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A one-dimensional NMR method is presented for measuring the transverse relaxation time, Tb 5, of intermolecular

multiple quantum coherences (IMQCs) of coherence order n in highly polarized spin systems. The pulse sequence

proposed in this paper effectively suppresses the effects of radiation damping, molecular diffusion, inhomogeneity of

magnetic field, and variations of dipolar correlation distance, all of which may affect quantitation of T ,. This pulse

sequence can be used to measure not only IMQC transverse relaxation time T ,(n > 1) quickly and directly, but

also the conventional transverse relaxation time. Experimental results demonstrate that the quantitative relationship

between T ,,(n > 1) and T is To p, & T2 /n. These results will be helpful for understanding the fundamental properties

and mechanisms of IMQCs.
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I. INTRODUCTION

Relaxation properties of spin systems can pro-
vide useful information concerning rotational motion,
transport properties, molecular structure, and molec-
ular interactions. Since the information contained in
the relaxation times of multiple-quantum coherences
(MQCs) and single-quantum coherences (SQCs) is of-
ten complementary, there has been great interest re-
Multiple-
quantum spectroscopy opens new perspectives for re-

cently in the relaxation times of MQCs.

laxation studies. There are mainly two kinds of re-
laxation times: longitudinal relaxation time, T7, and
transverse relaxation time 75. The Carr-Purcell-
Meiboom-Gill (CPMG) method is a most common

[1:2] gince the method can

method for measuring Tb,
effectively suppress the effects of diffusion, inhomoge-
neous broadening, and the effects of radiation damp-
ing in highly polarized spin systems.®>* However, the
CPMG method can only be used to measure trans-
verse relaxation times of SQCs. Since one cannot ob-
serve MQC signals directly, MQC transverse relax-
ation time of coherence order n, 13 ,,, are mostly mea-

sured by means of two-dimensional NMR, methods,

which transfer MQC terms into SQC terms. The line
width at the half height of a specific peak in the in-
direct dimension is usually used to determine T3 ,,.
However, this is a time-consuming and complicated
method, prone to experimental errors. Some meth-
ods of one-dimensional NMR were designed to mea-

[6-10] These methods are based on

sure 15 ,, directly.
the following scheme: 1) MQC terms of a specific or-
der is selectively produced in the prepared period; 2)
the MQC terms are subjected to a free precession and
an MQC relaxation attenuation during the evolution
period; 3) the MQC terms are transferred into observ-
able SQC terms during the mixing period; 4) the SQC
signals detected during the detection period are modu-
lated by the decayed MQCs; and 5) T5 , is determined
by fitting an array of SQC signals, which are modu-
lated by the evolution period 7 of the MQCs.[6! In the
past few years, the physical phenomena of intermolec-
ular multiple-quantum coherences (IMQCs) in highly
polarized spin systems have attracted great attention
but have also aroused controversy. There are three
theoretical pictures to explain the new experimental
phenomena, including: 1) quantum-mechanical ma-
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trix treatment, i.e. IMQC theory;''=13 2) demag-
netizing field treatment;'¥ and 3) radiation damp-
ing treatment.[*15] Though the three treatments dif-
fer significantly in their forms and there are still some
theoretical issues remaining to be addressed, the ef-
fects of IMQCs and their potential application have
caused great interest in the nuclear magnetic reso-
nance (NMR) community. Warren and co-workers
first reported a novel magnetic resonance imaging
(MRI) method based on intermolecular zero-quantum
coherence to obtain rat brain images at 9.4T.['6] Re-
cently, we analysed the properties of IMQCs in de-
tail. We also predicted and verified a series of new
effects.['7=20] We obtained, for the first time, inter-
molecular double-quantum coherence (DQC) human
brain images on a whole body 1.5T clinical scanner.[!]
These results demonstrated that contrast mechanisms
and properties of IMQC MRI are different from those
of conventional SQC MRI as well as intramolecular
MQC MRI. IMQC imaging may provide more sensi-
tive and specific methods for function MRI.[16:21,22]
The purpose of this paper is to design a new pulse se-
quence to measure IMQC T ,, directly and accurately.
We also quantify properties of IMQC T5 ,, experimen-
tally in a simple system.

II. PRINCIPLES AND METHODS

Since several effects such as molecular diffusion,
radiation damping, inhomogeneity of magnetic field
and variation of dipolar correlation distance may af-
fect the measurement of IMQC T3 ,,, these effects need
to be effectively suppressed in order to warrant the ac-
curate measurement of 75 ,,. Therefore, we designed
the pulse sequence shown in Fig.1.[!! In the following,
we will explain why the pulse sequence can be used to
measure 15 ,, directly and accurately.

(7/2)= (m)y (B)=
Acq.
re_| I | Aca
DI
G _¢ca —~GGonGo
Gz
G, G2 Gs G4GsGs

—r —

Fig.1. Pulse sequence for measuring IMQC T% ,, directly.

According to the IMQC theory,['1-12] all orders of
IMQC are produced after the first (r/2), pulse is ap-
plied to a highly polarized nuclear spin system. The

non-selective pulse (), is inserted at the middle of the
evolution period, so Hahn echo is formed at the end of
the evolution period. It means that the inhomogeneity
of static magnetic field is effectively suppressed.
Similar to intramolecular MQCs, the attenuation
of the nth-order IMQCs due to transverse relaxation
satisfies a mono-exponential relationship during the
evolution period. The (8), pulse transfers the nth-
order IMQCs, selected by the coherence-selection gra-
dients G5 and Gg, to observable SQCs. The signal
intensity of the SQCs is modulated by the IMQC T3 ,,
Clearly, IMQC T3,
can be calculated from an array of signal intensities

during the evolution period 7.

for different evolution period 7, which is similar to
the method employed to measure intramolecular MQC
Tg)n.

Now we discuss the effects of radiation damp-
ing. Radiation damping is characterized by a radi-

ation damping decaying factor, Tyq, which is defined
(15]
as

Tra = 2(poynQ@Mo) ", (1)

where po is the magnetic conductance in vacuum, vy
the gyromagnetic ratio, n the filling factor of the sam-
ple in the detecting circuit; @ the quality factor of the
resonant circuit; My the thermal equilibrium magne-
tization per unit volume, which is proportional to the
density of nuclear spin and the intensity of static mag-
netic field. It is known that a small value of T,.q will
produce pronounced effects of radiation damping. In
our sequence, effects of radiation damping are effec-
tively suppressed by two pairs of z gradients of identi-
cal durations but opposite polarities, G1, G and G3,
G4.123] The first gradient G, or Gs of each pair of the
bipolar gradients dephases transverse coherences to
suppress radiation damping while the second gradient
G5 or G4 of each pair refocuses transverse coherences.
Effects of radiation damping are further suppressed by
decreasing the volume of the sample to decrease n and
by deliberately detuning the probe to decrease ). Al-
though the bipolar gradients G1, G2 and G3, G4 can
effectively suppress the radiation damping during the
evolution period, effects of radiation damping during
the detection period are still active. In order to reduce
these effects, a small flip angle 8 pulse was used to
decrease the transverse component of magnetization.
Test results demonstrated that the effects of radiation
damping during both evolution and detection periods
were significantly suppressed when the above methods
were applied. Therefore, effects of radiation damping
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will be neglected in the following discussion.

Now we discuss how to remove confounding ef-
fects of molecular diffusion. To simplify discussion
and notation, it is assumed that the attenuation due
to molecular diffusion and relaxation follows a mono-
exponential relationship. According to the IMQC the-
ory, the signal at time ¢ during the detection period

can be written as [12]

. o d
M, (7,t,G, Go) :in_lnMoe_mQTe_‘Qt%Q—T/Tz,n

-e_t/Tze_le"f(ég,Go,n), (2)

where (2 is the frequency offset in the rotating frame,
n the coherence order of IMQC, J,(§) the nth-order
Bessel function, £ = tAg/7q the argument of the Bessel
function, in which 7q = (yuoMp)~! the dipolar de-
magnetization time, As = [3(8 - 2)? — 1]/2, 2 the di-
rection of the static magnetic field, 8 the direction of
coherence-selection gradients G5 and Gg; f(d2, Go, n)
a function representing diffusion attenuation due to
the gradients of G5 and Gg during evolution and de-
tection periods. e~ 7/T2n the attenuation due to Ts.p
during evolution period; e~%1P» the attenuation due
to IMQC diffusion during evolution period, in which
the diffusion weighting factor b; during evolution is
given by!?4

2
by = ’}/QGQ&% (Al + Ag — 561), (3)

where Ay = %—51 and Ay = %—51—52. If 6, and &,
are kept constant, by depends only on 7 and G. Since
Eq.(2) is a function in time domain, a Fourier trans-
formation is needed to obtain an analytical expression
in frequency domain. We have

Ts )
I(wa T, Ga GO) = / Mn (Ta tv G7 G0)67JWtdt7 (4)
0

where w is the angular frequency and T, the acqui-
sition time. Experiments with an array of 7 were
performed when gradient amplitude G was set to G,
and Gy = V2G,, respectively. If we define a function

E’n(wa T, Gau Gb7 GO) as

12(""}7 7, Ga7 GO)

E’n,(vav GavavGO) = I(w T Gb GO) )

(5)

with substitution of Eqgs.(2), (3) and (4) into Eq.(5),

we obtain

E,(w,7,Gq,Gs, Go)
ZA((U, Go)

{exp [—76’36% (T — 251 — 52) Dn} exp_T/TZv"}

€Xp |: - FYGE(S% <7' — 251 — 52) Dn:| exp—T/Tz,n

=A(w, Go)e /T2, (6)

where A(w,Gp) is a function of w and Gy. Equa-

tion (6) contains no cross terms between molecular
diffusion and IMQC T5,,. Since E,(w, T, Gq,Gp, Go)
is independent of diffusion, it can be simplified into
E, (w, T, Go) which suggests an exponential decay with
time constant 75 ,. On the other hand, substituting
Egs.(2) and (3) into Eq.(4), we deduce I(w, T, G,Gy)
to be an exponential function of 7, which can be writ-
ten as

I(w,7,G,Go) = B(w,G,Go)e”™/TE  (7)

where B(w, G, Gy) is a function of w, G, and Gp; and
T(G) is a time constant which characterizes an ex-
ponential attenuation of I(w, T, G, Gp). Substituting
Eq.(7) into Eq.(5), we have

E,(w,7,Gq, Gy, Go)
[B(w, Gy, Go)e~™/T(Ga)]?
B(w, Gb, Go)efT/T(Gb)

=C(w, Gq, Gy, Gp)exp [ - T(

ey @)

Since Eq. (6) is equivalent to Eq. (8), we have

R S o
T2,n B T(Ga) T(Gb)

Since T(G,) and T(Gp) can be calculated by fitting
two arrays of experimental data of different 7 values
when the gradient amplitude G of G1, G2 and G3, G4
pairs is set to Gy and Gy = V2G, respectively, Eq.(9)
provides an analytical expression to calculate IMQC
Tg)n.

Provided the area of the coherence selection field

gradient G5 is fixed for the pulse sequence shown
in Fig.1, the dipolar correlation distance remains
constant.['6] Therefore, the area of G5 was maintained
constant for measurements of IMQCs of different co-
herence orders presented in this paper.

II. RESULTS AND DISCUSSION

NMR experiments were carried out on a Varian
Unity+ 500 spectrometer, which is equipped with a
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self-shielded z-gradient coil and a 5mm HCN triple-
resonance RF coil of 1.5cm effective length. For all
experiments in this paper, the gradient duration é; of
G1, G2, G3, and G4 was 2ms, the gradient duration
02 of G5 and G was 3ms, the gradient amplitude of
G5 related to dipolar correlation distance was 0.065
T/m. Gradient strengths were calibrated with a gra-
dient profile experiment. Firstly, experimental data
of an array of 7 were acquired when the gradient am-
plitude of Gy, G2, G, and G4 was set to G, then
Eq.(7) was used to fit T(G,). Secondly, experimental
data of an array of 7 with G = V2@, were used to
fit T(Gp). Finally, the IMQC T, of a specific coher-
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ence order n was obtained from Eq.(9). Three samples
made of 80% Hy0+20% D20 were used in this work:
sample a, with long relaxation time; sample b, inter-
mediate relaxation time, with a bit of CuSO4 added to
the sample to shorten transverse relaxation time; and
sample ¢, short relaxation time, with more CuSQy.
In order to test the validity of Eq.(9), the method
proposed herein and the CPMG method were used to
measure SQC transverse relaxation times, 75 1 and 75
respectively. Experimental data and fitting curves are
shown in Fig.2, and the calculated results of 75 ; and
T5 are listed in Table 1.
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Fig.2. Experimental data and their exponential curves for n=1. The symbol “@” represents the experimen-
tal results when G = G4, the symbol “A” represents the experimental results when G = Gy, the solid line is
the fitting curve for the experimental data of G = G4, and dot line is the fitting curve for the experimental
data of G = Gp. (a) Sample a with G4=0.108T-m~!, (b) sample a with G4=0.0337T-m~!, (c) sample b
with G4=0.108T-m~!, and (d) sample ¢ with G¢=0.108T-m~ 1.

Table 1. SQC transverse relaxation times 751 and T5.

Sample Gqo/T-m™1 [T(Ga))t/s71 [T(Gp)]~t/s71 T;j/s’l Tyt /st
a 0.108 6.71 12.50 0.940.1 0.65£0.02
a 0.033 1.14 1.62 0.66+0.09 0.651+0.02
b 0.108 14.1 20.2 8.0+£0.4 8.1£+0.1
c 0.108 24.9 31.2 18.6+0.9 18.1£0.1
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The results listed in table 1 show that the discrep-
ancies between 75 ; and 75 values are quite small for
samples b and c. For sample a, T>; is almost equal
to Ty with G,=0.033T-m ™!, but there is obvious de-
viation between T, and T when G,=0.108T-m~1.
We postulate that it is related to the longer Ty of
sample a. When a larger gradient amplitude such as
G,=0.108T-m~! was used, attenuation due to molec-
ular diffusion is predominant while attenuation due to
relaxation is a minor component for the signal decay.
From the experimental results listed in table 1, one
can find that the ratio of [T'(Gp)]™! over [T(G,)] ™!
in this case approaches 2. This provides positive evi-
dence to support our view. When the smaller gradient
amplitude such as G,=0.033T-m~! was used, atten-
uation due to molecular diffusion became less impor-
tant while attenuation due to relaxation became pre-

dominant. In the latter case, the measured results

show that T5; ~ T5. Measurements of other similar
samples also show the same reasonable trend. How-
ever, it is worth noting that gradient amplitude G,
should not be too small, or pronounced effects of radi-
ation damping may affect the measurement accuracy
of T5;. In addition, data in table 1 suggest that the
CPMG method results in smaller standard measured
errors than the new method does. The reasons are as
follows. For the CPMG method, one array of experi-
mental data is used to fit a Ty value. For the method
proposed herein, two arrays of experimental data and
difference calculations are needed to obtain a T5 value.
Clearly, a difference error is introduced in difference
calculation. Moreover, there are six gradients in the
pulse sequence shown in Fig.1, so unstable gradients
including amplitude, rising time and falling time, may

cause additional measurement errors.

Table 2. Measured results of IMQC T3 .

n Go/T-m™1 T(Ga)" /st T(Gy)~1/s™1 Ty /st
1 0.108 14.1 20.2 8.0+£0.4
2 0.108 31.9 471 1742
3 0.108 45.0 65.5 2543
4 0.075 475 58.2 3746

Even though the method proposed herein may
generate large errors for measuring a SQC transverse
relaxation time, it can obtain satisfactory results if
appropriate parameters are used. This conclusion has
been verified with the results in table 1. The most im-
portant advantage of the new pulse sequence is that it
can be used to measure IMQC T3 ,(n > 1) quickly and
directly. As an example, the experimental results of
IMQC T3, with different orders for the sample b are
listed in table 2. Clearly, they approximately satisfy
the following relationship:

151
T, ~ ——. 10
2, - (10)

Equation (10) is a specific property of IMQCs,
which is different from intramolecular MQCs.!>6! We
use a DQC as an example to concisely analyse the rela-
tionship. An intermolecular DQC can be expressed by
raising and lowering operator I}t .7 where I;” and I,
are two individual spins on different molecules. Since
Il+ and I; are a pair of remote spins, the dipolar in-
teraction between them is very weak, and correlation

between them is very small. If the two spins Ifr and
I2Jr belong to the same type of molecule such as wa-
ter molecules in this paper, each isolated I;” or I
has the identical T5.
I I due to transverse relaxation is approximately
expressed as e~ 7/T2 ¢~ 7/To=¢=27/T2 that is, the in-
termolecular DQC T3 5 is equal to 1/2 of the SQC T5.
In general, the Ty, of the nth IMQC is equal to n~?
of the SQC T5.
sult from interactions of different spins on the same

The attenuation of operator

However, intramolecular MQCs re-

molecule. For example, with I I;7 standing for in-
tramolecular DQC, since I;” and I} are two individual
spins on the same molecule, there are strong interac-
tions such as dipolar interaction and J scalar coupling
between the two spins. Therefore, the transverse re-
laxation process of I} I needs to be considered with
their entire behaviour as a coupled spin system, not
as two isolated spins. Several previous reports have
provided some complicated expressions for transverse
relaxation times in coupled spin systems, =925 but a
detailed discussion of intramolecular MQC relaxation
is beyond the scope of this paper.
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Direct measurement of IMQC T5,, is useful for

exploring the properties and mechanisms of IMQC re-

laxations in highly polarized spin systems.

A more

detailed theoretical formalism and further experimen-

tal results of IMQC T5 ,, will be presented in a separate
paper.
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