pair of pulse
gradients with area ratio equal to AG2/AG1= 2. The conversion of iMQCs
to detected single-spin, single-quantum coherences (iSQC) is produced
by the presence of intermolecular dipolar couplings.

The high-temperature term of the density operator cannot contribute
to the peaks of the CRAZED sequence, Ref. [16]. The lowest contribution
to CRAZED sequence occurs from the quadratic term in the equilibrium
density operator, which contains two-spin terms such as IziIzj. The
changes in coherence order and spin correlations are shown in Fig. 7a.
The first π/2 pulse transform the IziIzj, product operator into IxiIxj, which
is a mixture of ZQ and DQ coherences described by products of raising

and lowering spin operators I+i I−j and I+i I
+
j , respectively Ref. [3]. That

means that the first RF pulse can produce multiple-quantum coherences
in the presence of nonlinear terms of the thermal equilibrium density
operator. Therefore, the excitation period of CRAZED consists of just one
pulse. During the evolution period of duration t1 (see Fig. 7) the spin
system evolves under off-resonance effects (Δω) such as chemical shift
and the density operator for N spins can be written as, Ref. [16],

σ
(
t−1
)
∝
∑N

i=1
(Ixicos(Δωt1)+ Iyisin(Δωt1)

)

×
∑N

j=1
(Ixjcos(Δωt1)

+ Iyjsin(Δωt1)
)

(22)

The modulated ZQ and DQ coherences are described by Eq. (22) and
may generate peaks in the t1 dimension (Fig. 7b).

In an isotropic liquid the long-range dipolar couplings are averaged
to zero by molecular diffusion and therefore, are not present in the
evolution period. The first pulsed gradient of area GTwill break the spin
system symmetry and the intermolecular dipolar couplings on the
macroscopic scale are introduced into the spin system response. The
gradient adds a spatially-dependent evolution frequency of magnitude
γGTsi,j,where si,j is the coordinate of the spin i or j along gradient axis.
The arguments of trigonometric functions in Eq. (22) will change to
Δωt1→Δωt1 + γGTsi,j. The second, nonselective π/2 pulse applied along
the y axis in the rotating frame will produce the transformation Ix→ − Iz
for i and j spin operators. Because no more RF pulses follow (Fig. 7a)
only single-quantum coherences must be considered and Eq. (22) be-
comes as described in Ref. [16],

Fig. 6. a) General scheme for excitation, evolution, reconversion, and detection of multiple-quantum (MQ) coherences in 1D and 2D NMR experiments. When the
evolution time t1 is fixed, one-dimensional MQ buildup curves can be measured. b) One-dimensional three-pulse sequence supplemented by 180◦ refocusing pulses
with variable excitation and reconversion times τ, for measuring DQ-filtered coherences in a dipolar network. Adapted from [65] with permission.
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σ(t1)∝
∑N

i=1

∑N

j=1

[
− Izicos(Δωt1 + γGTsi)+ Iyjsin

(
Δωt1 + γGTsj

) ]
(23)

The second gradient pulse will introduce in the term dependent on Iyj a
new trigonometric functions with argument 2γGTsj. The product of

trigonometric functions can generate terms that have arguments
dependent on the relative spin positions

(
si − sj

)
and the other terms like

sin(γGTsi), will be spatially averaged to zero if the gradient winds up a
helix with many turns over the sample. After some algebra (see
Ref. [16]) the density operator becomes

Fig. 7. a) Evolution of relevant spin operators for two spins during homonuclear CRAZED pulse sequence for a spin system without J-couplings. The black blocks
represent 90◦ flip angle pulses and the gradient pulses of areas GT and 2GT are shown by blocks with hatched shading. b) An expected CRAZED spectrum is shown for
a mixture of benzene and chloroform. The frequency and phase characteristics of the peaks have the properties of intermolecular DQ coherences. Adapted from
Ref. [16] with permission.
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σ
(
t+1
)
∝
∑N

i,j=1

[
IziIxjcos(2Δωt1) − IziIyjsin(2Δωt1)

]
× cos

[
γGT

(
si − sj

)]
(24)

Hence, at the end of the spin system evolution of duration t+1 , antiphase
single-quantum, 2-spin coherences are generated (Fig. 7a). These co-
herences will evolve during the period t2 under intermolecular long-
range dipolar couplings. The only part of the secular dipolar Hamilto-
nian that matters here is the longitudinal part that has as a factor the
Legendre function Δs, [3]. The antiphase product operator evolution for
a time t, under this Hamiltonian takes place, for example, as

2IziIxj ̅̅̅̅̅ →
Dij Izi Izj t 2IziIxjcos

(
Dijt

)
+ Iyjsin

(
Dijt

)
(25)

Using the algebra given in Refs. [3,8,9,16] it is possible to write a density
operator for single-quantum/single-spin coherences as

σ(t1 + t2)∝
∑N

j=1
[Iyjcos(2Δωt1)+ Ixjsin

(
Iyjcos(2Δωt1)

]

×
∑N

i=1
cos

[
γGT

(
si − sj

)]
sin

(
Dijt2

)
(26)

The discrete distribution of dipolar couplings can be replaced by a
continuous distribution and the summation by an integral. The integral
gives the total effect of intermolecular dipolar couplings on a spin at the
center of an infinitely large sample. In the limit of the above assumptions
the detected signal is given by [16],

S(t1 + t2)∝
∑N

i=1
[Iyicos(2Δωt1)+ Ixisin

(
Iyjcos(2Δωt1)

]
×

(

−
Δst2
τd

)

(27)

This signal behaves like a SQ transition in the t2 dimension and like a DQ
transition in the t1 dimension as shown in Fig. 7b. The signal increases
during the acquisition time t2, as shown by similar DQ build-up curves in
the experiment using short-range dipolar networks. A complete deri-
vation, as given in Ref. [30], reveals that the SQ detected signal is
related to the function J2(x)/x, where J2 is the second order Bessel
function and x is − Δs t2

τd . Furthermore, it is possible to compare the in-
tensities of the crosspeaks obtained by CRAZED and conventional COSY
in the limit of the linear term in the Boltzmann factor. Richter and
Warren [16] reported the relation

SCRAZED
SCOSY = 1

4
t2Δs
τd . (28).

Due to the behavior of the dipolar demagnetization time τd, the ratio
SCRAZED/SCOSY will increase with the strength of static magnetic field,
the concentration of nuclei, and their polarization. A detailed analysis of
the evolution of various coherence orders in a CRAZED sequence and
optimization of experimental parameters based on phase cycle was
previously discussed by Branca et al. [62].

A CRAZED-like sequence called HOMOGENIZED (homogeneity
enhancement by intermolecular zero-quantum detection) has been
proposed by theWarren group [70,71]. This sequence removes magnetic
inhomogeneity while retaining chemical shift differences and J cou-
plings. The HOMOGENIZED sequence is based on the detection of iZQCs
between a solute and solvent molecules that are micrometers away.
Compared to CRAZED, the HOMOGENIZED pulse sequence is based on
the following modifications: (i) for iZQCs detection only one correlation
gradient is used; (ii) the second RF pulse has a flip angle of π/4, that
achieves maximum detected single-quantum coherence; (iii) at the end
of the pulse sequence, a π hard pulse is added to produce a spin echo, in
order to reduce the effects of relaxation [70]. This sequence generates
images with fundamentally different contrast that comes from variations
in the susceptibility over a distance dictated by the gradient strength
(see Section 5) [71].

It has been reported that intermolecular double-quantum coherences
(iDQCs) possess features similar to those of iZQCs [72,73]. The signal
edited by iDQCs can be generated with no additional phase cycling and
their intensities are approximately 30 % higher than those from iZQCs
[72]. Therefore, a modification of the CRAZED pulse sequence was
introduced that can produce high-resolution NMR spectra in inhomo-
geneous fields, while maintaining quantitative relationships of chemical
shifts, J coupling constant, multiplicity patterns, and relative peak areas.
This sequence was called IDEAL (intermolecular dipolar-interaction
enhanced all lines) [74]. The IDEAL sequence was designed to pro-
duce 2D spectra of solvent (I spins) and solute (S spins) of different
resonance frequencies and is based on CRAZED having a nonselective
first pulse and selective second pulse for the I spins only. A nonselective
refocusing π RF pulse is applied at some time interval at the end of the
two-pulse sequence and the spin echo is detected in the t2 dimension of
the experiment. Chen et al. [74] discussed the 2D iDQCs spectrum
without inhomogeneous broadening and the spectral shearing proced-
ure. The IDEAL sequence ensures that solute–solvent cross-peaks are
obtained while solute–solute cross-peaks are effectively suppressed.
Several other features of CRAZED-like sequence, such as optimal RF flip
pulses and use of intermolecular single-quantum coherences (iSQCs)
were reported by Zhonǵs group [75–77].

3.2. Heteronuclear CRAZED-like pulse sequences

A heteronuclear spin echo experiment based on the dipolar demag-
netization field was discussed even before the CRAZED experiment was
demonstrated by Warren et al. [13]. Indirect detection in a hetero-
nuclear I and S spin system via long–range dipolar couplings in the
presence of nonlinear spin echoes was proposed by Bowtell [43]. The
dipolar demagnetization field produced by protons was able to enhance
13C detection. This technique does not require that the two spin species I
and S having magnetogyric ratios γI and γS, respectively, be indirectly J-
coupled or even on the same molecule and can be applied to 2D NMR
spectroscopy using the heteronuclear CRAZED pulse sequence as dis-
cussed below. Nonlinear effects were exploited by allowing I spins
belonging to one spin species to precess under the influence of the
dipolar demagnetization field produced by S spins of a different spin
species. The dipolar demagnetization filed generates an echo of the I
magnetization that carries information about the state of the S magne-
tization and so offers a method of indirect detection. A possible pulse
sequence than can produce an indirect nonlinear I-spin echo is shown in
Fig. 8, [43]. The Bloch equations were used to predict the characteristics
of the indirect echoes and it was shown that during the evolution of I-
spin complex transverse magnetization M+

I (t) only the longitudinal

Fig. 8. Radio-frequency (RF) pulse sequence which can be used to produce
multiple spin echoes for I spins in the presence of dipolar demagnetization field
of S spins. A constant gradient Gz is applied along the direction of static mag-
netic field B0. Only one I-spin echo from the possible multiple echoes is shown
that occurs at time τ. Reproduced from Ref. [43] with permission.
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magnetization of the S-spins is spatially modulated and so able to
generate echoes. The detected I-spin magnetization is given by relation,

M+
I (t) = M0I

∑+∞

n=− ∞
J|n|

(
2
3

μ0γIM0St
)

exp
{

iγIGz

[
nτʹγS

γI

]

− t
}

(29)

where M01 and M0S are the equilibrium magnetizations. From Eq. (29)
the amplitude of the nth nonlinear echo is proportional to (μ0γIM0Sτ)n

for μ0γIM0Sτ≪1. The I detected nonlinear echoes occur at times t = nτ =

nτʹ
(

γS
γI

)

, (see Fig. 8). Where longitudinal relaxation times of both spin

species can be neglected but where transverse relaxations (T2) and
diffusivity (D) are significant the τ parameter has a value dependent on
the field gradient, T2 and D, [8]. This form of indirect detection
involving the dipolar demagnetization field can be applied to a wider
class of systems than methods which rely on J couplings. However, it
also means that indirect detection based on the dipolar demagnetization
field does not yield any new information about the system apart from
that of spatial correlation of the two spin species.

Heteronuclear nonlinear spin echoes were also investigated with
respect to the influence of indirect J-coupling in a two-spin ½ system
consisting of 1H and 13C [42]. This echo is based on the evolution of the
13C coherence in the presence of the dipolar demagnetization fields
originating from the 1H magnetization. The amplitude of the 13C
nonlinear echo oscillates as a function of the pitch of the proton
magnetization helix. The Fourier transform reveals a doublet with a
splitting equal to the intramolecular 13C–1H, J coupling constant [41].

Heteronuclear nonlinear spin echoes show strong attenuation by
molecular diffusion [42]. The attenuation mechanism by molecular
displacement relative to the modulated demagnetization field was
demonstrated with the aid of the heteronuclear 1H/13C experiment. The
magnetization grid was produced on the proton containing molecules
with less translational mobility and 13C coherences were excited in
mobile solvent molecules. The pulse sequence employed in this experi-
ment is similar to that shown in Fig. 8, and the first nonlinear 13C spin
echo appears after an interval 4 times (γI/γS ≈ 4) larger compared to the
time interval of two 90◦ pulses applied to the 1H system (see Ref. [43]).

A novel form of spatial editing of heteronuclear NMR spectra,

Fig. 9. Top panel: the heteronuclear CRAZED pulse sequence and multiple quantum pulsed gradient filter used to excite and detect heteronuclear multiple quantum
coherences in the presence of a dipolar demagnetization field. A portion of the first gradient pulse of strength G and duration T could be applied at the beginning of
the t1 period to prevent radiation damping produced by concentrated I spins. For intermolecular 13C–1H heteronuclear multiple-quantum coherences, a ratio of ±3/4
selects ZQ terms and a ratio of ±5/4 selects DQ coherences. The two-steps phase cycling on the first S spin (13C), 90◦ pulse and receiver phase eliminates the residual I
spin (1H) coherences. Bottom panel: 2D spectra of intermolecular heteronuclear ZQ (a) and DQ (b) on carbon-13 enriched chloroform. The peak positions and
multiplets are discussed in Ref. [79]. Adapted from Refs. [78–80] with permission.
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restricting signals to those from heteronuclei spatially coincident with
high proton concentration was suggested by Morris and coworkers [44].
The pulse sequence empoyed is that shown in Fig. 9 and the spin system
is represented by I=1H (H2O) and S=31P in Na2H31PO4 water solution.

Warren and coworkers reported the first 2D experiments confirming
that intermolecular heteronuclear coherences in solutions can also be
detected, using a variation of the homonuclear CRAZED experiment
[78]. The HETERO-CRAZED pulse sequence is shown in Fig. 9 (top
panel) and was also used in similar experiments [79–81]. The general
reduced density operator for I (for instance 1H) and S (for instance 13C)
spin systems is given by

σeq∝
∑

i
(1 − IIIzi)

∑

j

(
1 − ISSzj

)
(30)

where II,S = 2tanh
(

ℏωi,j
kBT

)

. The hard I and S pulses of tip angle 90◦ ro-

tates the z spin operators into x operators and will generate after one
pulse homonuclear and heteronuclear multiple quantum coherences.
During the t1-evolution period heteronuclear terms of the form I±S± will
evolve at frequencies corresponding to heteronuclear multiple-quantum
(HeMQ) coherences. In order to observe these coherences during the t2
dimension two conditions have to be fulfilled: (i) HeMQs should be
transferred into single-quantum coherences by the second pair of 90◦
pulses and (ii) the spatial average of the terms evolving at the multiple-
quantum frequencies must be nonzero. The gradient pulses filter affects
their spatially modulated averages. The second pair of 90◦ pulse trans-
fers these coherences onto terms such as antiphase coherences I±Sz.
These coherences are rendered observable by the very large number of
small intermolecular heteronuclear dipolar couplings that create single-
quantum I± for detection. Detectable coherences remaining after the
gradient filter require the amount of refocusing during the second

gradient pulse, γInGT, to be the same as during the first gradient. This

leads a condition for the gradient ratio of n = ±

(

1±
γS
γI

)

. When the I

(1H) spins are detected and S=13C we have =±3
4, or n =±5

4. For the first
ratio = ±3

4, the heteronuclear ZQ coherences, such as I+S− is detected,
which correspond to a t1 frequency in the rotating frame of ΔωI − ΔωS.
For n = ±5

4, the DQ coherences, such as I+S+, are detected, whose t1
frequencies are ΔωI + ΔωS. An example of heteronuclear multiple
quantum coherences 2D spectrum in 13C-enriched chloroform with
detection of protons for ZQ and DQ coherences are shown in Fig. 9
(bottom spectra) [79].

Heteronuclear intermolecular multiple-quantum coherences in so-
lutions, while weaker than proton multiple-quantum coherences due to
smaller I-S dipolar couplings, were readily observed in concentrated
solution for nuclear spins with smaller magnetogyric ratios like 13C.
Nevertheless, the ability to use the demagnetization field to indirectly
detect the evolution of low-γ nuclei via protons may eventually prove
useful in a variety of applications. Furthermore, the quantum and clas-
sical approaches give, in principle the same interpretation of hetero-
nuclear intermolecular multiple quantum experiments as described in
Refs. [79–81].The Bloch equations approach may have some computa-
tional advantages, but it only works in the absence of J-couplings. In the
classical approach diffusion and radiation damping can be easily
included. However, the density operator approach in combination with
product operator formalism gives an intuitive picture of pulse sequence
physics and is able to predict the effects of new pulse sequences based on
the strong foundation of quantum mechanics.

Fig. 10. Left-hand panel: time domain nonlinear spin echoes obtained for the pulse sequence of Fig. 5 using a steady gradient (G = 4x10-3 T/m) oriented in the z
direction for ϕ1 = ϕ2 = x, and τ1 = 20 ms. The nonlinear spin echoes of order n = 3 and n = 4 are shown magnified 40 times. A polydimethylsiloxane (5000 Da)
sample with low values of diffusivity was used for the experiments. The upper and lower lines correspond to the imaginary and real signals, respectively. Right-hand
panel: intermolecular coherence transferred echoes from the CRAZED sequence of Fig. 5. Real and imaginary signals are represented by thick and thin lines,
respectively. Magnification relative to a) is shown in b) through d). Adapted from Ref. [17] with permission.
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3.3. The correspondence between the order of time domain nonlinear spin
echoes and that of intermolecular multiple-quantum coherences in
CRAZED experiments

The correspondence between intermolecular multiple quantum co-
herences edited by coherence transferred echoes of nth order in the
CRAZED sequence and multiple spin echoes of the same order n was
shown to exist in Ref. [17]. This was proved by comparing the signals
shown in Fig. 10. In the experiments for nonlinear spin echoes, a
continuous gradient is applied and we can compare the gradient areas in
the t1 domain to gradient area in the t2 domain. For instance, for t2 = 4t1
the 4th multiple spin echo is equivalent to the 4th coherence transferred

echo of the CRAZED experiment (Fig. 10).
The similarity of the physics behind multiple spin echoes and

coherence transferred echoes can be also seen from the experiments
using a gradient oriented at the magic angle (θm = 52.7◦) relative to the
direction of the main magnetic field B0, [17]. The long-range dipolar
field is reduced to zero due to the Legendre polynomial angular
dependence. All remaining demagnetization field effects must arise from
the sample shape alone. Bowtell et al. reported a significant reduction of
the intensity of the high-order nonlinear echoes [12] in agreement with
the CRAZED sequence [14,15].

Fig. 11. A) schematic diagram for metabolic and hemodynamic processes occurring in brain. route i, ii, and iii correspond to glucose metabolism, cerebral oxygen
use, and31P MRS is useful for studying high-energy phosphate metabolism, respectively. b) Localized in vivo 1H MRS in the human primary visual cortex. Detected
metabolites are N-acetyl aspartate (NAA), glutamate (Glu), glutamine (Gln), creatine (Cr) and choline. Adapted from [85] with permission.
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4. Global and spatially localized magnetic resonance
spectroscopy (MRS) by iMQCs

Conventional 1H magnetic resonance spectroscopy (MRS) alone or in
combination with magnetic resonance imaging (MRI) has become well
established as a non-invasive method for studies of biological systems
including the brain. This is due to its relatively high sensitivity and
ability to detect tissues metabolites, chemical reaction rates, bio-
energetics and their dynamic changes in response to brain activities in
humans (Fig. 11a) [82–87]. Chemical shift and J-indirect couplings were
measured and thorough resonance assignments were given for in vivo
and in vitro mammalian brain, as shown in the example given in Fig. 11b
[82–88]. The availability of metabolite spectral parameters makes it
possible to generate model functions for parametric spectral analysis of
1H MRS of brain, as has previously been demonstrated for in vivo proton
spectroscopic imaging [89]. Besides, proton MRS the most metabolically
relevant nuclei detected by in vivo MRS include 13C, 17O and 31P as were
reviewed in Ref. [85]. Volume localized MRS delivered by MRI tech-
niques enabled the detection of metabolites in living organisms at low
concentration below 1 mM in the human brain with high spatial speci-
ficity [90].

In conventional magnetic resonance spectroscopy as well as in MRI
and localized MRS the resolution due to inhomogeneous line broadening
is an important issue. A substantial reduction of inhomogeneous line
broadening can be achieved along the indirect dimension in 2D NMR
experiments, which are designed to use relative frequency differences
between nearby spins to create frequency dispersion [3,5,90]. An
example of such an experiment employed intramolecular multiple-
quantum coherences of J-coupled spins under total spin coherence
transfer echo spectroscopy (TSCTES) [5,91]. In this case the active spin
system is limited to the isolated molecules. This method was also applied
in vivo to obtain resolution-enhanced spectra from the rat brain [70].

The iMQCs spectroscopy methods derive from the prototype pulse
sequence CRAZED for the independent detection of different orders of
iMQCs. Resolution enhancement in 2D iMQCs spectra was first
demonstrated which selects iZQs and was termed HOMOGENIZED
(homogeneity enhancement by intermolecular zero-quantum detection)
[70]. Further modifications of this pulse sequence to select distinct
coherence pathways more efficiently and enlarge the sphere of appli-
cations, have been proposed in literature [74,76,92–98].

In the following we will review the principles and especially in vivo
applications of proton iMQCs spectroscopy based on long-range dipolar
interactions that can provide spectra without inhomogeneous
broadening.

4.1. Global 1H multidimensional NMR spectroscopy using iSQCs and
iDQCs

Information about structure and dynamics of complex material and
biological objects can be obtained by homonuclear or heteronuclear
multidimensional NMR spectroscopy [3,5,90,91]. These methods can
retain all desired spectral features such as chemical shift, J scalar cou-
plings, multiplet patterns, and spin concentration for each molecular

species. Two dimensional (2D) J-resolved spectroscopy is one of the first
multidimensional techniques developed to allow separation of chemical
shift and J coupling information along two spectroscopic axes. The
ability of this method can be enhanced by intramolecular multiple-
quantum (MQ) J-resolved spectroscopy (MQ-JRES) to measure relative
J-coupling constants [99,100]. The remote J couplings can be deter-
mined by DQ and TQ J-resolved spectra [101,102]. A single-scan ul-
trafast technique can be utilized to allow acquisition of a 2D-J resolved
spectrum [103].

Moreover, there are many circumstances in which the magnetic field
inhomogeneity leads to overleap of peaks as in the case of variations of
magnetic susceptibilities among various tissues. Intermolecular
multiple-quantum coherences (iMQCs) caused by long-range dipolar
interactions among spins in different molecules can be utilized to ach-
ieve multidimensional high-resolution spectra in inhomogeneous fields
based on a 2D acquisition [71,75,104–108]. Since the direct acquisition
results from conventional single-quantum coherences suffers from
spectral inhomogeneous broadening, another dimension must be used to
produce a high-resolution spectrum. Hence, for a 2D J-resolved spec-
trum in an inhomogeneous field, a 3D acquisition is required as in the
case of the iSQC-JRES method [108]. The fundamental requirement of
the iSQC-JRES approach is the presence of a distant dipolar field pro-
duced by solvent molecules with a highly concentrated proton density.
This is the case for many biological objects like brain.

The spin system response during the action of the pulse sequence
shown in Fig. 12 was discussed in Ref. [108] using the formalism of the
distant dipolar field. The first and third RF pulses are solvent selective (I
isolated ½ − spins), while the second RF pulse excites only solute mol-
ecules (S, ½ − spins). These molecules are represented by an AX system,
with Sk and Sl spins-1/2 coupled by J interaction with a scalar coupling
constant Jkl. To select the coherence transfer pathway
0→+1→+2→+1→ − 1 three linear gradients with an area ratio 1:0.7:-
2.4 were applied (Fig. 12). Compared to the direct detection period t3,
both the indirect-detection t1 where iSQC evolves and spin-echo evolu-
tion period of t2 are insensitive to magnetic field inhomogeneity. The
distant dipolar field has an equal effect on all solute spins and does not
interfere with the J coupling. After spatial averaging along z direction
and considering.

the 3D spectrum projected onto F1-F2 plane for the signal from the Sk
and Sl spins, it is possible to write [108],

M+
Sk∝exp{i[(ωSk − ωI)t1 + πJklt2 ] }exp{i2πJklΔ}+ exp{i[(ωSk − ωI)t1
− πJklt2 ] }exp{ − i2πJklΔ}

(31)

The above equation provides a description for the 2D NMR projection
spectrum in the iSQC-JRES method. The peaks in the 2D spectrum are
located at the frequencies [ωSk-ωI; πJkl] and [ωSk-ωI; − πJkl] respectively,
due to J coupling.

The performances of the iSQC-JRES pulse sequence is shown in
Fig. 13 for the case of in vitro pig brain [108]. Almost no spectral in-
formation can be obtained from the conventional 1D spectrum (Fig. 13
A) due to line broadening caused by magnetic susceptibility and the
intense water signal. The use of the 3D iSQC-JRES approach combined
with water suppression (Fig. 12) allows detection of a 1H high-resolution
spectrum of metabolites with J-coupling information for lactate (Lac,
1.3 ppm), alanine (Ala, 1.47 ppm), and glutamine (Glx, 3.75 ppm).
Better acquisition efficiency of the iSQC-JRES pulse sequence important
for in vivo applications may be achieved by combining the method with
strategies such as the ultra-fast single-scan NMR technique [103], that
can overcome the long duration of the 3D acquisition.

Quantitative analysis of the NMR spectra from iSQCs was discussed
based on a combination of the dipolar field treatment and the Torrey
equations [77]. In this investigation a technique based on selective
excitation was used to suppress the strong conventional SQC signals.

It was also shown that the signals from iSQCs possess properties

Fig. 12. The iSQCs-JRES pulse sequence in inhomogeneous fields by a 3D
acquisition [108]. Gaussian radio-frequency pulses are selective RF pulses.
Coherence-selected gradients are represented by dashed rectangles. Solvent
(water) suppression pulse sequence is represented by WS module. Reproduced
from Ref. [108] with permission.
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Fig. 13. Proton 1D and 2D SQCs spectra of in vitro pig brain tissue. (A) Conventional 1D SQCs spectrum and the expanded region for metabolites. (B) One-
dimensional water presaturated spectrum MAS spin-echo spectrum acquired with the PFG indirect detection method. (C) Conventional 2D water-presaturated J-
resolved spectrum, and (D) The projection of 1H spectrum using iSQC-JRES approach and along F1 axis. Reproduced from Ref. [108] with permission.

Fig. 14. Top panel: spatially localized HOMOGENIZED pulse sequence with localization immediately prior to acquisition. The hard (black bars) (π/2)y pulse and
selective Gaussian pulse (π/2)y are specific for iZQCs selection. A spin echo is generated after the action of a nonselective πy pulse. The trapezoids are slice-selection
gradients and spoiler gradients are represented by gray triangles. Correlation gradient is represented by notation CG. Bottom panel: a) 2D HOMOGENIZED spectrum
from a voxel in a rat brain. b) Indirect dimension projection of the 1H 2D spectrum shown in a), for the specified spectral region. Adapted from [96] with permission.
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similar to iZQCs and iDQCs providing spatial information related to
dipolar correlation scales.

Several pulse sequences based on iMQCs with coherence order
different from single-quantum (m = ±1) evolution using 2D acquisitions
have been designed to obtain high-resolution NMR spectra
[71,104–108]. Chen et al. proposed a series of intermolecular dipolar-
interaction enhanced all lines (IDEAL) sequences which employ iDQCs
or iSQCs to obtain global 2D high-resolution spectra [106–109]. A pulse
sequence that simultaneously detects both iZQCs and iDQCs filtered
spectra with enhanced resolution in inhomogeneous fields was intro-
duced in Ref. [109]. In comparison with separate approaches this
method can provide nearly doubled spectral resolution and suppression
of strong coupling artifacts.

4.2. Spatially localized MRS using iZQCs and iSQCs for brain

In vivo resolution enhancement for 2D NMR spectra, acquired in
presence of magnetic field inhomogeneity was proved to be possible
using the HOMOGENIZED pulse sequence for detecting iZQC (see Sec-
tion 3 and Fig. 14.), as was proposed in Ref. [71] and improved in Refs.
[96–98]. Removal of inhomogeneous line broadening can be achieved
along the indirect dimension in 2D experiments, which are designed to
use relative frequency differences between nearby spins to create fre-
quency dispersion in the presence of long-range dipolar fields. The
principle of resolution enhancement in iZQC filtered spectra was dis-
cussed in Ref. [97] and the effect is related to the presence of long-range
dipolar fields that limit the distortion of the main magnetic field. The
signal that is detected in iZQC-MRS results from refocusing in the
presence of the long-range dipolar fields. This refocusing is a local
process and therefore, it is insensitive towards spatial or temporal var-
iations of the magnetic field on a scale large compared to the experi-
mentally imposed gradient modulation. However, the HOMOGENIZED
pulse sequence for detecting iZQC is not capable of reducing spectral
line broadening from nanoscale inhomogeneities.

For successful application of the HOMOGENIZED pulse sequence for
in vivo MRS, the long-range dipolar field has to be localized in the
detection volume of the iZQC filtered signal and residual water signal
must be suppressed efficiently. Spatial localization of the iZQC can be
made by two different strategies. In the first, the localization is made in
the evolution interval which implies localization of both transverse and
longitudinal magnetization making up the long-range dipolar field. The
problem with this approach is that the dephasing magnetization prior to
the second pulse due to the effect of the distant dipolar fields is nonse-
lective. Therefore, transverse magnetization from all of the sample is
subject to refocusing during the detection period and clean spatial
localization is not achieved. An efficient means to achieve a spatially
localized NMR signal from a HOMOGENIZED experiment is to refocus
the signal after the second RF pulse, i.e. prior to acquisition, in a
spatially selective manner. Slice refocusing modules after the iZQC se-
lection have no effect on the long-range dipolar field. The volume se-
lection of the pulse sequence shown in Fig. 14 − top panel, uses the
localization by the adiabatic selective refocusing (LASER) sequence with
six adiabatic inversion pulses to selectively refocus the magnetization of
three orthogonal slices [110]. Two additional frequency-selective refo-
cusing pulses (πy) were inserted during slice selection along the z-axis,
forming a water suppression module.

Proton 2D and projection spectra of the rat brain that resolve three
major metabolites, i.e., creatine (Cr), choline (Cho), N-acetyl aspartate
(NAA) are shown in Fig. 14a and b, on bottom panel, respectively, [96].
Such 2D spectra can be acquired in a few minutes using the HOMOG-
ENIZED pulse sequence. The indirect dimension projection (f1) shows
peaks well resolved proving that high-quality spectra can be obtained
with iZQC techniques. The spectral quality is not influenced by the large
voxel size or the intrinsic inhomogeneity. The spectral linewidth scales
with the number of t1 increments.

For in vivo experiments to avoid artifacts from long term

movements, an accelerated version of HOMOGENIZED pulse sequence
has been proposed [94]. A limitation of this technique is that sensitivity
has to be traded off for the speed. Furthermore, in warm blooded ani-
mals, under in vivo conditions faster transverse magnetization relaxa-
tion leads to severe signal losses that limit the signal-to-noise of detected
signal [99]. In some cases the use of larger voxels provide a solution to
the above problem, compensating for the inherent low sensitivity of the
iMQCs techniques.

The salient features of the HOMOGENIZED spin system response for
two inequivalent spins I and S, was discussed in Refs. [76,97], taking
into account the long-range dipolar field of both species. For large
chemical shift differences compared to the long-range dipolar field the
signal evolution can be derived from the Bloch equations including
distant dipolar fields. If the second RF pulse is frequency selective on I
spins, then all S spins remain with transverse magnetization and
maximum long-range dipolar field is produced from the I spins. The
detected S spins transverse magnetization in this 2D MRS experiment is
given by

Fig. 15. A) volume localized isqcs pulse sequence for 2d mrs with a press
localized module and a water suppression double gradient echo w5 binomial π
pulses. The gradient pulses used for coherence selection, slice selection by
PRESS approach, and water suppression are marked, along different directions.
b) Localized iSQCs 2D spectrum of brain phantom in aqueous solution. c) The
spectral expansion of the regions labeled 1, 2, and 3 in (b). The metabolite
resonances are assigned in Ref. [116]. Adapted from [116] with permission.
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Mx(t2)+ iMy(t2) = iMS
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where J1 is the first order Bessel function. Moreover, relaxation and
diffusion were neglected and the symbols are defined in Section 3. If the
T2 and T1 relaxations of both nuclei are taken into account the above
equation can be written as given in Refs. [76,97],
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The theoretical signal evaluation of a singlet brain metabolite resonance
based on Eq. (33) reveals that for shorter T2 of the detected spin species
(i.e., T2S) only about 10 % of the equilibrium magnetization will be
detectable with the HOMOGENIZED pulse sequence [99]. Moreover,
experiments and numerical simulations have suggested that under in
vivo conditions the effect of molecular diffusion is small as is expected
for the HOMOGENIZED pulse sequence [111–114]. The HOMOGE-
NIZED pulse sequence applied to in vivo experiments provides enhanced
spectral resolution, or alternatively in large inhomogeneous voxels
higher signal-to-noise efficiency than conventional techniques. It has
been mentioned that MRS based on iZQCs is unlikely to provide ad-
vantages over conventional localized spectroscopy in the brain using
localized shimming procedures [97].

The possibility of using volume localized iSQCs for obtaining in vivo
and in vitro 1H 2D high-resolution NMR spectra in inhomogeneous fields

in brain tissues was discussed in Refs. [115,116]. This pulse sequence
can recover information on chemical shift, J-coupling constants, relative
peak areas, and multiplet patterns even when spectral information is
erased by the field inhomogeneity. Localized iSQCs MRS is efficient for
relatively large voxels. Moreover, good solvent suppression can be
achieved by this sequence even with imperfect pulse flip angles.
Compared with iZQCs methods discussed above iSQCs MRS provides a
narrow spectral width in the indirect dimension. Like iZQCs and iDQCs
[116–118] methods, the enhancement of spectral resolution is at the
cost of signal-to-noise ratio.

Using conventional point-resolved spectroscopy (PRESS) as the vol-
ume localization approach [119] and the pulse sequence shown in
Fig. 15a, the 2D 1H high-resolution spectrum filtered by iSQCs was ob-
tained from a brain phantom (Fig. 15b and c) [116]. These spectra show
a well suppressed solvent signal. Metabolites were assigned according to
Refs. [83] and [116]. The linewidth of the projected spectrum is reduced
by one order of magnitude and even the doublet splitting of the lactate
spectrum (Lac. 1.31 ppm) is retained (Fig. 15b and c).

5. Magnetic resonance imaging (MRI) by intermolecular
multiple spin echoes and iMQCs

5.1. Structural investigation by intermolecular multiple spin echoes

Warren and coworkers proposed that through manipulation of the
distant dipolar field (DDF), it may be possible to extract structural in-
formation using intermolecular multiple-quantum coherences [120]. As
a first step in this direction, in a series of papers Bowtell and Robyr
established a Fourier-space relationship between the structure of
heterogenous objects and the amplitudes of multiple spin echoes (MSEs)
which arise in solution NMR as a result of the long-range dipolar field
[121–123]. When a sequence of two radio-frequency pulses is applied at
the time interval of TE/2 on a liquid sample, it will produce a single spin
echo at time TE. In the presence of long-range dipolar fields MSEs occurs
at multiples of TE/2 (see Section 2). On this basis, theoretical models for

Fig. 16. Top panel: Pulse sequences used for producing images based on shifted stimulated echoes (SSTEs) and multiple spin echoes (MSE). Coherence selection
pulsed gradients are denoted by Gsel. The other gradients are used for slice selection, phase encoding, and readout. During the interscan delay a crusher gradient is
used to avoid interscan gradient-recalled echoes. Bottom panel: Axial images of the basal ganglia of cat brain. a) Reference spin-echo image. b) Diffusion weighted
image using a spin-echo/pulsed gradient pulse sequence. c) SSTE image of a cat brain in which middle cerebral artery is occluded. The experimental parameters are
given in [127]. Adapted from [127] with permission.
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periodic structures have been derived and used to analyze the variation
of the NMR signal generated by the distant dipolar field [123]. If the
spatial modulations imposed on the transverse and longitudinal
magnetization have the same wavelength, the signal generated by the
dipolar field is a continuous function of the modulation wavelength and
is sensitive to the sample structure. When this condition does not occur,
diffraction phenomenon may be possible in a periodic structure [123].
The theoretical framework of the classical Bloch equations was applied
to describe model NMR experiments and demonstrated the potential use
of NMR methods based on long-range dipolar fields in structural in-
vestigations at length scales that are difficult to be probe with conven-
tional NMR imaging methods. In the limit where the distant dipolar
fields weakly perturb the evolution of the magnetization and where
molecular motions is not significantly restricted by the structure, the
autocorrelation function, or Patterson function, of the spin density can
be obtained [122]. Compared to other NMR methods that can yield
Patterson functions [124] this technique takes advantage of the whole
sample by applying field gradients along one of several directions.
However, one must mention, that the signal generated in the presence of
the long-range dipolar interaction is about one order of magnitude less
that that obtained from direct measurements on the whole sample.
Moreover, it was shown that in the case of a two-spin system, the NMR
signal measured in average structure measurement is related to the
spatial cross-correlation function of the spin densities of the two com-
ponents [125]. In the case of cylindrically symmetrical systems this
spatial cross-correlation function is related to the Meijer transform
[125]. This work also discussed the effect of modulating the gradient
strength upon image contrast which can be expressed in terms of the
action of a “dipolar” filter. The image intensity and sharpness resulting
from a CRAZED-like pulse sequence becomes sharper and clearer with
increasing gradient modulation.

Imaging the spatial variation of the equilibrium nuclear magnetiza-
tion M0, can provide important information that can be used in treat-
ment planning for neutron therapy and microwave hyperthermia.
However, absolute measurement of M0 is difficult due to the multi-
parametric nature of the NMR signal, i.e., dependence on pulse sequence
parameters, the relaxation times T1 and T2, and the diffusion tensor.
Bowtell and coworkers developed an NMR technique that allows map-
ping of the variation of the absolute value of M0, based on the effect of
distant dipolar fields in liquids [126]. The strength of the NMR signal in
this case is proportional to M0

2 for the CRAZED pulse sequence. This
dependence means that the absolute value of M0, can be measured by
taking the ratio of the signal generated by long-range dipolar interaction
effects to that generated in a special designed conventional experiment
with similar flip-angle dependence for the RF pulses and similar relax-
ation time weighting [126].

Multiple spin echoes and interscan shifted stimulated echoes (SSTEs)
generate a potential new mechanism for image contrast and were
investigated by Mori et al. for the in vivo cat brain [127]. In the SSTE
method the major signal contribution is due to interscan stimulated
echoes for which the signal excited in the first scan is refocused during
the acquisition period of the second scan (Fig. 16, top panel). The
coherence pathway for SSTE (Fig. 16, top panel) is given by [124],

Iiz →90
0

I+i →90
0

Iiz ̅̅̅̅̅̅̅→
scan2,900 I+i ̅̅̅̅̅̅̅→

scan2,900 I−i (34)

and in combination with gradient-based coherence filtering and image
encoding lead to the images shown in Fig. 16, bottom panel. The SSTE
sequence gives strong inverted T1 contrast at short recycle delays and
thus provides excellent gray-white matter contrast at high fields where
this contrast is normally reduced due to larger values of T1.

Multiple spin echoes (MSE) have increased sensitivity to diffusivity

Fig. 17. Radio-frequency pulse sequences for acquiring MSEs from a localized volume. a) ISIS-MSEs, b) PRESS–MSEs, and c) STEAM-MSEs. Reproduced from [128]
with permission.
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and can be useful for in vivo human brain imaging with volume localized
detection [128]. Modulation of longitudinal magnetization is destroyed
by diffusion processes causing the long-range dipolar field to vanish for
long echo times. Thus, the 2nd spin echo amplitude (A2) strongly de-
pends on the apparent diffusion coefficient D of molecules. Therefore,
MSE imaging represents an alternative to the conventional pulsed
gradient spin echo. The amplitudes of multiple spin echoes depend on
the strength and orientation of the correlation gradient G. The following
relation was derived for A2/A1 of the 2nd and 1st spin echo amplitudes
[128]

A2

A1
= exp[2D*/3]βF(D*)exp[ − 2τ/T2] (35)

where D*=(γ2G2)Dτ3, β = μ0γΔM0[D(γG)2]-1/3, and the function F de-
pends on the error function erf(D*1/2), [128].

Selective volume MSEs can be acquired by combining the basis
sequence of Fig. 17 with standard volume selective procedures like ISIS
[129], PRESS [119], and STEAM [130]. The performances of these
volume selective methods, especially related to the effect on the second
spin echo is discussed in Ref. [128]. Localized MSEs of brain white
matter of in a human brain are shown in Fig. 18. Due to the limited
sensitivity of spectrometer operating at 1.5 T only the second and first
spin echoes are detected. Ratios of these are shown in Fig. 18b, for two
values of the correlation gradient and compared with the theoretical Eq.
(35). The theoretical fit used an average value for the D coefficient for
different myelin fibers that is however difficult to estimate in the large
voxel investigated. These results prove that MSEs are a potentially
source of tissue contrast that can be controlled adjusting the correlation
gradients without requiring microscopic spatial resolution.

The possibility to use the amplitudes of MSEs to investigate the
microstructure of porous media was also discussed [40,131,132]. The
2nd MSE shows dips that can be explained by the role of internal gra-
dients in the pores. The microstructure of porous media can be explored
by modifying the correlation distance d changing the intensity of the
gradients G, relative to the average pore size.

5.2. MRI of brain using iZQCs

The excitation of intermolecular zero-quantum coherences (iZQC)
based on the physics of the CRAZED pulse-gradient sequence can be
combined with spin-echo planar imaging (EPI) in order to obtain an
image sensitive to the dynamics and structure of tissues. Such infor-
mation is distributed over the correlation distance, which itself is
dictated by the strength and length of the correlation gradient and are
typically in the 100 μm – 1 mm range [133]. This dipolar correlation
distance d = π/(γGT), is half the repeat distance of the magnetization
helix created by the correlation gradient of strength G,which is oriented
parallel with the static magnetic field and has duration T [121]. The
iZQC image has useful characteristics such as: (i) better spatial resolu-
tion compared to conventional images, (ii) for short values of the pulse
sequence evolution times the iZQC voxel intensities have a
magnetization-squared weighting, and (iii) the image voxels show more
contrast being encoding by susceptibility differences across the object.

An example of a pulse sequence used for this purpose is shown in
Fig. 19a and different iZQC encoded images of human brain are shown
in Fig. 19b. The iZQC signals from white matter and gray matter reach a
maximum of almost 2 % of the single-quantum coherence signal, while
the cerebrospinal fluid (CSF) signal is almost 4 % of this conventional
coherence and still increasing in the echo-time region investigated
(Fig. 19c), [133]. The measured T2,ZQ for CSF is smaller compared to the
T2 of CSF and likely reflects flow-related dephasing. Furthermore, a
difference between images obtained from single-quantum coherences
(SQC) and iZQCs is apparent in the frontal lobe. In this brain region the
T2* decay of SQC causes signal loss that is not seen for an iZQC image.
Moreover, the image contrast of the iZQC method is different from any
conventional NMR image, particularly in regions with large suscepti-
bility variations (Fig. 19b).

The coherence transfer pathway that was used to detect images via
iZQC can be written for two equivalent spins i and j on different mole-
cules as

IziIzj→
α
I+i I

−
j →
G,τZQ

→
β
IxiIzj →

DijIzi Izj
I+i (36)

Fig. 18. A) transverse 2d flash mr image of human brain. the mse amplitude measurements were made on the voxel marked by a white box. b) ratios of 2nd and 1st
MSE amplitudes. The curves have been generated by Eq. (34) for two values of correlation gradient Gz oriented along the static magnetic field. Adapted from [128]
with permission.
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where the notation is defined in Fig. 19a and the long-range dipolar
interaction is described by the operator DijIziIzj. The iZQCs evolving
during time τd are encoded by a factor related to the spin i and spin j
resonance offsets that finally lead to an image voxel sensitive to sus-
ceptibility contrast. As discussed in Section 2 the detected spin echo has
an amplitude M+ given by [133],

M+∝M0cosβJ1
(

− Δssinβ
TE
τd

)

(37)

where τd is the dipolar demagnetization time, and J1 is the first-order

Bessel function. In Eq (37), Δs is the orientation dependent Legendre
factor of the distant dipolar coupling [120]. For small arguments of the
Bessel function J1(x) ≈ x/2 and the voxel intensity is proportional to
echo time TE. In this case the predicted signal reaches a maximum of 41
% of the full local magnetization at TE = 2.6 τd. The inverse dipolar
demagnetization time is given by relation 1

τd = γμ0M0, [120], and
consequently. the iZQCs image is proportional to (M0)2.

The signal-to noise ratio of the image shown in Fig. 19b for a recycle

delay RD can be written as: S/N ∝
[

1 − exp
(

− RD
T1

)]2
/

̅̅̅̅̅̅̅
RD

√
, and has a

maximum at RDmax = 2.34T1, where T1 is the longitudinal relaxation
time of the voxel (Fig. 19c). This maximum time is longer compared to
the standard EPI image of RDmax = 1.26T1, and therefore, the S/N of the
iZQCs voxel image is smaller [133]. Transverse relaxation processes and
molecular diffusion were neglected in the above discussion but in real-
istic images based upon iZQCs the voxel intensity is weaker compared to
a conventional image using single-quantum coherence evolution.

We can summarize the salient features of MRI based on iZQC as: (i)
The image reflects subvoxel structure. The practical resolution is of the
order of a few micrometers for a small molecules with large diffusivity
such water. (ii) The image contrast is affected by local susceptibility
variations. Such contrast enhancement has been shown to be present for
tumors in rat brain and is different from T2 or T2*, contrast [134]. (iii)
The intensity of the iZQC signals is about one order of magnitude smaller
compared to that of a conventional image. (iv) A large spin concentra-
tion is required to generate the long-range dipolar field. (v) The iZQC
technique is superior to that based on iDQCs, because pulse sequence
utilizing the latter leads to images that are more susceptible to motion
and flow artifacts.

5.3. Functional MRI of brain using iDQCs

Intermolecular double-quantum coherences due to the long-range
dipolar field have been utilized to perform functional MRI (fMRI)
[135–142]. The results published in these references suggested that
iDQC fMRI may provide higher activation contrast than conventional
single-quantum coherence (SQC) detection. This is related to the fact
that iDQCs show very intriguing properties that include a contrast based
on dipolar interaction correlation distances, and the potential for more
sensitive detection local distributions in magnetic susceptibility, which
are essential for tumor oxygenation and brain functional studies using
the BOLD effect. The correlation distance between 10 μm and a few
millimeters which is under the control of the experimenter, may supply a
structural probe for exploring the distribution of microvascular or
cellular structures. The sensitivity of iDQCs to the blood oxygenation
level-dependent (BOLD) effect is higher than that of conventional fMRI.
However, an important limitation of iDQCs methods is related to their
lower signal-to-noise ratio compared to the conventional methods based
on SQCs. This effect is partially related to the time dependence of the
decay rate of iDQCs that is greater than that of SQCs and the apparent
diffusion coefficient for iDQCs is twice that of SQCs [138]. The contrast
of MR images base on iDQCs is increased because for instance, T*2,iDQCs
includes the effect of local magnetic susceptibility [138].

Functional MR imaging techniques based on iDQCs are shown in
Fig. 20a-c, and includes gradient recalled echo (GRE-iDQC), spin echo
(SE-iDQC) and two π refocusing pulses (2π-iDQC). The π pulse within the
τ period refocuses dephasing due to magnetic field inhomogeneity while
retaining long-range dipolar interactions. It was found that the image
intensity change upon auditory activation in the center of the cortex is
several times larger in iDQCs images than that in SQC images (Fig. 20e).
A higher percentage signal change due to activation was observed for
the iDQCs-based measurements in comparison to the conventional SQC
acquisition (Fig. 20e), [142]. The results discussed above demonstrate
that it is feasible to obtain brain activity maps with iDQCs imaging even
at the relatively low field of 1.5 T, if the pulse sequences parameters are

Fig. 19. a) iZQCs imaging pulse sequence with a slice selection gradient Gx and
filter gradients during the iZQCs evolution of duration τZQ. b) The axial image
shown on the top left was obtained using only the EPI procedure. The brain
image on bottom left is encoded by T2ZQ. The four images shown on the right-
side were obtained using τZQ = 8, 12. 16, and 20 ms. The imaging experimental
parameters are given in Ref. [133]. c) Volume selective analysis of the relative
iZQC signal as a function of echo time TE. Adapted from [133] with permission.
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optimized for sensitivity.
To investigate parameters that influence iDQCs signal changes

observed during neuronal activity, carbogen-inhalation experiments
were performed to produce a pure hydrodynamic response without
affecting oxidative metabolism [143]. BOLD-weighted fMRI depends on
multiple physiological parameters, including changes in the cerebral
blood flow, the cerebral blood volume, and the cerebral metabolic rate
of oxygen.

The longitudinal relaxation time in the rotating reference frame is a
valuable quantity for probing low-frequency molecular processes that
occur at a range of frequencies determined by the amplitude of a spin-
lock pulse [144]. Magnetic resonance images weighted by T1ρ provide
unique contrast, which has been investigated in various biological tis-
sues, including head and neck tumors [145]. The feasibility of quanti-
tative T1ρ imaging in human brain has been tested on a 4 T MRI scanner
[146]. The measured T1ρ values were compared with T2 values in white
and gray matter. The results demonstrated differential sensitivity of
these methods to proton dipolar interactions and/or exchange as well as
diffusion in local microscopic field gradient.

The radio-frequency field with angular amplitude ω1 and frequency
offset Δω constitute an effective spin-locking field along the ź- axis of the

tilted rotating frame, with an effective amplitude ωe =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ω1)
2
+ (Δω)2

√

and a tilt angle θe = arctan(ω1/Δω) with respect to the laboratory frame
z-axis. In this tilted rotating frame the intermolecular long-range dipolar
field is reduced in strength by a factor of (− 1/2)sinθe. It should be noted
that Teff1ρ,DQ, is sensitive to θe and ωe, [148]. In the presence of slow

motions, the dominant terms in the relaxation rate 1/Teff1ρ,DQ, are related
to the spectral density functions J0(2ωe) and J0(ωe), [146]. Therefore,
molecular fluctuation rates on the order of the spin-locking frequency
will significantly contribute to the Teff1ρ,DQ, relaxation. If slow motions are

present, a significant increase in the value Teff1ρ,DQ will take place with an
increase in the frequency offset Δω leading to an increase in the effective
RF frequency ωe, and a decrease in the tilt angle θe.

The off-resonance spin-locking method can also be applied to spin
systems with long-range dipolar interactions using the CRAZED pulse
sequence for generating iDQCs MRI [147]. The pulse sequence
combining longitudinal off-resonance spin-locking relaxation, the
CRAZED pulse sequence by selection of iDQCs and a fast spin-echo im-
aging sequence is shown in Fig. 21a. Transverse double-quantum
coherence relaxation is measured by the sequence shown in Fig. 21b.
Signal decays in the region of interest (ROI) for an agarose-gel phantom
for the above experiments are shown in Fig. 21c. These results represent
are a continuation of a technique for on-resonance iDQCs,
T1ρ,DCQ-weighted on a 7 T microimiging scanner [148]. Imaging based
on Teff1ρ,DQ has reduced radio frequency power deposition compared to on-
resonance spin-locking, which is advantageous for human MRI. More-
over, the angle of the effective RF field and spin-locking frequency are
two experimental parameters that can be manipulated to obtain
different molecular dynamics contrast within tissues.

5.4. MRI using simultaneous acquisition of iMQCs

The imaging techniques using iMQCs discussed above only acquire
one coherence transferred echo per pulse sequence. A newer pulse
sequence called Multiple Echo Detection CRAZED (MultiCRAZED) was
reported that detects five order of coherences (2, 1, 0, − 1, and − 2),

Fig. 20. Pulse sequences used for iDQCs imaging (a to c). In each case the EPI acquisition is applied at the end of double-quantum coherence filtration: the cor-
relation gradients shown in d) were applied for all fMRI measurements. The different pulse sequences correspond to a) conventional gradient recalled echo (GRE-
iDQC), b) spin echo (SE-iDQC), and c) π pulses applied during the evolution and detection periods (2π-iDQC). e) Activation maps of auditory stimulation in the human
brain at 1.5 T using single-quantum coherences (SQCs, top) and iDQCs (bottom) detected by the pulse sequences shown in a)-c). The number in parentheses is the
evolution time of the iDQCs in ms. f) Changes in the signal intensity for visual brain activity measured using two pulse sequences similar to a) and b) using the
parameters given in Ref. [142]. Adapted from [138] and [142] with permission.

Fig. 21. a) Pulse sequence for forming iDQCs MRI weighted using off-
resonance longitudinal relaxation Teff

1ρ,DQ in the tilted rotating frame in the
presence of a spin-locking RF pulse associated with a resonance offset. b) The
encoding of iDQCs images using iDQCs transverse relaxation T2,DQ or T*

2,DQ. The
relaxation parameter maps were obtained by following the modified CRAZED
sequence with a standard fast spin echo imaging sequence. c) Region-of-interest
signal intensity of an agarose-gel phantom with different concentration
(labelled with I and II in the inset) as a function of evolution durations TSL for
Teff
1ρ,DQ longitudinal relaxation and τ for T2,DQ. Adapted from [147]

with permission.
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[149]. This pulse sequence used for obtaining simultaneous images from
double-quantum, zero-quantum and conventional single-quantum co-
herences is depicted in Fig. 22a and differences in signal intensity as a
function of echo time TE are shown in Fig. 22b. The spin echoes are
separated by a relatively short time, and hence, the possibility of overlap
between different coherences cannot be ignored particularly, for struc-
tured objects. However, it was shown that a straightforward method
based on phase cycling of the first pulse 90ϕ1 (Fig. 22a), will allow the
separation of the signals using a five phase steps. To prevent.

possible complications from 3th order quantum coherences an eight-

step phase cycle with a 45◦ increment was implemented [150]. More-
over, the flip angle of the second RF pulse was switched between θ and
π-θ, which suppresses the residual z-magnetization whereas the signal
from iZQC will add up. The signal intensities of the images edited by
different orders of coherences are compared in Fig. 22b. First order
quantum coherences show simple exponential decay; other coherence
orders images show more complex behavior. It was proved experimen-
tally that the signal decay changes with correlation distance. For
example, − 2-quantum correlation images decay more rapidly than do
the + 2-quantum images. These differences arise from diffusional

Fig. 22. A) sequence of rf pulses in k-space and gradients for MultiCRAZED. All the five echoes sample the same line in k-space. b) Image intensity variation as a
function of spin echo time TE. The correlation gradient was G = 3.958 G/cm giving a correlation distance d = 200 μm. The image parameters are given in Ref. [149].
Adapted from [149] with permission.
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effects. The magnetization which originates as n-quantum is modulated
as (n-2)γGT. Thus, the + 2-quantum images is minimally affected. The
zero-quantum component decays with rate (2γGT)2D, and the − 2-
quantum images decays with rate (4γGT)2D, [149]. The images edited
by multiple quantum coherences reflect different weightings than
traditional contrast mechanisms such as diffusion, and also show iMQC
contrast that is not any combination of conventional contrast mecha-
nisms. Applications for imaging biological tissues were not reported. To
a good approximation the results of the MultiCRAZED technique can be
described by a theoretical model based upon the quantum–mechanical
coupled-spin approach that considers the spin dipolar interaction
separated by the correlation distance which is tuned by correlation
gradient pulses of area GT [149].

5.5. Effects of residual single quantum coherences (SQCs) upon iMQCs
images

Payne et al. found that a mixture of components arising from iDQCs
and residual SQCs produces significant changes in the MRI detected
signal at certain correlation distances [150]. Residual SQCs are a po-
tential confounder in iMQCs studies and might explain some of the
discrepancies reported in the literature. These residual coherences can
be due to three different mechanisms: (i) intense high spatial fre-
quencies, (ii) stimulated echoes, and (iii) strong spatial encoding
gradients.

An appropriate RF pulse phase cycling scheme can be employed to
suppress high spatial frequency components arising from undesired
coherence pathways. Gradient orientation cycling may be used to sup-
press stimulated echoes when investigating a range of correlation dis-
tances, without the need for long repetition times. In imaging
experiments, when orienting the correlation gradient parallel to the
direction of the frequency or phase encoding gradients, the correlation
distance must be significantly smaller than the image pixel dimensions
to avoid refocusing coherence pathway echoes in the image k-space
data. In this case SQCs can be suppressed via appropriate phase cycling
[150].

5.6. Numerical studies of iMQCs contrast enhancement in MRI

An efficient and fast numerical algorithm which switches back and
forth between real and Fourier spaces was proposed byWarreńs group to
study long-range dipolar field effects for heterogeneous 3D-dimensional
structures, high-resolution NMR in inhomogeneous magnetic fields, and
contrast enhancement in MRI using iZQCs and iDQCs [29,151].

To describe the spin system response for the CRAZED sequence the
quantum-mechanics formalism based on the density operator allows a
deep understanding of how the pulse sequence will behave. Neverthe-
less, the classical Bloch equations formalism is much more efficient for
numerical calculations. The components of the local spin magnetization
vector M(r, t) are described by nonlinear coupled partial differential

Fig. 23. a) Schematic of the algorithm that allows numerical calculation of long-range dipolar field, diffusion, chemical shift, magnetization relaxation, and radiation
damping effects on local magnetization at each time stepM(r,t + Δt). b) Numerical simulation of the contrast from chemically inequivalent spins using conventional
iZQCs CRAZED sequence for two values of the time between the 90◦ pulses τzq. The decrease in the amplitude of the voxelsś signal produced by the correlation
gradients is only significant when spins with different chemical shifts are one half-helix apart. Adapted from [151] with permission.
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equations that must be integrated from t = 0 to t = tfinal,

δM(r, t)
δt

=γM(r) ×
{[

Δω
γ
ẑ + G(ŝ • r)ŝ

]

+Bd(r) +Br(r)
}

−
Mx(r)x̂+My(r)ŷ

T2(r)
+
M0(r) − Mz ẑ

T1(r)
− D∇2M(r, t).

(38)

The expressions for long-range dipolar interactions are given in Section
1. These equations are nonlinear, the magnetization vector of each time
step depends explicitly on the starting conditions. Moreover, for chem-
ical shifts, applied correlation gradients and relaxation alone, each
partial differential equation expressed as a function of spatial co-
ordinates r, is unrelated to the others, so can be calculated directly. To
compute numerically the effect of radiation damping, finding the
average magnetization in the transverse plane is the only necessary
calculation. While this term is nonlocal, it is inexpensive to calculate it
because Br (r) needs to be calculated only once per time step [151].
However, the values of the long-range dipolar field and the diffusion
term relay explicitly on each pointś surroundings. The schematic of the
algorithm for calculation of the five terms of Eq. (38) is shown in Fig. 23.

The simulations discussed in Refs. [29,151] have shown that MR

images based on iZQCs provide a very powerful method for removing
residual inhomogeneous broadening using parameters that approximate
the expected distributions from real magnets. In addition, they also show
that MR images from the iZQCs and iDQCs CRAZED pulse sequence
really do produce fundamentally different contrast than does conven-
tional imaging. Although the actual resolution of the MR image is
limited by signal detection sensitivity, the iZQC-CRAZED experiments
can specify the distance between correlated spins. Numerical simula-
tions show that the image resolution can be one or two orders of
magnitude finer than for conventional images. Moreover, the refocusing
180◦ RF pulse inserted in the excitation and evolution periods of
CRAZED leading to the modified CREAZED, (modCREAZED) sequence
eliminate chemical shift evolution as a contrast mechanism. The sub-
traction of the conventional iZQC-CRAZED image from the mod(iZQC-
CRAZED) eliminates contrast from spin density and relaxation, leaving
only contrast from chemical shift differences on the distance selected by
the correlation gradient.

Fig. 24. The HOT pulse sequence used to detect temperatures using iMQCs (upper panel, middle line). In this panel two coherence pathways are shown. The first (top
line) initial evolution of iZQCs is converted to iDQCs whereas in the second (bottom line) initial evolution of iDQCs is converted to iZQCs. The left bottom panel
shows representative signal evolution due to the HOT pulse sequence. The phase of the NMR signal changes as t1 changes and the rate of that change can be used to
determine the iZQC frequency that is shown in right bottom frame. Reproduced from Ref. [173] with permission.
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5.7. Enhancement of magnetization transfer effects using iMQCs filtered
NMR

The contrast in MRI based on changes of the water magnetization
(Mz) as a result of magnetization transfer to tissue macromolecules has
been obtained by a variety of methods such as magnetization transfer
contrast (MTC), and chemical exchange dependent saturation transfer
(CEST), [152–155]. Sensitivity to the macromolecular content of the
tissue can be also revealed by various NMR filters such as Goldmann-
Shen [156], Edzes-Samulski [157], DQ filtered-magnetization transfer
[158], and magnetization exchange imaging [159]. A combination of
these methods with iMQCs was reported by Eliav and Navon to enhance
the contrast of MRI [160]. For the MTC method an effect of (Mz/M0)
becomes (Mz/M0)l, where l is the rank of the irreducible tensor operator
Tl,m, constituting the iMQCs. The simplest pulse sequence that combines
MTC method with iMQC is described in Ref. [160]. The flip angle β is
selected such to maximize the transfer function of the Tl,m coherences to
Tl,-1. For instance, for iDQCs with m = -2 it is obtained β = 60◦, [160].
The enhanced contrast by combination with iDQCs is not limited to MTC
but can be obtained with any experiment that is based on modulation of
the water Mz magnetization such as Goldman-Shen filter [156] or other
exchange methods [160].

6. Accurate temperature MR imaging using intermolecular
multiple-quantum coherences

6.1. Principles of thermometry using NMR

In medicine the temperature distribution in the human body has
been linked to the critical regulation of metabolism, immune function,
and longevity. Moreover, combining hyperthermic therapy with radio-
therapy can results in a wide variety of benefits such as increased tumor
response and increased survival rates [161–163]. Hyperthermic therapy
requires the accurate delivery of a prescribed thermal dose generally in

the range of 40 ◦C-45 ◦C or higher for thermal ablation [164]. Invasive
thermometry usually done via multiple thermocouples was used for in
vivo monitoring. A non-invasive approach is given by MR imaging
[165–176].

The temperature-sensitive magnetic resonance parameter most
commonly used is the change in chemical shift of 1H in water with
temperature. The chemical shift is determined by the local electron or-
bitals [4]. The change in the hydrogen bonding network during heating
will lead to a change in chemical shift. These changes cause a shift in 1H
resonance frequency of about 0.01 ppm/K, and this effect is referred as
the proton resonance frequency shift. It is important to realize that non-
water protons are not shifted by the same amount [174]. Furthermore,
the observed Larmor frequency of a nucleus in a medium depends both
on the local magnetic field and the chemical shift [165,168]. The reso-
nance frequency can be written [177],

σ = γ(1 − σ(T) )Blocal(T) (39)

where γ is the magnetogyric ratio and σ(T) is the temperature-dependent
chemical shift. The local magnetic field strength is given by

Blocal(T) ≅

(

1 −
2χ(T)
3

− σ(T)
)

Bmacroscopic (40)

where χ is temperature dependent magnetic susceptibility. The tem-
perature dependence of the magnetic susceptibility is affected by the
tissue type. Moreover, in lean tissues the chemical shift dominates
[165]. The macroscopic magnetic flux density Bmacroscopic, depends on the
static magnetic field B0, the susceptibility distribution and sample ge-
ometry. From Eqs. (39) and (40) it is obvious that proton resonance
frequency shift methods are strongly affected by magnetic field insta-
bility and heterogeneity of the MR imaged object. Therefore, develop-
ment of novel MR imaging methods for temperature measurements is of
interest.

Fig. 25. The temperature MR images obtained using the HOT pulse sequence in a cream phantom represented by a homogenous mixture of water and fat. The
sensitivity of the HOT pulse sequence is demonstrated by using it to detect radio-frequency heating. The images were obtained by using the RARE image acquisition
method applied after the preparation of iMQCs [178,179]. The conventional temperature maps were taken by monitoring the changes in the phase of the water signal
(Fig. 25) as the phantom was heated from 25 ◦C to 35 ◦C. Large distortions in the detected temperature were observed. These distortions were eliminated using the
HOT method. Reproduced from Ref. [173] with permission.
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6.2. Accurate thermometry MR imaging using the HOT pulse sequence

A method to obtain absolute and accurate temperature images
insensitive to errors due to changes in magnetic susceptibility, of both
water and fat, as well as magnetic field instabilities, magnetic field in-
homogeneity, and drift based on iMQCs [172,173] was proposed.

To understand the underlying physics of the iMQCs method we
consider a sample comprising a mixture of two chemical species such as
water and fat in tissue containing respectively I spins and S spins.
Temperature detection with iMQCs requires a mixed spin system e.g. in
this example signals from water-fat iMQC transitions, but not from
water-water or fat-fat iMQC transitions (which are temperature insen-
sitive) [177] In order to detect clean iMQCs temperature maps insensi-
tive to field inhomogeneity and magnetic susceptibility effects it is
therefore necessary that signals from I and S spins coherences should be
filtered out by the HOT pulse sequence. The pulse sequence depicted in
Fig. 24 selectively transfers coherences that evolve off-resonance in the
indirectly detected dimension, prompting the acronym HOMOGENIZED
with Off-resonance Transfer, or the HOT pulse sequence [173]. See
Fig. 25..

MR images of the objectś temperature distribution were obtained
from the pulse sequence depicted in Fig. 24 which is based on a filter
that can remove contamination from iZQCs of the same spin species, as
well as removing conventional magnetization. The HOT pulse sequence
uses frequency selective inversion pulse (π-pulses) applied only to one
chemical species for instance either water or fat. This π-pulse converts
the mixed spin iZQCs tomixed spin iDQCs and vice-versa as shown in the
product operator transformations,

I− S+ ↔
πI I+S+ (41)

and

I+S+ ↔
πI I− S+ (42)

If a DQ filter is applied on the above coherences, i.e.: τ-GT-θmix-2τ-2GT,
all coherences will be dephased with the exception of iDQCs existing
during the interval τ and that are transferred into iSQCs by the mixing
pulse θmix. As mentioned by Jenistra et al. [173] in this single acquisition
HOT sequence the magnetic field gradients also dephase the SQCs
created before or after the mixing pulse, reducing the large static SQC
component of the NMR signal. To apply this idea to thermometry a two-
window HOT pulse sequence (Fig. 24) was developed in Ref. [174] and
is discussed at length in Ref. [177]. In the first coherence pathway
corresponding to the transfer of iDQCs to iZQCs, the signal is refocused
in the first acquisition window. The gradient mGT causes a phase shift of

2mGT and the coherences evolves for a period 2t1. Subsequently, it is
converted to iZQCs by the selective πI inversion pulse, on which the
subsequent gradient nGT has no effect, and the coherence then evolves
at the frequencies of the iZQCs, (ωI-ωS) during τ. The same NMR physics
takes place for the second coherence pathway when iZQCs → iDQCs. For
the t1 evolution the iZQCs experiences no gradient and evolves at the
frequency of (ωI-ωS). The iDQCs is produced by a frequency selective
inversion pulse and acquires a phase shift 2nGT from the gradient and
evolves at the frequency (ωI + ωS). After conversion to SQCs by the
mixing pulse and an additional phase shift of 2mGT, the net effect of the
gradient will be 2(m + n)GT The refocusing pulse is followed by a
gradient of area 2(m + n)GT and evolution for 2(τ + t1) refocuses the
coherences that are then acquired in the second acquisition window
[177].

Homomolecular spin suppression can be obtained without field
gradient filters by using phase cycling methods that achieve higher
signal-to-noise ratio and a phase cycle which is compatible with both
coherence pathway was given in Ref. [177]. Furthermore, the HOT pulse

Fig. 26. Left-hand panel shows maximum current density of superconducting wires as a function of the applied magnetic field. Parameters for existing magnets and
projects as at 2016 are shown in the right-hand panel, together with the required superconductor. Adapted from Budinger et al. [180] with permission.

Fig. 27. SQ and TQ edited spectra of 39K and 23Na in the rodent head in vivo. In
the case of sodium, the concentration ratios correspond to the total head so-
dium for the SQ peak and to intracellular sodium concentration for the TQ peak.
In the case of potassium, the TQ peak arises mainly from the total intracelular
potassium. Reproduced from [180] with permission.
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sequence can be modified such that this method can obtain spin density
images of both species [177].

Temperature imaging methods using iMQCs allowed imaging the
temperature on an absolute scale, while for the first time being insen-
sitive to motion, susceptibility effects and instability of magnetic field
[173,177]. In a realistic application, the intensity of a mixed spin iMQCs
signal between water and a metabolite peak will be approximately 10 %
of the metabolite peaks. This is the case in the brain but slightly larger
voxels would be required for direct spectroscopic detection and would
permit temperature detection without reducing the temperature accu-
racy [177].

7. Intermolecular magnetic resonance spectroscopy at high and
ultra-high magnetic fields

7.1. NMR features at ultrahigh magnetic fields

The traditional advantage of NMR at high magnetic fields is related
to improved sensitivity that leads to higher spatial resolution in MRI and
volume localized MRS [180–183]. Furthermore, it will lead to enhanced
spectral resolution by increasing chemical-shift dispersion [184]. In
such conditions NMR spectroscopy of low magnetogyric ratio nuclei in
restricted geometry, powders with large quadrupole interactions, mo-
lecular alignment due to anisotropic magnetic susceptibility [185]
among others can be investigated.

Due to limitation in the value of the upper-critical field of super-
conductor materials it appears unlikely that persistent pure super-
conducting magnets beyond 23 T can be constructed for NMR in the near
future. NMR spectrometers based on resistive electromagnets or
resistive-superconducting hybrid magnets can achieve substantially
higher fields such as the 45 T hybrid magnet installed at National High
Magnetic Field Laboratory (NHMFL) [180]. However, the spatial ho-
mogeneity and temporal stability of this hybrid magnet are such that
high-resolution NMR experiments are difficult to be perform. Modeling
and experimental studies show that the timing and resolution re-
quirements for imaging the microstructure of human brain require
higher magnetic fields than currently available (Fig. 26) [180]. MRI at
high fields will allow reduction of the voxel volume to 0.1 μL or less and

will provide unprecedented resolution gains in a spatially non-
homogeneous and curved structure such as the brain. It will also allow
quantitative mapping of the distribution of aggregated proteins by
measuring susceptibility anisotropy. Moreover, if we assume that signal-
to-noise ratio (SNR) scales linearly with the strength of magnetic field
(B0) in the brain and if we consider the blood oxygen level-dependent
(BOLD) effect to increase at least linearly with B0, then the combined
effects on SNR and BOLD contrast would translate into a quadratic gain
in contrast-to-noise ratio for mapping functional signal [174]. Single-
quantum (SQ) and triple-quantum (TQ) spectra of 23Na and 39K nuclei
at 21.1 T in the rodent brain show a slightly better than linear gain in
SNR when the field is increased from 9.4 T to 21.1 T (Fig. 27),
[180,186]. Finally, this is expected to lead to ultimate resolution of
functional maps of the human brain. This can also be supported by
optimization of gradient performance and new innovations in radio-
frequency and shim coil design [182 and references therein].

7.2. The HOMOGENIZED pulse sequence at high magnetic fields

A possible approach to recording NMR spectra free from the effects of
field instability is based on multiple-quantum NMR. For instance, total
spin coherence transfer echo spectroscopy takes advantage of the
properties of the unique transition between the extreme eigenstates (i.e.,
eigenstates with maximal energy separation) of a coupled spin system to
record multiple-quantum spectra free from inhomogeneous broadening
yet sensitive to J couplings and chemical shift differences [187]. The
same insensitivity to field variation is offered by zero-quantum coher-
ence (ZQC).

Warren and coworkers suggested a procedure to effectively improve
performance at ultra-high magnetic field in terms of resolution and
stability by spin manipulation that exploits iZQCs [188]. Hence, high-
resolution liquid state NMR at very high magnetic fields was proved to
be possible. For this purpose a detection method termed HOMOGE-
NIZED was presented that removes inhomogeneity while retaining
chemical shift differences and J couplings [71]. This pulse sequence is
based on detection of iZQCs between a solute molecule and solvent
molecules that are micrometers away. The underlying evolution of the
density operator has been discussed in Ref. [15]. The simplest HO-
MOGENIZED pulse sequence is given by (π/2)x-GT-t1-(π/4)x-t2-(π)x [71].
The distant dipolar field provides the necessary through-space coupling
between solute and solvent spins for the detection of iZQCs. Spatial
magnetization modulation created by free precession in a filed gradient
GT can break the initial symmetry and reintroduce the dipolar field.
When this field is homogenous over the separation of the solute–solvent
spin pair (typically 10–100 mm) the resulting iSQCs spectrum would be
just the conventional single-quantum spectrum, shifted by the chemical
shift of the solvent. Hence, coupling and chemical shift information for
solute molecules are retained, yet the effects of the field inhomogeneity
and instability are practically eliminated. The effect of the HOMOGE-
NIZED pulse sequence can be described by the density operator
formalism [15]. The radio frequency pulse (π/2)x will produce MQCs
when the full equilibrium density operator without the high-
temperature approximation is taken into account. The applied pulse
gradient GT serves as a ZQCs filter by dephasing all other coherences
and leads to the effects of distant dipolar field. During evolution in the
indirect dimension t1, the solvent–solute ZQCs represented by the I+iS-k
product operator is active where I and S are spin operators for solute and
solvent, respectively. These multiple-quantum coherences are modu-
lated by the difference of the I and S Larmor frequencies shown in Fig. 28
as ωIS

SQ and 2ωIS
SQ. The ZQCs represented by I+iI-j and S+lS-k will not be

modulated at all and correspond to the superimposed peaks at 0 ppm in
the t1 dimension (Fig. 28). The subscripts represent individual solute (i
and j) and solvent (k and l) molecules. The preparation of ZQCs shown in
the insert of Fig. 28 used two π/2 pulses that use phase cycling to filter
out the other multiple-quantum coherences [15]. During the detection
period of the experiment the (π/4) pulse transfer ZQCs into detected

Fig. 28. Experiments at 25.0 T using a resistive electromagnet (a) and simu-
lated iZQCs spectra (b) using composite CPMG-HOMOGENIZED pulse sequence
(see insert). The insert in (a) shows the magnified ωIS

ZQ peak, plotted at the same
contour level. This 2D heteronuclear spectrum was obtained from a 1:1 water/
acetone mixture in a 5-mm NMR tube at 20 ◦C. The simulation assumes a field
inhomogeneity of 1 ppm/cm, field fluctuations modeled by Gaussian white
noise with 0.5-ppm standard deviation, 1 kHz upper frequency limit, and a
sample length of 0.9865 cm sampled by 400 spatial points on the z axis. The
pulse sequence parameters are given in Ref. [188]. Reproduced from Lin et al.
[188] with permission.

D.E. Demco et al. Progress in Nuclear Magnetic Resonance Spectroscopy 146–147 (2025) 101557 

30 



single-quantum two-spin anti-phase coherences such as IxiIzj, IziSzk, and
SxkSzl. During t2 evolution, these terms can be rendered observable by
the action of the intermolecular dipolar field which needs a time of the
order of τd to appear [13]. This time depends on the spin equilibrium
magnetization and sample shape and for a pure water sample at 300 K,
τd is 37 ms at 25 T. The two peaks at 2ωIS

SQ and 2ωSI
SQ arise from higher-

order solvent–solute ZQCs represented by four spin coherences [15].
Furthermore, the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence
[189] is less sensitive to molecular diffusion that averages the distant
dipolar field and can increase spectral SNR. The pulse sequence used for
recording the 2D spectrum shown in Fig. 28 is therefore a combination
between CPMG and HOMOGENIZED termed the CPMG-HOMOGENIZED
pulse sequence (Fig. 28, insert), [188].

In conclusion, it was proved by Warren and his coworkers that, when
using iZQCs, the effects of spatial inhomogeneity and temporal insta-
bility of the ultra-high magnetic field on NMR spectra are nearly elim-
inated, thereby achieving a resolution enhancement by a factor of about
100. This will open new frontiers in NMR spectroscopy and MR imaging.
For instance, the biomolecular sizes analyzed by NMR at high magnetic
fields could be dramatically extended by transverse relaxation-
optimized spectroscopy (TROSY) line narrowing as discussed in
Ref. [190]. Significant resolution enhancement can be generated by
destructive interference between dipolar and chemical-shift-anisotropy
interactions within 15N-1H moieties that are predicted to be nearly
complete [190]. This experiment can take advantage of the inherently
higher SNR at very high field using spectra generated via

heteromolecular iZQCs.

8. Intermolecular multiple-quantum coherences for
hyperpolarized nuclei

The last few decades have seen transformative developments in
techniques for hyperpolarizing nuclear spins opening new opportunities
in the fields of solution NMR, solid-state NMR, and imaging [191]. The
applicability of NMR spectroscopy and MR imaging even at high mag-
netic fields is limited by the lack of sensitivity due to the small values of
nuclear magnetic moments compared to those of electrons. This situa-
tion can be overcome by creation of metastable states with high polar-
ization (hyperpolarized nuclear states) compared to that of the spin
system at thermal equilibrium. The classical methods used are based
upon brute force nuclear polarization by intense magnetic fields, the
nuclear Overhauser effect, or Hartmann-Hahn cross-polarization [193
and references therein].

More advanced examples of the induced hyperpolarization states are
based on laser polarization of noble gases via optical pumping
[192,193], dynamic nuclear polarization (DNP) via unpaired electrons
[194,195], and parahydrogen-induced polarization (PHIP) [196,197].
The first method to produce hyperpolarization of nuclei was based on
the transfer of angular momentum from laser photons to electron spins
and finally via hyperfine interaction to nuclear spins [198,199]. State of
the art methods can produce up to 70 % polarization on 3He [200,201]
and up to about 20% on 129Xe [202]. For noble gases the hyperpolarized
magnetization continually decays towards small thermal polarization
due to interatomic collisions and therefore, the temperature and pres-
sure can largely influence the hyperpolarization state. Applications of
hyperpolarized xenon in biology and the properties of 123Xe in water,
lipids, proteins, globins and blood has also been reviewed [203]. In the
case of the DNP method a target molecule is co-mixed with an electron
radical, frozen in a glass state under cryogenic conditions, and irradiated
at or near the electrons microwave Larmor frequency [204,205]. DNP
techniques have been used to give increases in signal-to-noise of more
than 10,000 times [206]. Furthermore, coherent redistribution of po-
larization in parahydrogen experiments using SABRE (Signal Amplifi-
cation By Reversible Exchange) – like experiments [207,208] were used
for hyperpolarization of water and biomaterials [209,210] but not for
measuring iMQCs induced by the distant dipolar field. One possible
explanation is that, to date, methods based on p-H2 have not produced
polarization levels as large as more established methods. Warren and
coworkers showed recently that the level anticrossings (LAC) strategy is
responsible for this lack of SABRE efficiency [211].

The large nuclear magnetization induced by different hyperpolar-
ization methods allows detection of intermolecular multiple-quantum
coherences in liquids, in low abundance and/or low γ isotopes, and
even in low density matter like gases as discussed below.

8.1. iMQCs in hyperpolarized solids and liquids

The generation of multiple echoes due to long-range dipolar fields
has been reported using thermally polarized water or liquid 3He in high
magnetic fields. Based on these results multiple echoes due to distant
dipolar field were investigated for hyperpolarized noble gas solutions
[212]. Optically pumped spin-1/2 noble gas atoms were studied for
129Xe dissolved in cyclohexane (Fig. 29) or 3He dissolved in superfluid
4He at T = 1.3 K.

There are several reasons for the use of this set-up since higher po-
larization (>30 %) than that obtained by high magnetic field or by ex
situ DNPs can routinely be produced. That allow production of large
average dipolar fields compared to those in bulk water in a high mag-
netic field. Long values for T1 and T2 permits several experiments with
one polarization batch by slice selection. The results discussed in this
study showed that the description of the spin dynamics in terms of the
density matrix or mean field are equivalent at low spin temperatures as

Fig. 29. Multiple spin echoes obtained with the pulse sequence similar to
CRAZED using dissolved laser-polarized xenon. A series of spin echoes are
observed for inter-echo times of a) τ = 70 ms and b) τ = 45 ms. The inserts
display the corresponding echo widths. Reproduced from [212]
with permission.
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Fig. 30. Comparison between SQCs and iDQCs echo-planar NMR imaging. The parameters for the experiments are given in Ref. [214]. Images obtained from
thermally polarized sample using SQCs and iDQCs methods are shown in figures C) and E). Under these conditions no iDQCs image could be discerned for a thermally
polarized sample. Reproduced from [214] with permission.
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10 mK for 129Xe or 10 μK for 3He [212].
For typical experimental conditions, well-resolved echoes are ob-

tained (Fig. 29a) and for larger magnetization and a short echo time, up
to 14 echoes have been observed (Fig. 29b). In the ideal situation i.e., an
infinite medium, no diffusion, no relaxation, and uniform RF excitation
pulses, the amplitude A(n)

id. of the n
th echo normalized to the amplitude of

the first echo is given by

A(n)
id. =

Jn
(
nωdipτ

)

J1
(
ωdipτ

) (43)

where ωdip = μ0γM0 and Jn is the nth Bessel function of the first kind
[212]. This result opens the way to using nonlinear multiple echoes
resulting from long-range dipolar fields to determine the absolute
magnetization in hyperpolarized liquids without signal calibration, and
with application to quantitative imaging.

An interesting result was obtained by Warren et al. for non-proton
iMQCs showing that carbon hyperpolarization in urea by ex situ DNP
permits iMQCs signals to be detected with intensities comparable to
those previously seen in water [213]. For low concentration thermally
polarized samples of low γ nuclei such as 13C, the small thermal equi-
librium magnetization makes iMQCs detection nearly impossible.
However, for hyperpolarized samples the dipolar demagnetization time
becomes reasonably short, and in fact the signal gain can be larger for
iMQCs sequences than for conventional imaging.

Based on the same approach as discussed above Frydman et al.
showed that DNP endows iMQCs-based 1H NMR spectra, with a

sensitivity that amply exceeds that of their thermally polarized single-
quantum counterpart, as confirmed by single-scan 2D imaging experi-
ments [214]. Hyperpolarization was achieved at 1.5 K on a 50 % v/v
solution of CD3OH in DMSO‑d6 with free radical TEMPO. The hyper-
polarized sample was transferred to an 11.7 T NMR spectrometer using
CD3OD as a melting/carrying solvent. Sequences employed to collect
single-scan SQCs and iDQCs using EPI of the same DNA hyperpolarized
solution are shown in Fig. 30 along with the pulse angles, timings and
field gradients. These results can enable for instance, the observation of
metabolites with intrinsically low sensitivity.

8.2. iDQCs in hyperpolarized gases

The high nuclear polarization of laser-polarized noble gases allows
detection of long-range dipolar fields and consequently, the generation
of iMQCs. To this purpose the CRAZED pulse sequence (see Section 3)
was used with the second RF pulse having a flip angle of 120◦ for iDQCs
excitation. The experiments were made on hyp-3He/SF6mixture where a
polarization of 60 % is routinely obtained, independent of the external
magnetic field strength [215,216]. The iDQCs signal decreases with
increase in diffusivity (Fig. 31a). The time of the signal maximum is
given by [217],

tmax ≈ 2.2/(μ0γM0) (44)

For light-polarized gases tmax is of the order of a few ms and can be
controlled by the polarization itself. A major drawback of this approach
is that the spin polarization is not renewable after the action of RF
pulses. This obstacle is overcome using an automated setup that permits
the refilling and mixing of different gases [19]. The dependence of
iDQCs signal as a function of time during the detection period of the
CRAZED sequence and the RF flip angle β, are given in Fig. 31a and b,
respectively. We can note that the correlation distance dc = π/γGT, for
these experiments was 1.7 mm, that is about 1–2 orders of magnitude
longer than typical values in liquids [218].

The large signal intensity for laser-polarized gases makes it possible
to investigate the influence of rapid diffusion on the formation of the
inhomogeneous spin echo in the presence of an external field gradient.
This was studied for hyperpolarized 3He gas at different diffusivities
[219]. The fast stochastic molecular motions leads to frequency shifts of
isochromats during echo formation that can be detected by a temporal
shift of the echo maximum.

This effect can be attenuated in the presence of binary gas mixtures
and can be varied over a considerable range by changing the molar
fraction of the mixtures and the molar mass ratio of the partners [216].
The reduced diffusivity of hyperpolarized 3He and 129Xe in the gas
mixtures allows detection of iMQCs.

9. Collective effects induced by long-range dipolar fields and
radiation damping

In low polarized spin systems in the absence of long-range dipolar
interactions and radiation damping the spin dynamics can be assumed to
be independent of the sample magnetization and thus behave linearly.
Where the magnetic field produced by the magnetized sample becomes
large enough, there can be a rich behavior of spin dynamics ranging
from spectral clustering, precession instabilities, amplification of weak
spin precession signal, and spin turbulences. Due to these collective ef-
fects, the well-controlled distribution of transverse magnetization in the
case of ideal description is not stable against small perturbations that
grow exponentially as a function of time and cause turbulence of the
spin dynamics. It was shown that these collective effects in spin dy-
namics arise from long-range dipolar interactions and radiation damp-
ing each acting alone or in combination. These complex spin behavior
can possible affect the quality of magnetic resonance images made at
ultrahigh magnetic fields or under hyperpolarization conditions. Non-

Fig. 31. A) idqcs magnitude-mode nmr signal detected in a crazed experiment
of light polarized3He at partial pressure of 1 bar and different partial pressure of
SF6. The diffusivities are given in the inset. b) Experimental data and theoretical
curve of iDQCs magnitude-mode NMR signal as a function of β angle of CRAZED
pulse sequence. For this experiment a gas mixture containing 1 bar 3He and 6
bar SF6. Adapted from [216] with permission.
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linear spin effects can severely degrade radio-frequency pulse perfor-
mances and hence the quality of MR images or high-resolution spectra.
Furthermore, the existence of these collective effects stresses, the
importance of providing control of radiation damping using simple

electronic circuits. The observation of collective effects such as spin
turbulence in a standard liquid NMR experiment will also require long
relaxation times.

Fig. 32. (a) The highly polarized 3He NMR spectrum that consists of two intense peaks due to a different orientation of liquid mixture in a U-shaped tube. This
geometry will lead to different orientation of distant dipolar fields relative to static magnetic field. The other less intense peaks corresponds to spectral clustering. (b)
Laser polarized 129Xe spectrum with a polarization of 18% obtained using a small flip angle RF pulse of 2.5◦. Adapted from [18] with permission.

Fig. 33. a) Spectral clustering simulation for small tip angles obtained from the nonlinear Bloch equation [222]. b) An unexpected feature of the spectral clustering is
the transformation of an eight-line spectrum without dipolar coupling into an essentially two-line spectrum for large dipolar coupling [221]. Adapted from [221] and
[222] with permission.

Fig. 34. Left-hand panel: superposition of free induction decays for 95 % water after the pulse sequence (π/2)x-(GT)z with the sample temperature stabilized at (A)
25 ◦C, (B) 30 ◦C, and (C) 25 ◦C beginning 30 min after a magnet fill. Right-hand panel: The numerical simulation of the evolution of helix vector m+(z,t). Adapted
from [104] with permission.
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9.1. Spectral clustering

The distant dipolar fields are able to induce a distribution of spin
resonance frequencies leading to coherent precessions of the different
local magnetization voxels in a collective manner [18,20,220–223]. This
effect was observed for the first time in a highly polarized liquid sample
that consisted of a mixture of 4 % 3He in 4He with a 3He nuclear po-
larization of 56 % [219]. A small angle (π/32) excitation radio-
frequency pulse was applied to obtained the spectrum shown in Fig. 32a.

The existence of multiple narrow peaks is also evident in the NMR
spectrum of hyperpolarized 129Xe liquid using a small flip angle RF pulse
as shown in Fig. 32b, [16,20,220–224]. The clustering effects were also
analyzed in connection with the CRAZED method with the development
of the MAXCRAZED and GRACE pulse sequences using small flip angle
RF excitation [225,226].

The physics related to the spectral clustering process was discussed
by Jenner [20,221,222], being related to the interplay between the
distribution of resonance frequencies and the long-range dipolar field
that dynamically allows the disappearance of the inhomogeneous line-
broadening mechanism. This is shown in Fig. 33. The ratio of the
dipolar frequency to the inhomogeneous external magnetic field is
indicated on each simulated spectrum [222].

For the case of small tip angles of RF pulses the spectral clustering
occurs in standard high-resolution NMR in liquids, when the maximum
equilibrium of the dipolar demagnetization field is comparable to or
larger than, the static magnetic field inhomogeneity over the sample.
The spectral clustering was illustrated on a discrete model involving
eight equal spin magnetizations at the corner of a cube, in a large
external magnetic field oriented along the 1–4 direction with small in-
homogeneity. Initially, the spin system is in thermal equilibrium and the
response is simulated after the action of a small RF pulse. The peak in-
tensities are plotted as a function of distant dipolar field strength. The
spectral clustering effect is represented by the transformation of an
eight-line spectrum without DDF into an essentially two-line spectrum

for large coupling. Moreover, by increasing the tip angle, numerical
simulations shown in Fig. 33b indicate that the clustering persists until
spin instability sets in [221]. We can notice that the clustering and spin
turbulence effects (vide infra) are classical phenomena related to spatial
inhomogeneity of the macroscopic magnetization, which do not require
a quantum–mechanical description for their interpretation [221].

As pointed out by Desvaux, [18] a qualitative description of spin
clustering can be obtained based on the series of non-local coupled Bloch
equations associated with the evolution of each local complex magne-
tization Mk

+ of spin k, i.e.,

d
dt
Mk

+ = iωʹ
kM

k
+ +

1
2
∑

l∕=k
dlkMl

+ −
1
T2
Mk

+ (45)

where ωʹ
k is the local resonance frequency that is related to the local

average dipolar field characterized by the constant dlk. The solution of
the set of coupled differential equation leads to the simulated clustered
spectra shown in Fig. 33. When the average dipolar frequency is larger
compared to the local chemical shifts the eigenvectors of Eq. (45)
become a combination of a large number of local magnetization voxels
leading finally to the collective effects as shown in Fig. 33, [18].

9.2. Spin turbulence and magic sandwiches as a probe of spin instabilities

Warren et al. demonstrated experimentally and theoretically that
resurrection of the crushed magnetization and the presence of spin in-
stabilities can take place in solution NMR spectroscopy [225]. The long-
range dipolar field and radiation damping can combine to generate
chaotic dynamics of the spin magnetization even with the simplest pulse
sequences. In many imaging and solvent suppression experiments the RF
pulse/gradient scheme as (π/2)x-(GT)z has been used, where the crusher
gradient has the strength G and duration T [106 and references therein].
This spin system behavior is shown in Fig. 34a after the action of (π/2)x-
(GT)z pulse scheme. The onset of instabilities is found by numerically

Fig. 35. Left-hand side panel: The formation of magic spin echoes for the initial time evolution of τ = 70 ms after the 90◦ preparation time. Magic sandwiches of
various duration t are then used to progressively refocus the magnetization. The signal traces (a), (b), and (c) are detected immediately after the magic sandwich for
times t = 2τ/3 (black square), t = τ/3 (blue circle) and t = 0 (red triangle). Traces (d) − (f) show the free induction decay evolution at t = -τ when the magic or mixed
echo is formed. Right-hand side panel: Traces (a) to (d) correspond to magic echo trains that are observed when repeated magic sandwich (RMS) sequences with
delay times t = 16, 24, 32, and 40 ms, respectively, are applied to the magnetization. The symmetries of alternating magic sandwiches are inverted to reduce phase
errors. The parameters of these experiments are described in Ref. [233]. Adapted from Ref. [233] with permission. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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integrating the Bloch equations without relaxation and diffusion effects
(Fig. 34b). Moreover, for a spin concentrated sample or in the presence
of hyperpolarization as well as at ultrahigh magnetic fields the partially
canceled magnetization is amplified by a large factor 102-104 (resur-
rection) before it decays away. The essential role played by the distant
dipolar field in the process of spin turbulence was proved by detecting
an NMR signal with a magic-angle gradient that makes the distant
dipolar field very small. In this situation the resurrected signal detected
after the gradient is almost cancelled [104].

NMR time-reversal pulse sequences based on magic and mixed spin
echoes acting in the presence of homonuclear and heteronuclear dipolar
coupled spin network [227–232], prove to be efficient tools to manip-
ulate the long-range dipolar interaction present in the spin system with
strong magnetization induced by hyperpolarization [233]. This NMR
approach was applied for many-body dipolar coupled nuclei in solids
showing that it is possible to generate MR images of residual dipolar
couplings [230–232]. Furthermore, the possibility of generating magic
and mixed spin echoes was proven for spin systems in liquids [233]. This
sheds light on the deleterious effects of spin turbulence that can be
controlled or suppressed.

The reported experiments where performed on dilute non-
degenerate mixtures of hyperpolarized 3He (typically ≤ 40%) in liquid
4He at temperature of about 1 K, and a magnetic field flux density of 2.3
mT [233]. The time reversal pulse sequence was applied at the 3He
resonance frequency. The experimental results shown in Fig. 35 can be
interpreted by taking into account that (i) the radio-frequency field of
the magic sandwich (see Ref. [227]) must be larger than the long-range
dipolar field, and (ii) during the action of the magic sandwich the value
of long-range dipolar coupling is scaled by a factor of − 1/2.

The most important feature of the results shown in Fig. 35 (left-hand
side panel) is that large NMR signals are detected long after the net
transverse magnetization normally would have averaged to zero. The
evolution of magnetization after the action of magic sandwich trains of
different duration are shown in Fig. 35 (right-hand side panel). In this
case two distinct signal behaviors were detected [233]. In the initial
period, the imperfect refocusing dominates. In the second phase
magnetization losses continue to be incurred, but at significantly lower
rates. The apparent lifetimes of these dynamically sustained precession
signals are in some cases more than three orders of magnitude longer
than the characteristic coherence time decay of the freely evolving nu-
clear magnetization.

The results discussed above have demonstrated the existence of
magic echoes and spin echoes trains in highly polarized liquid samples
that are dominated by nonlinear and nonlocal, long-range dipolar in-
teractions. Repeated magic sandwich pulse sequence can be used to

dynamically stabilize modes of nuclear precession that are otherwise
intrinsically unstable. Hence, the effective precession lifetimes of nu-
clear magnetization was prolonged [233]. Moreover, the competition
between nonlinear spin dynamics and spin diffusion can explain the
experimental results. The approach based on mixed echoes [232,233]
gives information about the control of spin instabilities.

9.3. Collective effects in a hyperpolarized NMR maser

In a series of papers some new and old established collective effects
were reported [228–237]. When the magnetization of dissolved hyper-
polarized 129Xe is intense and prepared in a state with an inverted
Boltzmann population the spin system spontaneously emits a series of
random radio-frequency bursts characterized by a very narrow band-
width without RF pulse excitation (Fig. 36) [235–237]. The character-
istic of this chaotic NMR-maser can be explained in the framework of
non-linear Bloch equations that takes into account the inhomogeneous
spatial organization of the 129Xe magnetization, and which can be
described by the distant dipolar field corroborated with radiation
damping. The detection of spectral clustering in laser-polarized 129Xe
with inverse Boltzmann spin distribution indicates the presence of
distant dipolar couplings [235].

129Xe multiple spontaneous NMR maser emissions are shown in
Fig. 36 [235]. The Fourier transform of the free induction decay for a
particular burst reveals the existence of a superposition of frequencies in
each burst. This effect is detected without any renewal of the xenon
magnetization inside the detection region by macroscopic transport
mechanisms.

Furthermore, this can be correlated with the presence of the distant
dipolar field that decays in strength due to reduction of negative lon-
gitudinal magnetization during the multiple RF emissions. The interplay
between spin system dynamics, radiation damping and long-range
dipolar field was proved using numerical simulations [237]. These
simulations are based on non-linear Maxell − Bloch differential equa-
tions that prove that observed random amplitude modulations require
long-distance dipolar couplings between nuclear spins with the feedback
field acting as an amplifier. Due to this process the magnetization is
largely tilted off the longitudinal axis, as an apparent transverse self-
relaxation which destroys coherence. It is suggested that this mecha-
nism explains why the final magnetization after emission can still be in
the opposite direction to the magnetic field [237].

The effects of the long-range dipolar field in combination with ra-
diation damping in a solid-state NMR maser pumped by dynamic nu-
clear polarization (DNP) was reported by Abergel and coworkers
[238,239]. The nuclear spins represented by fully protonated com-
pounds like H2O were efficiently polarized by TEMPOL having a broad
EPR line typical of nitroxides. The DNP experiments were performed at a
temperature of about 1.27 K, and the microwave frequency was set so as
to negatively polarize nuclear spin. The buildup time was set to 40 min
after which the acquisition started typically lasting for tens of thousands
of seconds. This leads to multiple 1H maser burst, triggered by noise or
an RF pulse [239]. Sustained maser bursts upon continuous microwave
irradiation obtained as a pseudo-2D experiment on solid para-
magnetically doped water similar with those shown in Fig. 36 was also
reported [239]. A theoretical model was proposed for the collective
dynamics of a spin ensemble subject to the combination of radiation
feedback from the NMR probe, long-range dipolar field, and DNP in the
thermal mixing regime. The dynamics of the spin system are non-local
and nonlinear being described semi-quantitatively by modified Bloch-
Maxwell equations. Numerical simulations based on these equations
allow the complex time evolution of the total nuclear magnetization to
be studied. These partially explain the experimental results due to a
large number of parameters and time scales that include the shape of the
sample and the spin density [239]. The effect of the distant dipolar field
is revealed in the magnetization time evolution and can be explained by
the presence of efficient radiation feedback that leads to a persistent

Fig. 36. Spontaneous emission of optically polarized 129Xe (polarization of 27
%) with a negative Boltzmann temperature. a) Free induction decay of 129Xe
with a duration of 8.5 min. b) The FID structure for the first NMR maser beat
showing the presence of distant dipolar field. c) to e) show the Fourier trans-
form of the partial FIDs indicated by arrows. The narrower linewidth (about
0.034 Hz) of the NMR spectrum in e) is resulting from the decrease in the
average dipolar field due to decay of spin polarization. Reproduced from [235]
with permission.
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coherence on the time scales of minutes.

10. Conclusions and outlook

This review discusses the basic foundation of nonlinear NMR
revealed in solid, liquid, and gaseous samples by dedicated experiments
such as multiple spin echoes and intermolecular multiple quantum co-
herences 2D spectroscopy. The high harmonic resonances which are
signature of iMQCs have triggered extensive theoretical and experi-
mental activity. This resulted in exciting novel applications in magnetic
resonance 2D spectroscopy under spatially localized conditions, mag-
netic resonance imaging, and magnetic resonance thermometry. These
spin non-linear effects can severely deteriorate radio-frequency pulse
performances and hence the quality of MR images or high-resolution
spectra especially at ultrahigh magnetic field or under hyperpolar-
ization conditions.

Recently MRI at low magnetic fields (0.05–1 T) has becomes an
active field of investigation [240–244], and hence it is of interest to
analyze whether intermolecular multiple-quantum coherences can be
excited with enough efficiency at such fields. To this purpose, the
contribution of high-order terms in the density operator at thermal
equilibrium at two magnetic flux densities of B0,low = 0.05 T and B0,high
= 7 T should be compared. The terms of the density operator expansion
related to the bilinear spin operators have a relative factor proportional
to (B0,low/B0,high)2, leading to cross peaks in a CRAZED-like experiment
at low field about 10-4 times smaller compared to the that measured at
high field. Moreover, a reduction in the strength of the dipolar demag-
netization field will take place with negative consequences on the
amplitude of nonlinear spin echoes and the intensities of cross-peaks.
For water at room temperature, in a magnetic field corresponding to a
proton Larmor frequency of 600MHz, the demagnetization field shift for
protons in a cylindrical sample was estimated to be − 0.8 Hz [22], but
the shift of − 2x10-3 Hz at 0.05 T is very low. For experiments made at
low magnetic fields M0 is smaller and therefore, the dipolar demagne-
tization time becomes longer reducing the intensity of cross-peaks
generated by the CRAZED pulse sequence. Hence, MRI and MRS using
iMQCs are unlikely to be achievable at low magnetic fields without
applying efficient hyperpolarization methods.
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image contrast based on intermolecular double-quantum coherences, Magn.
Reson. Med. 60 (2008) 1306–1312, https://doi.org/10.1002/mrm.21768.

D.E. Demco et al. Progress in Nuclear Magnetic Resonance Spectroscopy 146–147 (2025) 101557 

39 

http://refhub.elsevier.com/S0079-6565(25)00001-9/h0450
https://doi.org/10.1063/1.445692
https://doi.org/10.1063/1.445692
https://doi.org/10.1016/j.jmr.2004.08.023
https://doi.org/10.1016/j.jmr.2004.08.023
https://doi.org/10.1016/j.cplett.2004.01.055
https://doi.org/10.1016/j.cplett.2004.01.055
https://doi.org/10.1021/ja054463m
https://doi.org/10.1021/ja054463m
https://doi.org/10.1016/j.physb.2005.02.026
https://doi.org/10.1002/mrm.21007
https://doi.org/10.1016/S0066-4103(07)61101-6
https://doi.org/10.1063/1.431994
https://doi.org/10.1006/jmre.2000.2149
https://doi.org/10.1006/jmre.2000.2149
https://doi.org/10.1063/1.2803900
https://doi.org/10.1063/1.2803900
https://doi.org/10.1021/jp071187k
https://doi.org/10.1021/jp071187k
https://doi.org/10.1038/nphys597
https://doi.org/10.1038/nphys597
https://doi.org/10.1126/science.290.5489.118
https://doi.org/10.1016/j.cplett.2004.06.087
https://doi.org/10.1063/1.3076046
https://opg.optica.org/as/abstract.cfm?URI=as-63-5-585
https://opg.optica.org/as/abstract.cfm?URI=as-63-5-585
https://opg.optica.org/as/abstract.cfm?URI=as-64-2-235
https://opg.optica.org/as/abstract.cfm?URI=as-64-2-235
https://doi.org/10.1016/j.cplett.2015.02.028
https://doi.org/10.1006/jmre.2001.2340
https://doi.org/10.1006/jmre.2001.2340
https://doi.org/10.1016/j.cplett.2006.09.033
https://doi.org/10.1016/S0730-725X(01)00223-5
https://doi.org/10.1016/S0730-725X(01)00223-5
https://doi.org/10.1002/cmr.10006
https://doi.org/10.1016/j.jmr.2005.09.013
https://doi.org/10.1016/j.jmr.2009.12.007
https://doi.org/10.1002/jmri.23839
https://doi.org/10.1002/mrm.22224
https://doi.org/10.1016/j.cplett.2015.05.030
https://doi.org/10.1016/j.cplett.2015.05.030
https://doi.org/10.1126/science.7839140
https://doi.org/10.1103/PhysRevLett.76.4971
https://doi.org/10.1103/PhysRevLett.76.4971
https://doi.org/10.1063/1.474435
https://doi.org/10.1063/1.474435
https://doi.org/10.1063/1.473388
https://doi.org/10.1063/1.473388
https://doi.org/10.1126/science.255.5045.714
https://doi.org/10.1126/science.255.5045.714
https://doi.org/10.1103/PhysRevE.66.041201
https://doi.org/10.1002/mrm.1910370305
https://doi.org/10.1002/mrm.1910370305
https://doi.org/10.1006/jmre.1998.1540
https://doi.org/10.1016/0022-2364(86)90031-4
https://doi.org/10.1016/0022-2364(85)90033-2
https://doi.org/10.1016/0022-2364(85)90033-2
https://doi.org/10.1002/mrm.1246
https://doi.org/10.1016/s0730-725x(01)00243-0
https://doi.org/10.1002/(SICI)1522-2594(200005)43:5<627::AID-MRM2>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1522-2594(200005)43:5<627::AID-MRM2>3.0.CO;2-J
https://doi.org/10.1126/science.281.5374.247
https://doi.org/10.1126/science.281.5374.247
https://doi.org/10.1016/S0730-725X(00)00133-8
https://doi.org/10.1016/S0730-725X(00)00133-8
https://doi.org/10.1002/1522-2586(200008)12:2<311::AID-JMRI14>3.0.CO;2-6
https://doi.org/10.1002/1522-2586(200008)12:2<311::AID-JMRI14>3.0.CO;2-6
https://doi.org/10.1002/jmri.10208
https://doi.org/10.1002/jmri.10208
https://doi.org/10.1002/mrm.20506
https://doi.org/10.1002/mrm.21406
https://doi.org/10.1007/s10334-007-0093-z
https://doi.org/10.1007/s10334-007-0093-z
https://doi.org/10.1002/mrm.21768


[144] C. Faber, C. Heil, B. Zahneisen, D.Z. Balla, R. Bowtell, Sensitivity to local dipolar
fields in the CRAZED experiment: An approach to bright spot MRI, J. Magn.
Reson. 182 (2006) 315–324, https://doi.org/10.1016/j.jmr.2006.05.002.

[145] A.T. Markkola, H.J. Aronen, T. Paavonen, E. Hopsu, L.M. Sipila, J.I. Tanttu,
Sepponen, Spin lock magnetization transfer imaging of head and neck tumors,
Radiology 200 (1996) 369–375, https://doi.org/10.1148/
radiology.200.2.8685328.
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CSF: cerebrospinal fluid
CPMG: Carr-Purcell-Meiboom-Gill pulse sequence
COSY: correlation spectroscopy
CRAZED: correlation spectroscopy revamped by asymmetric z-gradient echo detection
DDF: distant dipolar field
DNP: dynamic nuclear polarization
EPI: spin-echo planar imaging
EPR: electron paramagnetic resonance
FLASH: fast low angle shot
IDEAL: intermolecular dipolar-interaction enhanced all lines
HeMQ: heteronuclear multiple quantum
HOMOGENIZED: homogeneity enhancement by intermolecular zero-quantum
HOT: homogenized with off-resonance transfer
iMQCs: intermolecular multiple-quantum coherences
ISIS: image-selected in vivo spectroscopy
iZQCs: intermolecular zero-quantum coherences
iDQCs: intermolecular double-quantum coherences
iSQCs: intermolecular single-quantum coherences
fMRI: functional magnetic resonance imaging

MQCs: multiple-quantum coherences
MRI: magnetic resonance imaging
MRS: magnetic resonance spectroscopy
MSE: multiple spin echoes
MTC: magnetization transfer contrast
NOSE: nonlinear stimulated echoes
PDMS: poly(dimethylsiloxane)
PHIP: parahydrogen induced polarization
PRESS: point resolved spectroscopy
RARE: rapid imaging with refocused echoes
RF: radio-frequency
SABRE: signal amplification by reversible exchange
SNR: signal-to-noise ratio
SSTE: shifted stimulated echoes
STEAM: stimulated echo acquisition mode
TEMPOL: 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
TQ: triple quantum
TROSY: transverse relaxation-optimized spectroscopy
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