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The effect of proton exchange on the measurement of 1H–1H,
H–2H, and 2H–2H residual dipolar interactions in water molecules
n bovine Achilles tendons was investigated using double-quan-
um-filtered (DQF) NMR and new pulse sequences based on het-
ronuclear and homonuclear multiple-quantum filtering (MQF).
erivation of theoretical expressions for these techniques allowed

valuation of the 1H–1H and 1H–2H residual dipolar interactions
nd the proton exchange rate at a temperature of 24°C and above,
here no dipolar splitting is evident. The values obtained for these
arameters at 24°C were 300 and 50 Hz and 3000 s21, respectively.
he results for the residual dipolar interactions were verified by

epeating the above measurements at a temperature of 1.5°C,
here the spectra of the H2O molecules were well resolved, so that

he 1H–1H dipolar interaction could be determined directly from
he observed splitting. Analysis of the MQF experiments at 1.5°C,
here the proton exchange was in the intermediate regime for the

H–2H dipolar interaction, confirmed the result obtained at 24°C
or this interaction. A strong dependence of the intensities of the

QF signals on the proton exchange rate, in the intermediate and
he fast exchange regimes, was observed and theoretically inter-
reted. This leads to the conclusion that the MQF techniques are
ostly useful for tissues where the residual dipolar interaction is

ot significantly smaller than the proton exchange rate. Depen-
ence of the relaxation times and signal intensities of the MQF
xperiments on the orientation of the tendon with respect to the
agnetic field was observed and analyzed. One of the results of the

heoretical analysis is that, in the fast exchange regime, the signal
ecay rates in the MQF experiments as well as in the spin echo or
PMG pulse sequences (T2) depend on the orientation as the

quare of the second-rank Legendre polynomial. © 1999 Academic Press

Key Words: dipolar interaction; proton–proton dipolar interac-
ion; proton–deuteron dipolar interaction; deuteron–deuteron di-
olar interaction; heteronuclear triple-quantum filter; homo-
uclear triple-quantum filter; proton–deuterium spin correlation.

INTRODUCTION

T2-weighted MRI of ordered biological tissues such as
icular cartilage and tendon was found to be orientation de
ent (1, 2). This orientation dependence results in an im

hat does not faithfully represent the chemical composition
295
-
n-
e
d

tructure, complicating the interpretation of the image. ThT2

rientation dependence was attributed in previous publica
o a residual dipolar interaction which originates from
nteraction of water molecules with fibrous proteins such
ollagen (3–7). However, no interpretation of this orientati
ependence, based on the modulation of the dipolar intera
y the dynamics of the water molecules, was given. In tiss

hese studies were hampered by the interference of the s
oming from isotropic and anisotropic media. Water boun
brous proteins is an example of an anisotropic med
hereas free water or water bound to globular proteins,
olysaccharides, is an example of isotropic media. With
dvent of multiple-quantum-filtered (MQF) NMR technique
as been demonstrated that filtering the NMR signal througI
nd 2I 2 1 coherence for even and odd spin nuclei, res

ively, enables the observation of the contributions to the
hat originate exclusively from anisotropic media (8–13).

In a system of fibrous proteins and water, proton–pr
ipolar interaction can be intramolecular (between proton

he protein, or the protons within the water molecules) as
s intermolecular (between the water and the protein prot
ne way to distinguish between these types of interactions

eplace some of the H2O molecules with D2O and investigat
he correlations between protons and deuterons create
ipolar interactions. Such correlation studies were made
ible by recent studies of dipolar interactions between qua
olar nuclei and protons, using multiple-quantum-filter

echniques. In these studies it has been shown that tI
ransitions are very sensitive to heteronuclear dipolar inte
ions. This was demonstrated for the triple-quantum transi
f the spinI 5 3

2 nuclei 7Li and 23Na (14–16). Furthermore, i
as been shown theoretically that correlation between qu
olar nuclei and each of the protons may be possible.

echniques are used in the current work for the study of1H–2H
nd 2H–2H correlations.

THEORY

Residual quadrupolar and dipolar interactions lead to
ormation of high-rank tensors (Tl ,61, l 5 2, . . . , 2I ) that can
1090-7807/99 $30.00
Copyright © 1999 by Academic Press

All rights of reproduction in any form reserved.
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296 ELIAV AND NAVON
e detected by MQF (8–16). The residual interactions are t
esult of anisotropic motion in systems with either macrosc
r local order. In the first case, the directors have a un
patial orientation while, in the second case, the orientatio
he local directors are evenly distributed.

In order to identify the groups of nuclei that interact w
ach other, one may follow the correlations between their
tates. This is particularly true in systems where the NO
egligible. In terms of the spherical tensors one should fi
echanism that transforms the tensorsTl ,6p of one nucleus t

ensors that consist of the direct product of these tensors
hose of another nucleusT9l 9,6p9, i.e., Tl ,6p 3 T9l 9,6p9. Provided
hat T9l 9,6p9 are different fromT90,0 the direct product tenso
arry spectroscopic information characteristic of each of
uclei, thereby making it possible to identify the nuclei t

nteract with each other. MQF techniques make it possib
emove, from the FID, any contribution that does not origin
rom the tensorsTl ,6p 3 T9l 9,6p9.

In all the MQF methods to be described below, the ten
1,61 are first excited and then allowed to evolve under
ffect of dipolar (or quadrupolar) interactions into tensors
anks higher than one. Subsequently, tensors with coher
f interest are selected by a suitable phase cycling and
llowed to evolve into the detectable tensorsT1,61. In the case
f protons, the above process is a result of dipolar interact

.e., the tensorsT1,61 evolve into T2,61 which consist of th
roduct ofT1,61 of one proton withT1,0 of another proton. Fo
uadrupolar nuclei, tensors such asT2,61, which are formed
nder the influence of quadrupolar interactions, do not re
ny correlation with other nuclei. Furthermore, since the
rupolar interaction is usually much larger than the dip

nteraction, the formation and the decay of these tensor
ominated by the former interaction and thus their dyna
annot be used to study dipolar interactions. To overcome
ifficulty one must consider tensors that are affected by
rupolar interactions only to the second order. In prev
orks, we have shown that the dipolar interaction has a
ificant effect on the relaxation of theum& 7 u2m& transitions
f quadrupolar nuclei in isotropic media (15, 16) with the
trongest effect obtained form 5 I . For these transitions, th
uadrupolar relaxation is determined by nonsecular t
hile the relaxation due to the dipolar interaction is a resu
ecular terms. In anisotropic systems, one must conside
dditional effects of the residual quadrupolar and dipola

eractions. While the first interaction does not have a first o
ffect on the time evolution of theum&7 u2m& transitions, the
esidual dipolar interaction does have such an effect.

There are a number of dynamic processes that result i
bserved residual quadrupolar and dipolar interactions
elaxation times:

(a) Anisotropic reorientation of the water molecules bo
o the protein, resulting in residual quadrupolar and dip
ic
e
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nteractions and relaxation effects. The time scale of this
ion is typically 10210–1027 s.

(b) Fast isotropic reorientation of water molecules in
ulk where the time scale is shorter than 10210 s. This motion
ields no residual quadrupolar and dipolar interactions a
ery small contribution to relaxation.
(c) Fast chemical exchange between bound and free
olecules with a time scale shorter than 1029 s (17). This
rocess scales down the residual quadrupolar and dipol

eractions and the relaxation rates from their values in
ound states. For cases in which the chemical exchan

aster than the reorientation of the bound water molecul
ill act in a fashion similar to that of isotropic motion, furth
caling down the residual interactions in the bound state
(d) Proton exchange between water molecules. The

cale of this process in the bulk is, depending on the tem
ture and pH, between 1024 and 1022 s. The proton exchang

s expected to alter the spins states and thus interch
etween the peaks that are a result of the residual di

nteraction. Specifically, the wavefunction of a given wa
olecule which is eitheruma a& or umb a& changes to eithe

mb b& or uma b&, respectively.m (m 5 a, b) is the spin stat
f the nuclei in the water molecule whileaa andba are the spin
tates of the other proton in the water molecule befo
nterchanged, andbb and ab are the spin states of the oth
roton after the interchange has occurred. A detailed di
ion of the kinetics and their effect on the spectra can be f
n the Appendix.

In contrast to residual dipolar interaction, residual qua
olar interaction is not expected to be significantly affe
y proton exchange. Discussion of the effect of the la

nteraction on the MQF spectra was given previou
8, 9, 11–13, 18).

For the system of the current study, three types of dip
nteractions are of interest:1H–1H, 1H–2H, and2H–2H. On the
asis of the above discussion, the effect of the residual p
ach of these interactions should be considered under two
f conditions. One occurs when the proton exchange is
low, and the other when proton exchange is very effec
he theoretical section is divided into five sections; the

our discuss the three types of residual dipolar interact
hile the fifth summarizes the relaxation effects. Within e
f the first four sections, we discuss the NMR signals with
ithout dynamic effects and present methods for their m
urement.

a. The Effect of 1H–1H Residual Dipolar Interaction on
the Single-Quantum Tensors of the 1H Nucleus

. Without the Effect of Hydrogen Exchange

The single-quantum transitions of a pair of protons ca
escribed, as a first approximation, as those of an effective
. The secular terms are the only terms with a first-order e
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297DIPOLAR INTERACTIONS IN WATER IN TENDON BY 1H AND 2H MQF NMR SPECTROSCOPY
n the spherical tensors. Thus the normalizedT1,61 andT2,61

re sufficient for describing their dynamics. Given the in
ondition for the density matrix,r(0) 5 T1,61rT1,61 1

2,61rT2,61, the density matrix at some time later,t, is r(t) 5
r(0), whereU is given by (see Appendix)

U 5

T1,61 T2,61

S cos3
2v 1H–1Ht 7i sin 3

2v 1H–1Ht

7i sin 3
2v 1H–1Ht cos3

2v 1H–1Ht D , [1]

ith

v 1H–1H 5 v 1H–1H
loc ~3 cos2u 2 1!/ 2

5
fS\ 2g 1H

2

2r 1H–1H
3 ~3 cos2u 2 1!, [2]

herev 1H–1H is the proton–proton residual dipolar inter
ion, u the angle between the director of reorientation
he magnetic field,S the order parameter, andf the fraction
f bound nuclei.
As can be seen from the off-diagonal element ofU (Eq. [1]),

he tensors T2,61 can evolve from T1,61 according to
sin 3

2v 1H–1Ht. Thus, in experiments such as conventio
QF (19), where this element ofU determines the FID, th
pectrum consists of two lines in antiphase to each o
i.e., the Fourier transform of sin32v 1H–1Ht).

I. The Dynamic Effect: Modulation of1H–1H Residual
Dipolar Interaction by Spin Exchange

On the basis of the above model it is shown in the Appe
hat the evolution of the normalized spin operatorsT1,61 and

2,61 is given by the matrixU,

U 5

T1,61
a T1,61

b T2,61
a T2,61

b

1
U1 U2 U3 0
U2 U1 0 U3

U3 0 U1 U2

0 U3 U2 U1

2 , [3]

here a and b represent the protons that were interchange
1, U 2, andU 3 are given by the following:

or k , d,

U1~t! 5 e2kt/ 2cosrt , U2~t! 5
k

2r
e2kt/ 2sin rt

U3~t! 5 7i
d

2r
e2kt/ 2sin rt , [3a]

here the7 corresponds to the sign of the single-quan
oherence;
l

d

l

er

ix

and

or k 5 d,

U1~t! 5 e2dt/ 2, U2~t! 5
k

2
e2dt/ 2t

U3~t! 5 7i
d

2
e2dt/ 2t; [3b]

or k . d,

U1~t! 5 e2kt/ 2coshrt, U2~t! 5
k

2r
e2kt/ 2sinh rt

U3~t! 5 7i
d

2r
e2kt/ 2sinh rt [3c]

r 5
Îk2 2 d 2

2
, r 5

Îd 2 2 k2

2
, d 5 3v 1H–1H.

he rate of proton exchange is given byk. As can be seen fro
q. [3], in the limit of k 5 0, it reduces to

U1 5 cos3
2v 1H–1Ht, U2 5 0, U3 5 7i sin 3

2v 1H–1Ht, @4#

here a well-resolved spectrum with splitting of 3v 1H–1H is
bserved and the second-rank tensors,T2,61, evolve accord

ng to U 3. As can be seen from Eq. [3] under the condit
. 3v 1H–1H, a coalescence occurs and the time depend

f the elements ofU is biexponential. Thus, the Fouri
ransformation of the elements ofU consists of a superp
ition of two Lorentzian lines of different widths. For t
lementU 1, the two lines have the same phase while forU 2

ndU 3 they are in antiphase to one another. The width
hese two lines depend onr (Eq. [3c]) and thus are expect
o change with the orientation of the samples relative to
agnetic field. Another situation, which is common in b

ogical tissues, isk @ 3v 1H–1H. For this condition on
btains from Eq. [3c], for the decay of the transverse m
etization,T1,61 5 T1,61

a 1 T1,61
b , given by the sum of th

lementsU 1 and U 2, a monoexponential decay:

U1 1 U2 5 expS2
1

4

d 2

k
tD , d 5 3v 1H–1H. [5]

hus one can write

1

T2
5

1

4

d 2

k
. [6]

he expression in Eq. [6] clearly shows that 1/T2 is orientation
ependent, a fact that has been shown by measurement
s a single spin echo and CPMG pulse sequences of art
artilage and tendon (1–7). Deviations from the predicte



d
m , e
a n
l n
o an
c s. I
t
m
i

I al

ra
t
m ue
o tab
f QF
s ph
i lse
s s c
s tem
s iro
m m
i g s
n t
f
E the
D

f

f

f

I to

A revi-
o
T pres-
s ther.

of
t ien-
t
1 D
s

w ID
i h
l is
l For
s n (
5 har-
a

to
1 itive
t lear
t nal
c

se-
q , is the
D hase
D p-
r of the
e is
o ence:

T tion

nve
t pria
p

298 ELIAV AND NAVON
ependence of 1/T2 on (3 cos2u 2 1)2 (Eqs. [5], [6], and [2])
ay be observed in the experiments due to several factors
n exchange rate which may not be sufficiently larger thad,

imiting the validity of Eq. [6], a distribution of the orientatio
f macromolecules with respect to the magnetic field,
ontributions to the relaxation from isotropic compartment
he extreme limit of very largek, U 1 5 U 2 5 1 andU 3 5 0,
aking the evolution of the tensorsT2,61 from T1,61

mpossible.

II. Pulse Sequences for the Measurement of the Residu
1H–1H Interaction

As was shown in Sections a.I and a.II residual dipolar inte
ion leads to the formation of the tensorsT2,61 from T1,61. Thus, by
easuring the rate of formation ofT2,61, one can extract the val
f 1H–1H residual dipolar interaction. The pulse sequence sui

or this purpose is the standard double-quantum filtration (D
hown, along with the coherence pathway and the relevant s
cal tensors for each time interval, in Fig. 1. In principle, pu
equences such as spin echo and single-pulse experiment
erve the same purpose. However, in many biological sys
ignals that stem from compartments with an anisotropic env
ent are masked by much stronger signals that originate fro

sotropic environment. DQF methods suppress these stron
als, due to the fact that they detect the tensorsT2,61 that are no

ormed in isotropic media. On the basis of expressions forU3 in
q. [3], one obtains the following expression for the FID of
QF experiment:

FID } U3~t!U3~t2!; [7]

or k , d,

FID }
d 2

r 2 e2kt / 2sin rte2kt2/ 2sin rt 2; [7a]

FIG. 1. The pulse sequence and the coherence pathway of the co
ional DQF experiment. The given pathway is selected by the appro
hase cycling (8, 9).
.g.,

d
n

c-

le
)
er-

ould
s,

n-
an
ig-

or k 5 d,

FID } d 2 e2dt / 2te2dt2/ 2t2; [7b]

or k . d,

FID }
d 2

r 2 e2kt / 2sinh rte2kt2/ 2sinh rt2

r 5
Îk2 2 d 2

2
, r 5

Îd 2 2 k2

2
, d 5 3v 1H–1H. [7c]

n the limit of k 5 0, the expression in Eq. [7a] reduces

FID } sin 3
2v 1H–1Ht sin 3

2v 1H–1Ht2. [8]

s expected, this expression is similar to that obtained p
usly (8, 13) for the conventional DQF experiment ofI 5 1.
he spectra obtained by Fourier transformation of the ex
ion in Eq. [7] consists of two peaks in antiphase to each o
Under the conditionk . 3v 1H–1H, the time dependence

he FID is biexponential with decay rates which are or
ation dependent, as expected from Eq. [7c]. Fort and t 2 .
/k andk @ 3v 1H–1H the expression in Eq. [7c] for the FI
implifies to

FID } Sd

kD
2

e2t /T2e2t2/T2, [9]

here 1/T2 is defined in Eq. [6]. As seen from Eq. [9], the F
s dependent on the orientation asv 1H–1H

2 . Thus for cases wit
arge v 1H–1H

2 , whereT2 is short and the SQ peak intensity
ow, the DQF signal is large. The converse is also true.
mallv 1H–1H, as is the case for the magic angle orientatiou

54.7°), the DQF signal vanishes. Another important c
cteristic of the DQF spectra under the conditionk

@ 3v 1H–1H is the reduction of the intensity in proportion
/k2. This dependence makes this experiment very sens

o conditions that affect the proton exchange rate. It is c
hat in the limit of very fast exchange rate no DQF sig
an be observed.
An alternative method to the conventional DQF pulse

uence, where the peaks are in antiphase to one another
QF pulse sequence given in Fig. 2 and denoted as in-p
QF (IP-DQF) (20). The spectrum obtained by IP-DQF re

esents peaks that have the same phase. On the basis
volution matrix given in Eq. [3] the following expression
btained for the FID measured by the IP-DQF pulse sequ

FID } U 3
2~t / 2!@U1~t2! 1 U2~t2!#. [10]

he dependence of the FID given in Eq. [10] on the orienta

n-
te
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nd the proton exchange rate is similar to that of the con
ional DQF (Eq. [7]) and thus need not be discussed furt

1H–2H residual dipolar interaction. The 1H–2H dipolar
nteraction can be studied by investigating either the1H or the

2H nuclei. In both cases, the homonuclear1H–1H and 2H–2H
ipolar interactions affect the dynamics of the spin states o

1H and 2H nuclei, respectively. The effect of the dipolar int
ction on the transverse magnetization of the protons is l

han that on the longitudinal magnetization. Therefore only
ffect on theT1,61 tensors of the protons will be studied. F

he deuterons, as discussed above, the effect of the d
nteraction is most pronounced on the DQ transitions, i.e.

2,62 tensors.

b. The Effect of 1H–2H Residual Dipolar Interaction
on the T1,61 Tensors of the 1H Nucleus

. Without the Effect of Hydrogen Exchange

The 1H–2H dipolar interaction has a first-order effect on
1,61 (1H) tensors giving correlations withT1,0(

2H) and
2,0(

2H). In analogy to the formalism which was used to ob
he effect of1H–1H residual dipolar interaction, the followin
volution matrix is obtained (for details see the Appendix

1

Î3
T1,61~

1H! T1,61~

U 5 1
1

3
~1 1 2 cos 2v 1H–2Ht! 7i Î2

3

7i Î2

3
sin 2v 1H–2Ht cos

2
Î2

3
~1 2 cos 2v 1H–2Ht! 7i

Î2

3

FIG. 2. The IP-DQF pulse sequence. It consists of a double-quantum
ollowed by a zero-quantum filter (20). A phase cycling of 64 steps was us

1 5 jpp/ 2 1 kp0 1 mp0, w 2 5 jpp/ 2 1 kpp/ 2 1 mp0, w 3 5 jp0 1
pp/ 2 1 mpp/ 2, w 4 5 jp0 1 kp0 1 mpp/ 2, w 5 5 64p0, wR 5 ( j 1 k 1
)pp ( j , k, m 5 0, 1, 2, 3). The asterisk denotes multiplication.
n-
.

e

er
e

lar
e

ith v 1H–2H 5 v 1H–2H
loc (3 cos2u 2 1)/2, where v 1H–2H

loc 5 fS\ 2

1Hg 2H/r 1H–2H
3 , andS is the order parameter,f the fraction o

ound nuclei, andu the angle between the director
eorientation and the magnetic field. The Fourier transfo
f the diagonal element,U 1,1, gives three lines with equ

ntensities as expected in experiments with a single
ulse. The off-diagonal elementU 1,2 (Eq. [11]) describes th

ormation of the tensorsT1,61(
1H)T1,0(

2H) from T1,61(
1H).

heir Fourier transforms consist of the two outermost l
f the single-pulse experiments, in antiphase to one ano
he off-diagonal elementU 1,3 (Eq. [11]) describes the fo
ation of the tensorsT1,61(

1H)T2,0(
2H) from T1,61(

1H).
heir Fourier transforms consist of three lines with

ntensity ratio of21:2:21.

I. Pulse Sequences for the Measurement of the Effect o
Residual1H–2H Interaction on the T1,61(

1H) Tensors of
Protons

The pulse sequence shown in Fig. 3 detects the formati
ither the tensorsT1,61(

1H)T1,0(
2H) or T1,61(

1H)T2,0(
2H) which

ransform intoT1,61(
1H)T1,61(

2H) or T1,61(
1H)T2,62(

2H), re-
pectively, by selecting the appropriate phase cycling and
idths of the last two pulses on the deuterons. The two s

ions of the phase cycling will be denoted as Inv-XSQ
nv-XDQ, respectively.

c. The Effect of 1H–X Residual Dipolar Interaction
on the T2I,p Tensors of the X Nucleus

. Without the Effect of Hydrogen Exchange

It is shown in the Appendix that the effect of the resid
ipolar interaction between a quadrupolar nucleus a
roton on theum& 7 u2m& transitions is given by th
volution matrix

U 5

1

Î2
T2I ,p~X! T2I ,p~X!T1,0~

1H!

S cospv 1H–Xt 2i sin pv 1H–Xt

2i sin pv 1H–Xt cospv 1H–Xt D , [12]

!T1,0~
2H! T1,61~

1H!T2,0~
2H!

n 2v 1H–2Ht 2
Î2

3
~1 2 cos 2v 1H–2Ht!

1H–2Ht 7i
Î3

3
sin 2v 1H–2Ht

2v 1H–2Ht
1

3
~2 1 cos 2v 1H–2Ht!

2 , [11]

er
1H

si

2v

sin
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here p 5 62m (m 5 1
2, . . . , I or m 5 1, . . . , I for

alf-integer or integer spins, respectively). As seen f
q. [12], the Fourier transformation of the diagonal
ents yields two peaks with the same phase, separat

pv 1H–X. The off-diagonal elements describe the forma
f the correlation tensorsT2I ,p(X)T1,0(

1H) from T2I ,p(X). The
ourier transformation of the off-diagonal elements yie

wo peaks with opposite phases and also separate
pv 1H–X. Selecting deuterium as the X nucleusI 5 1, p 5
2, and the splitting is 4v 1H–2H. The ratio between th

plitting and that obtained from the DQF experime
Section a.III) in systems with1H–1H dipolar interaction i
g 2H/3g 1H 5 0.205.

I. The Dynamic Effect: Modulation of1H–2H Residual
Dipolar Interaction by Spin Exchange

The effect of proton exchange on the tensorsT2,62 of the
euterons was calculated using the same dynamic model

n Section a.I for the effect of proton exchange on the spec
f protons coupled by1H–1H dipolar interaction (Eq. [3]). Th
etails of the calculations are given in the Appendix with
esult presented in the equation

FIG. 3. Proton-detected pulse sequences with a SQ or DQ filters fo
nucleus (Inv-SQX or Inv-DQX, respectively). A phase cycling of 16

4 steps was used for the Inv-SQX (l 5 1) and Inv-DQX (l 5 2) pulse
equences, respectively:w 1 5 jpp 1 kp0 1 mp0, w 2 5 jp0 1 kpp/l

mp0, w 3 5 jp0 1 kp0 1 mpp/l , w R 5 jpp/ 2 1 (k 1 m)pp/l ,
5 0, 1, 2, 3 andk, m 5 0, . . . , 2l 2 1. The asterisk denot
ultiplication.

U 5

1

Î2
T2,62~

2H!
1

Î2
T2,62~

2H! T

1
U1 U2

U2 U1

U3 0
0 U3
-
by

n

s
by

s

en
m

e

ue to the mathematical similarity of the equations leadin
qs. [3] and [13] the expressions forU 1, U 2, andU 3 can be
btained from Eq. [3] by replacing the expression ford with

d 5 4v 1H–2H. [14]

imilar to Eq. [3], Eq. [13] consists of three equations for
asesk , d, k 5 d, andk . d. They are denoted as [13
hrough [13c]. In analogy to the case of proton–proton in
ction in the limit ofk 5 0, the spectra due to the diago
lements are well resolved, while for very fast exchange (k3
) full coalescence is obtained. As for the off-diagonal
ents, they have their maximum value whenk 5 0 and
iminish to zero ask 3 `. The case of proton–deuter

nteraction under the conditionk @ 4v 1H–2H is of interest in
he current study of biological tissues. The results ca
btained from Eqs. [5], [6], and [9] by replacingd 5 3v 1H–1H with
5 4v 1H–2H. Clearly, also in the current case, the rate

ecay of the elements of the matrixU are dependent on th
rientation asv 1H–2H

2 .

II. Pulse Sequences for the Measurement of the Effect o
the Residual1H–2H Interaction on the Double-Quantum
Transition of Deuterons

Two types of experiments were carried out. The first (Fig
easures the diagonal element of the matrixU†U (U is given

n Eqs. [12] and [13];U† is its Hermitian conjugate) th
escribes the time dependence of the tensorsT2,62. It is de-
oted as double-quantum relaxation with an echo (DQRE)
econd pulse sequence (Fig. 5), denoted as heteronuclear
uantum filter (Het-TQF), measures the off-diagonal elem
f U (Eqs. [12] and [13]). It can be used to identify the prot

hat correlate with the deuterons.
In the calculation of the FID of the DQRE and Het-T

ulse sequences, one can assume that at the beginning
DQ period only the tensorsT2,62(

2H) have to be considere
nd the tensorsT2,62(

2H)T1,0(
1H) (which also represe

ouble-quantum coherence for2H) can be ignored. This a
roximation is justified for the following reason: the third-ra

ensorsT2,62(
2H)T1,0(

1H) which originate from the tenso
2,61(

2H)T1,0(
1H) may be formed during the creation timet.

e

2~
2H!T1,0

a ~ 1H! T2,621~
2H!T1,0

b ~ 1H!

U3 0
0 U3

U1 U2

U2 U1

2 . [13]
2,6
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owever, the formation of these tensors in most practical c
s much slower than the decay of the tensorsT2,61(

2H) by
uadrupolar interaction and thus can be neglected. The
onsideration leads to the conclusion that any formation o
ensor T2,21(

2H) and subsequently the observable ten
1,21(

2H) from T2,21(
2H)T1,0(

1H) during the periodt 2 can be
eglected because it is too slow.
Thus, for the FID measured by the DQRE pulse sequ

ne obtains the following expressions:

or k , 4v 1H–2H

FID } f 12
q ~t, t2!e

2ktDQ/2F1 1
k

2r
sin rt DQ 1

k2

2r 2 sin2r
tDQ

2 G
[15a]

hich for k ! 4v 1H–2Hsimplifies to

FID } f 12
q ~t, t2!e

2ktDQ/2;

or k 5 4v 1H–2H

FID } f 12
q ~t, t2!e

22v 1 H– 2 H tDQ@1 1 2v 1H–2HtDQ 1 2v 1H–2H
2 t DQ

2 #;

[15b]

or k . 4v 1
H–

2
H

ID } f 12
q ~t, t2!e

2ktDQ/2F1 1
k

2r
sinh rtDQ 1

k2

2r 2 sinh2r
tDQ

2 G
[15c]

FIG. 4. A pulse sequence designed to measure the double-quantum
tion time,TDQ (DQRE). The phase cycling is identical to that of the conv

ional DQF sequence (8, 9).
es

me
e
r

ce

hich for k . 16v 1
H–

2
H simplifies to

FID } f 12
q ~t, t2!e

2tDQ/TDQ,
1

TDQ
5

4v 1H–2H
2

k

r 5
Îk2 2 16v 1H–2H

2

2
, r 5

Î16v 1H–2H
2 2 k2

2
.

12
q (t, t 2) describes the spin dynamics during the periodst and
2. As stated above, during these periods the motion o
pins of the deuterons is dominated by the residual quadru
nteraction,vQ, and under the additional conditionvQ @ k, the
unction f 12

q (t, t 2) can be approximated (13) by

f 12
q ~t, t2! 5 e2t /T2e2t2/T2sin vQt sin vQt2. [16]

n the limit of k @ 4v 1H–2H (in practicek $ 4d 5 16v 1H–2H

s sufficient), the relaxation rate of the double-quan
ransition, 1/TDQ, is dependent on the orientation of
amples relative to the magnetic field like the relaxation
/T2 (Eq. [6]), resulting from the proton–proton interacti
learly the same reasons that may cause 1/T2 to deviate

rom the expected orientation dependence (Eqs. [6] and
pply for 1/TDQ. It is worth noting that Eq. [15a] predicts

ull refocusing in the absence of spin exchange (the l
5 0).
On the basis of Eq. [13] the following expressions

btained for the Het-TQF experiment:

ax-
-

FIG. 5. A pulse sequence designed for the detection of heteronu
hird-rank tensors, denoted as heteronuclear triple-quantum filter (Het-
wo kinds of phase cycling are implemented. One enables the detection

wo heteronuclear tensorsT3,61 and T3,63, while the other selects only th
eteronuclear triple-quantum tensorsT3,63. The first type of phase cycling

1 5 jpp/ 2 1 kp0 1 mp0, w 2 5 w 1 1 p/ 2, w 3 5 jp0 1 kpp 1 mp0,

4 5 w 1, w 5 5 jp0 1 kpp 1 mpp, w 6 5 0, wR 5 ( j 1 k 1 m)pp, j 5
, 1, 2, 3 andk, m 5 0, 1. In the second type of phase cyclingw1, w2, and

6 are the same as for the first phase cycling butw 3 5 w 4 5 jp0 1 npp/5,

5 5 0, andwR 5 ( j 1 n)pp, wheren 5 0, 1, . . . , 9. The asterisk deno
ultiplication. The time intervalt d is selected to be short enough so

elaxation effects were negligible.
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FID } U 3
2~tDQ/ 2! f 12

q ~t, t2!; [17]

or k , 4v 1
H–

2
H

FID }
4v 1H–2H

2

r 2 f 12
q ~t, t2!e

2ktDQ/2sin2
rt DQ

2
; [17a]

or k 5 4v 1
H–

2
H

FID } v 1H–2H
2 f 12

q ~t, t2!e
22v 1H– 2H tDQt DQ

2 ; [17b]

or k . 4v 1
H–

2
H

FID }
4v 1H–2H

2

r 2 f 12
q ~t, t2!e

2ktDQ/2sinh2
rtDQ

2
, [17c]

herer andr are given in Eq. [15] andf 12
q (t, t 2) is presente

n Eq. [16]. At the end of thet periodT2,61(
2H) are formed an

onverted toT2,62(
2H) by the 90° pulse (8, 13, 18). During the

rst tDQ/2 period, as a result of the1H–2H dipolar interaction
2,62(

2H) evolve intoT3,62 5 T2,62(
2H)T1,0(

1H) while, during
he secondtDQ/2 period, the reverse process takes place.
uitable phase cycling of the twop/2 pulses on the1H nucleus
ne selects the pathway (shown in Fig. 5) that allows the re
f the tensorsT3,62 either viaT3,61 5 T2,62(

2H)T1,71(
1H) and

3,63 5 T2,62(
2H)T1,61(

1H) or, using another phase cycling,
he latter tensors. For both phase cyclings, the tensorsT2,62(

2H)
re eliminated. Thus the FID is a result of the formation of
3,62 tensors. Similar to the pulse sequences given in Fi
nd 3, in the limit of very fast exchange, the FID reduce
ero. It is worth noting that in the limit ofk 5 0 (i.e., no
ydrogen exchange), Eq. [15] simplifies to the expression

FID } sin vQt sin22v 1H–2HtDQsin vQt2. [18]

y selecting a constant value fortDQ and varying the tim
nterval, t d, while decoupling the protons, it is possible
btain a 2D map. One axis represents the2H spectrum, which

s governed by the quadrupolar interaction, while the other
epresents the spectrum of those protons that are coupled
euterons and is governed by the1H–1H dipolar interaction.

d. The Effect of 2H–2H Residual Dipolar Interaction
on the T2,62 Tensors of Deuterium

ulse Sequences for the Measurement of the Effect of th
Residual2H–2H Interaction on the T2,62 Tensors of
Deuterons

The effect of the residual2H–2H dipolar interaction on th
ouble-quantum transitions in the absence of hydrogen
hange was given in a previous publication (21). A pulse
equence that detects the third-rank tensors created b
a

rn

e
1

o

is
the

x-

the

esidual 2H–2H dipolar interaction is given in Fig. 6. In th
ollowing sections, we denote this sequence as homonu
riple-quantum filter (Hom-TQF). Similar to the Het-TQ
ulse sequence, one can assume that at the beginning
rst tDQ/2 period only the tensorsT2,62(

2H) have to be consid
red. Subsequently these tensors evolve intoT3,62

62,0 5

2,62(
2H1)T1,0(

2H2), T4,62
62,0 5 T2,62(

2H1)T2,0(
2H2), and othe

ouble-quantum tensor operators which are a direct produ
ingle-quantum tensors. The relaxation of2H single-quantum
perators and their direct products are dominated by the
rupolar interaction and thus for sufficiently longtDQ can be

gnored (13, 15, 16, 18, 21) and onlyT3,62
62,0 andT4,62

62,0 should be
onsidered. During the second period oftDQ/2 the process th
ields T3,62

62,0 andT4,62
62,0 is reversed. By a suitable phase cycl

f the two p/2 pulses on the2H nucleus, one selects t
athway (shown in Fig. 6) that transfers the tensorsT3,2

2,0 via
3,23
22,21 5 T2,22(

2H1)T1,21(
2H2) to T3,22

22,0 and eliminates th
ontribution ofT2,62(

2H) and T4,63
62,61 5 T2,62(

2H1)T2,61(
2H2).

hus, one observes only deuterons that correlate with
nother and are affected by quadrupolar interaction only t
econd order.
By selecting a constant value fortDQ andt, and varying the

ime interval,t d, it is possible to obtain a 2D map. The selec
f the tensorT3,23

22,21 during the periodt d makes the FID dete
ion phase sensitive also in thet d dimension. The tensorT3,23

22,21

uring t d andT1,21 during t 2 are governed by the quadrupo
nteraction (13, 21); i.e., the Fourier transformation of the F
onsists of two peaks in both dimensionsf d andf 2. However, in
he f d dimension, the peaks have the same phase (be

3,23
22,21 is present att d 5 0) while in thef 2 dimension the tw
eaks are in antiphase to one another (due to the fact th

2 5 0 one has predominantly the tensorT2,21(
2H) which then

volves to the detectable tensorT1,21 (13, 18)). From the
iscussion above it is possible to conclude that obtaining
pectrum by the Hom-TQF pulse sequence (Fig. 6) is
vidence for dipolar interaction between two deuterons.

FIG. 6. A pulse sequence designed for the detection of homonu
hird-rank tensorT3,23, denoted as homonuclear triple-quantum filter (H
QF). The phase cycling isw 1 5 0, w 2 5 jpp/10 1 (k 1 m)p0, w 4 5 ( j 1
)p0 1 kpp/ 2, wR 5 jpp/ 2 2 (k 1 m)pp/ 2, j 5 0, 1, . . . , 19 andk,
5 0, 1, 2, 3. The asterisk denotes multiplication.



an
e r a
d the
e lax
a st
t ron
c nd
t on
c fir
c r
i he

the
D

g
r
d

F ola
i

a
p

ug
t in
c iou
r ts
w ith

m vely,
u

n
o
a ure-
m ; see
S ction
a ectra
c pre-
v re
m t
t iven
i 1°C
fi le 1.
T -
p in
p
c e
i y
m .
W no
s arly
d ulse
s ists of
w aden
a F (as
w ing
t that
p ton
e rtain
w ional
D vely)
o espec-
t off as
1 s off

k
d
d

6

303DIPOLAR INTERACTIONS IN WATER IN TENDON BY 1H AND 2H MQF NMR SPECTROSCOPY
e. The Relaxation Effects Caused by the Modulation
of the Dipolar Interactions by Reorientation

The anisotropic reorientation motion has two signific
ffects. One is the first-order average of the quadrupola
ipolar Hamiltonians resulting in residual values. The o
ffect of the reorientation motion is the second-order re
tion. Two cases are of interest in the current work. The fir

he relaxation of double-quantum transitions of the deute
aused by the dipolar interaction with protons. The seco
he relaxation of single-quantum transitions of the prot
aused by the dipolar interaction with other protons. In the
ase, under the assumption that 2DtC , 1 (D is the dipola
nteraction andtC is the reorientation correlation time of t

1H–2H internuclear vector), the following expressions for
Q relaxation time (TDQ) were obtained (15, 22):

1

TDQ
5

2

15
D 2S~S1 1!@8J~0! 1 J~v I 2 vS!

1 12J~vS! 1 3J~v I! 1 6J~v I 1 vS!]

D 2 5
\ 2g S

2g I
2

r 6 . [19]

I and gS are the gyromagnetic ratios of2H and 1H nuclei,
espectively. For very slow isotropic motions (v0tC @ 1) and
ipolar interaction with protons,TDQ simplifies to

1

TDQ
5

4

5
D 2tC 5

4\ 2g S
2g I

2

5r 6 tC. [20]

or single-quantum relaxation due to homonuclear dip
nteraction (23),

1

T2
5

1

5
D 2I ~I 1 1!@3J~0! 1 5J~v I! 1 2J~2v I!#

D 2 5
\ 2g I

4

r 6 [21]

nd for very slow isotropic motions (v0tC @ 1) 1/T2 of
rotons simplifies to

1

T2
5

9

20
D 2tC 5

9\ 2g I
4

20r 6 tC. [22]

EXPERIMENTAL

Fresh bovine Achilles tendons were obtained from a sla
er house. They were cooled immediately in ice and, with
ouple of hours, immersed in solutions composed of var
atios of H2O and D2O at 4°C for 36 h. NMR measuremen
ere taken on a Bruker 360AMX WB and a 500ARX w
t
nd
r
-

is
s,
is

s,
st

r

h-
a
s

agnetic field strengths of 8.46 and 11.74 T, respecti
sing 10-mm probes.

RESULTS AND DISCUSSION

Measurements of the Effect of the Residual 1H–1H
Interaction on the 1H Spectrum

Measurements of the1H–1H dipolar interaction were take
n bovine Achilles tendons immersed in solutions of 93% H2O
nd 7% D2O at several temperatures. Two types of meas
ents were taken. One is the conventional DQF (Fig. 1
ection a.III) and the second is IP-DQF (Fig. 2; see Se
.III). For the former pulse sequence, we obtained sp
onsisting of two peaks with opposite phases, similar to
iously reported results (19). The spectral peak intensities we
easured as a function of the creation timet. The results a

emperatures of 1.5 and 24°C fitted well the expression g
n Eq. [3a] while those measured at a temperature of 4
tted Eq. [3c]. The results of the fit are summarized in Tab
he value of the proton exchange rate,k obtained at a tem
erature of 24°C, 3400 s21 (Table 1), is similar to that found
ure water at the same temperature and a pH of 6.4 (24, 25). As
ould be expected, the splitting,d (Eq. [3]), is temperatur

ndependent while the proton exchange rate,k, changes b
ore than a factor of 3. The ratiod/k varies from 3.2 to 0.94
hile for d/k 5 3.2 a well-resolved spectrum is obtained,

plitting is observed for the ratio of 0.94. This effect is cle
emonstrated in the results shown in Fig. 7, where the p
equence IP-DQF was used. At 1.5°C, the spectrum cons
ell-resolved peaks which, at higher temperatures, bro
nd eventually coalesce. The peak intensity of the IP-DQ
ell as the DQF) spectra declined (Fig. 7) with increas

emperature. This observation is consistent with theory
redicts 1/k2 (Eqs. [7] and [10]) dependence on the pro
xchange rate. It is important to note that, in order to asce
hether a pair of peaks are well resolved in the convent
QF and the IP-DQF experiments (Figs. 1 and 2, respecti
ne has to select dispersive and absorptive phases, r

ively. A spectrum presented in a dispersive mode decays
/v, while a spectrum displayed in an absorptive mode fall

TABLE 1
Proton Exchange Rate and 1H–1H Residual Dipolar Interaction

as a Function of Temperature

Temperature, °C 1.5 24 41

, s21 a 1750 3500 6000
/2p 5 3v 1H–1H/2p, Hza 900 900 830
/k 3.2 1.6 0.94

a The experimental error resulting fromS/N and biological variability is
20% for k and610% for d.
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s 1/v2. Thus, the resolution of the IP-DQF experimen
etter than that of the conventional DQF (graphical repre

ation of dependence of the resolution of the conventional
pectra on the splitting,d, can be found elsewhere (12)). In
rder to verify that the main cause for the above changes

1H spectra is modulation of1H–1H dipolar interaction by th
roton exchange, we have repeated the above measure

or 2H for the following reason: as the splitting of the2H nuclei
s caused by quadrupolar interaction, it is not expected t

odulated by proton exchange in systems with small varia
f the electric field gradient. Indeed, over the whole rang

emperatures, no change in the splitting and only m
hanges in the lineswidths have been noticed. Any signifi
ffect of the 7% D2O on the1H spectra could be ruled out

he fact that2H decoupling did not significantly change the1H
pectrum.

Measurements of the Residual 1H–2H Interaction
Using 1H and 2H Detection

Measurements of the1H–2H dipolar interaction were take
n bovine Achilles tendons immersed in solutions of 93% H2O
nd 7% D2O or 7% H2O and 93% D2O at several temperature
our types of measurements were carried out: DQRE (Fi
ee Section c.III), Het-TQF (Fig. 5; see Section c.III) with2H
etection, and the two pulse sequences Inv-XSQ and Inv-
here the1H is detected (Fig. 3; see Section b.II). Con
xperiments were carried out for the latter three experimen
etting the rf frequency of the pulses applied to the nu
hich are not detected at off resonance. As expected
ontrol experiments yielded no FID.
For the 93% H2O and 7% D2O samples, 96% of the deute

ns are found in the form of HDO molecules and thus

FIG. 7. IP-DQF (Fig. 2) spectra of a bovine Achilles tendon immerse
solution of 93% H2O and 7% D2O given as a function of temperature. T

reation timet is 560 ms. The number of scans was 64. An expone
roadening of 5 Hz was used.
n-
F

he

ents

e
s
f
r
nt

4;

Q
l
by
i

he

e

1H–2H dipolar interaction dominates the results of the DQ
nd Het-TQF experiments. Similarly in the 7% H2O and 93%
2O solution, most of the water protons are present in the H
olecules. Thus, the results of the measurements that u

nv-XSQ and Inv-XDQ pulse sequences are dominated b
1H–2H dipolar interaction. The DQRE and Het-TQF pu
equences gave spectra that consisted of two peaks wi
osite phases (peaks with poor resolution and small intens

he center of the2H spectra had little effect on the current wo
nalysis and thus were ignored). As for the IP-DQF experim
f protons Het-TQF peak intensities increased with decre

emperature due to the 1/k2 dependence on the hydrog
xchange rate. The spectral peak intensities of the Het
xperiment were measured as a function of the evolution

DQ. The results of the Het-TQF experiment at a temperatu
.5°C were successfully fitted, using a nonlinear mean sq
ethod, to Eq. [17a] while, at 24 and 41°C, the results w

tted to Eq. [17c]. The results of the fit are summarized
able 2 and an example of the experimental results along

he fitted curve (Eq. [17c]) is given in Fig. 8. As could
xpected, the splitting,d (Eq. [3]), is temperature independe
hile the proton exchange rate,k, changes by at least a fac
f 3. The ratiod/k varies from 1.25 to 0.22. These values w
maller than those obtained from the1H DQF (as expected) a
he 1H–2H dipolar interaction is smaller than that of the1H–1H
nteraction. As seen from Tables 1 and 2, the ratio betwee
plittings, caused by1H–2H and 1H–1H dipolar interactions, i
bout 0.21 which is in agreement with the theoretical valu
.205 (Section c.I). The values obtained for the proton
hange rates from the Het-TQF experiment (Table 2)
maller than those obtained from the1H DQF experimen
Table 1). This difference can be partially attributed to
roton–deuteron isotope effect since part of the hydro
xchange process that affects the Het-TQF experiment
roton–deuteron exchange. For comparison one can si
atio between proton exchange rate in H2O to that of deuterium
n D2O to be 3.8 at 24°C and pH 6.4 (25). The isotope effec
n the Het-TQF experiment is expected to be less than ha
hat value, in agreement with the experimental result of 1
4°C (Tables 1 and 2). Further experimental evidence

TABLE 2
Proton Exchange Rate and 1H–2H Residual Dipolar Interaction

as a Function of Temperature

Temperature, °C 1.5a 24a 41b

, s21 700 2400 8000
/2p 5 4v 1H–2H/2p, Hz 190 190 280
/k 1.25 0.57 0.22

a The experimental error resulting fromS/N and biological variability is
20% for k and610% for d.
b The experimental error resulting fromS/N and biological variability is
40% for k and620% for d.

l
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upports the analysis of the results of the Het-TQF experim
s provided by the orientation dependence of the resul
hese experiments. As suggested by Eq. [17], changin
ample orientation from parallel to perpendicular to the m
etic field should cause a decline of the spectrum inten
owever, part of the reduction of the intensity stems also f

he reduction of the quadrupolar interaction for the perpen
lar orientation. This difficulty can be resolved by compa

he expressions of the Het-TQF with those of DQRE. As ca
een from Eqs. [15] and [17], the two experiments have
ame dependence on the quadrupolar interaction, give
12
q (t, t 2). Thus, by normalizing the Het-TQF spectra by
pectrum obtained in the DQRE experiment whentDQ (Fig. 4)
s very short, one obtainsU 3

2(tDQ/2) (Eq. [17]) where the effec
f the quadrupolar interaction is eliminated and the effec

he dipolar interaction is retained. Normalized Het-TQF s
ra for the samples oriented perpendicular to the magnetic
ere simulated using the values for the hydrogen exchang
nd the dipolar splitting given in Table 2. The ratio between

argest peak intensities of the parallel and perpendicular o
ations was calculated to be 2.3. Experimentally, for sampl
emperature of 1.5°C, a value of 2.7 was found.

The 1H–2H dipolar interaction and proton exchange rate
lso be obtained from the dependence of signal intensity otDQ

n the DQRE experiment (Fig. 4 and Eq. [15]). As can be s
rom Eq. [15], for very slow exchange, the FID is a sin
xponential with a decay rate ofk/ 2. In the intermediat
xchange regime, wherek $ 4v 1H–2H, the FID depends o
oth k andv 1H–2H. Although the fitting of experimental da

o Eq. [15] is less reliable, compared to the Het-TQF
eriment, one obtains, at 1.5°C, 5506 90 s21 and 2106 30
z for the proton exchange rate and the1H–2H dipolar
plitting, respectively. These results compared favor

FIG. 8. Experimental result of the Het-TQF pulse sequence (Fig
pplied to a bovine Achilles tendon immersed in a solution of 93% H2O and
% D2O at 24°C. A creation time oft 5 0.2 ms was used in order to optim
/N. Points are the experimental data and the full line was obtained by
o Eq. [17c] (the fast exchange case).
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ith the results obtained by the Het-TQF experiment (T
). In the fast exchange limit~k . 16v 1H–2H, Eq.[15c]), the
ID decays as a single exponential with a decay rat
/TDQ 5 4v 1H–2H

2 /k . Thereforev 1H–2H andk cannot be inde
endently determined. However, on the basis ofv 1H–2H and
determined by the Het-TQF experiments at 24°C (T

), it was possible to calculate 1/TDQ. The values obtaine
re 6.46 1.2 and 156 3 ms for parallel and perpendicu
rientations, respectively. They are in agreement with
QRE experimental values of 6.46 0.7 and 166 2.
A method for independently verifying thatTDQ (Eq. [15]) is

ominated by the1H–2H dipolar interaction is to measure it
QRE (Fig. 4) along with proton decoupling during the per

DQ. Indeed, the decoupling caused theTDQ to be lengthene
rom 6.4 ms at 24°C and 3.5 ms at 1.5°C to 43 ms at
emperatures. While the results at 24 and at 1.5°C with pr
ecoupling behaved as single exponentials, the results at
ithout decoupling only approximated it. These results
lear evidence for the effect of the1H–2H dipolar interaction
As explained at the beginning of the current section,

1H–2H dipolar interaction can be measured with detectio
he 1H FID of samples containing 7% H2O and 93% D2O. In
ig. 9, a spectrum measured by the pulse sequence Inv-X
temperature of 1.5°C is given. Two peaks in opposite ph
nd separated by 175 Hz are evident. In the Inv-XDQ ex

ment (not shown) three peaks are obtained. The two outer
eaks were separated by 200 Hz and had the same
pposite to that of the central peak (for theoretical details
ection b.II). The two outermost peaks of the1H single pulse

not shown) and IP-DQF spectra (separated by 9506 50 Hz,
ig. 7) are missing in both Inv-XSQ and Inv-XDQ expe
ents, indicating that they are a result of the1H–1H dipolar

nteraction. On the basis of Eqs. [1], [11], and [12], one exp
he ratios between the splitting in the1H DQF, Inv-XSQ, Het
QF, and Inv-XDQ to be 3v 1H–1H: 4v 1H–2H: 4v 1H–2H: 4v 1H–2H,

FIG. 9. An Inv-SQX (Fig. 3) spectrum of a bovine Achilles tend
mmersed in a solution of 7% H2O and 93% D2O at 1.5°C. A creation time o
5 0.6 ms was used. The number of scans was 32. An exponential broa
f 1 Hz was used. The observed splitting was 175 Hz.
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.e., 1:0.205:0.205:0.205. The experimental results on the
f Fig. 9 and Tables 1 and 2 are 1:0.185:0.201:0.205, re

ively. Thus, one can conclude that the splitting observed i
bove experiments is due to1H–1H and 1H–2H intramolecula

nteractions in the water molecules. A further demonstratio
his conclusion is seen in the2H decoupling effect on the1H
ingle-pulse spectrum of tendon in a solution of 93% D2O and
% H2O at 214°C (Fig. 10). The spectrum consists o
oublet (split by 2.9 kHz) and a triplet with a splitting of 0.
Hz between its outermost peaks. This spectrum is chara
stic of H2O and HDO water molecules in the same envir

ent. Although the splittings at this temperature are cons
bly larger than those at 1.5°C, their ratio, 0.193, corresp

o the theoretical ratio of 4v 1H–2H/3v 1H–1H 5 0.205. This as
ignment is confirmed by the2H decoupling experiment. I
his experiment the doublet is not affected while the tri
ollapses. The latter effect becomes negligible at a tem
ture of 41°C as can be expected from the line narrow
aused by a fast proton exchange.

Measurements of the Residual 2H–2H Dipolar Interaction

Using the Hom-TQF pulse sequence (Fig. 6) a 2D s
rum for bovine Achilles tendon immersed in a saline s
ion of 100% D2O was obtained (Fig. 11). To ensure that
bserved FID originates from the tensorsT2,62(

2H)T1,0(
2H)

DQ evolution time (t DQ) of 10 ms was selected to be mu
onger than the lifetime of any single-quantum tensors
stimate of 0.8 ms of this lifetime was obtained from

FIG. 10. A proton single-pulse spectrum of a bovine Achilles tendon
nd (b) without2H decoupling. Waltz-16 and cw decoupling were used w

he H2O molecules is shown in order to demonstrate the lack of effect w
sis
c-
e

f

er-
-
r-
ds

t
r-
g

c-
-

n

pectral linewidths of 400 Hz seen in thef 2 dimension o
ig. 11. Thus, it is concluded that during the periodt d one
bserves predominantly the evolution of the ten

ersed in a solution of 7% H2O and 93% D2O at a temperature of214°C, (a) with
a radiofrequency magnetic field strength of 16 G. In the inset the splitt
ndecoupling is applied. An exponential broadening of 10 Hz was applied

FIG. 11. A 2D 2H spectrum of a bovine Achilles tendon immersed
olution of 100% D2O at 3°C. The spectrum was obtained by a suitable ve
see text) of the Hom-TQF pulse sequence (Fig. 6). The creation time,t, and
Q evolution time,tDQ, were 0.2 and 10 ms, respectively. The number of s
as 80 and an exponential broadening of 40 Hz was used.
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2,62(
2H)T1,61(

2H). For these tensors, inequivalent deu
ns should give cross peaks in the 2D spectrum. The e

mental results (Fig. 11) give a spectrum with the sa
uadrupolar splitting in the two dimensions. No cross pe
an be resolved. Thus we conclude that there is a signifi
ntramolecular residual dipolar interaction between the
erons of the D2O molecules.

The Dependence of the Peak Intensities of the 1H DQF
and Inv-XSQ Experiments on the H/D Ratio

Supporting evidence for the identification of the interact
ffecting the1H nuclei can be obtained from the dependenc

he peak intensities on the ratio between the amounts of H2O and
2O in the solutions. We start our study at a temperature of 1
here the proton exchange rate is significantly smaller tha
ipolar splitting. Under this condition, if the spectral linesha
ere determined by intramolecular dipolar interaction within
ater molecules, the intensities in the1H DQF and Inv-XSQ
xperiments should be proportional to the amounts of H2O and
DO molecules, respectively. Given a solution that was prep
y mixing H2O and D2O with ratioR, the fractions of H2O, D2O,
nd HDO in the solution are given byf H

2, (1 2 fH)2, and 2(12

H) fH, wherefH 5 R/(1 1 R). If spectral lineshapes of the1H DQF
xperiment were determined by the1H–1H dipolar interaction
etween a water proton and a protein proton, their inten
hould depend linearly on the amount of H2O. The tendon sam
les were immersed in two types of solutions. One consist
% H2O and 93% D2O (denoted as solution a) and the sec
onsisted of 93% H2O and 7% D2O (denoted as solution b). T
nal amounts of protons and deuterons in the samples
etermined by integration of the single-pulse experiment sp
f the two nuclei. The experiments were repeated for two ten
ith fH increasing by a factor of 13 upon the replacemen
olution a by solution b for one sample and by a factor of 11
he second sample. Thus, if the dominant interaction was intr
ecular, the intensities of the1H DQF spectra were expected
hange by a factor of 169 or 121. In the case of intermole
nteractions with protein, the intensities of the1H DQF spectra
ere expected to change by a factor of 13 or 11. The1H DQF
pectra consisted of a pair of peaks separated by 950 H
oorly resolved peaks in the center which are very small fo

endon immersed in solution a but have comparable intensit
he well-resolved lines for the tendon immersed in solution b.
ntensities of the well-resolved peaks were changed for
amples by a factor of 150 upon the replacement of solution
olution b, clearly indicating intramolecular dipolar interact
imilar conclusions were reached by studying the dependen

he intensities of the spectra obtained by the Hom-TQF p
equence on the D2O concentration at 1.5°C. Replacing solutio
y b caused the intensities to increase by a factor larger than
ince the spectra obtained in the Inv-XSQ experiment are d
DO molecules, whose concentrations are the same for sol
and b, one expects the intensities of the spectra to be the
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pon changing the solutions. In the experiments at 1.5°C, w
pectra that are weaker by a factor of 1.96 0.3 for the 93% H2O
olutions. The deviation from a factor of 1 may be due to an e
f proton exchange which is sufficiently slow in order to have
ffect on the1H–1H dipolar splitting and is comparable to t

1H–2H splitting; i.e., the exchange process is in the interme
egime. Indeed, preliminary results on collagen fibers show
he Inv-XSQ spectral intensity ratio between solutions a a
ary from 1.4 at temperature of214°C to about 60 at 41°C. Thu
he intensity ratios are strongly dependent on the proton exch
hen it is outside the slow exchange regime. For the bo
chilles tendon, raising the temperature from 1.5 to 24°C cha

he intensity ratio from 150 to 120. The increased deviation
he theoretical ratio of 169 is probably due to passage from
low exchange regime into the intermediate regime.

CONCLUSIONS

The lineshape of the proton NMR of an excised bov
chilles tendon is determined by the1H–1H dipolar interac

ion. At low temperatures this interaction results in a split
hich coalesces above room temperature due to proto
hange. It is shown in the present work that both the spe
plitting and the intensity of the1H DQF signal are ver
ensitive to proton exchange. Moreover, one can obtain
ipolar splitting and exchange rate even for the fast exch
ituation where they are inseparable by other methods.
ver, the MQF techniques are mostly useful for tissues w

he residual dipolar interaction is not significantly smaller t
he proton exchange rate.

Measurements of1H–2H and 2H–2H dipolar interactions i
ddition to the1H–1H interaction lead to the conclusion that
ipolar interaction is intramolecular, i.e., between the
ater protons.
It is demonstrated that the dynamics of the double-qua

oherence of deuterons is dominated by dipolar interac
ith protons, leading to the formation of the heteronuc

riple-quantum tensor (the Het-TQF experiment) and to
elaxation (the DQRE experiment). Similarly to the1H DQF
xperiment the Het-TQF experiment yields the hydrogen
hange rates and dipolar splitting.
Theoretical calculations demonstrate that in the fast

hange limit the relaxation times of the single-quantum co
nce of the1H nucleus and of the2H double-quantum cohe
nce depend on the square of the splitting caused b

ntramolecular dipolar interaction with the proton in the sa
ater molecule.

APPENDIX

a. General Equations

The density matrix equation of motion in the Liouville sp
s given by (18, 26)



w
r
2 he
e

w -
n es
t tw
p nc
t e
d xis
o

w fo
e T
f

w

c of
on-

v n
m

T ]
a ts
i
a e
t

w

T

in-
t m
c atrix
A tors
T

w
h
i nta-
t sor
b
c

m

308 ELIAV AND NAVON
d

dt
rp 5 Arp , [A1]

here p is the coherence under consideration.A is a matrix
epresentation of the superoperator2i(H)XO defined by
i(H)XO 5 2i[H, O]. In the current work we consider only t
ffect of the secular part of the residual dipolar HamiltonianH,

H 5 avD~u !I z1I z2 , [A2]

herea 5 3, 2 for the homonuclear1H–1H and the hetero
uclear 1H–2H dipolar interactions, respectively. D signifi

he same interactions, i.e., either interactions between
rotons or between a proton and a deuteron. The depende

he dipolar interactions,vD(u), on the angle,u, between th
irector axis (in the current work the cylindrical symmetry a
f the tissue) and the magnetic field is given by

v~u ! 5 v D
loc~3 cos2u 2 1!/ 2, [A3]

herevD
loc depends on the specific interacting nuclei, and

ach particular case an expression is given in the text.
ormal solution of Eq. [A1] is given by

r~t! 5 eAtr~0! 5 Ũ~t!r~0!, [A4]

hereŨ(t) is to be denoted as the evolution matrix.

b. The Effect of 1H–1H Residual Dipolar Interactions
on T1,61 Tensors of the Protons in the Absence

of Hydrogen Exchange

The representation of the matrixA of the single-quantum
oherence, in a basis that consists of the eigenvectors

1H–1H homonuclear dipolar interaction, is given by (for c
enience the eigenvectors are expressed in terms of the
alized spherical tensorsT1,61 andT2,61)

A 5

T1,61 2 T2,61 T1,61 1 T2,61

S6i 3
2v 1H–1H~u !

7i 3
2v 1H–1H~u !D . [A5]

he evolution matrixŨ(t) is readily obtained from Eqs. [A4
nd [A5]. However, for analysis of the experimental resul

s convenient to use the normalized spherical tensor basis,T1,61

ndT2,61, instead of the single element basis. The chang
he bases is done by the similarity transformation

U~t! 5 TŨ~t!T21, [A6]
o
e of

r
he

the

or-

it

of

hereT is given by

T 5
Î2

2 S 1 1
21 1 D . [A7]

he resulting evolution matrix,U, is

U 5

T1,61 T2,61

S cos3
2v 1H–1H~u !t 7i sin 3

2v 1H–1H~u !t

7i sin 3
2v 1H–1H~u !t cos3

2v 1H–1H~u !t D . @A8#

c. The Effect of 1H–X Residual Dipolar Interactions
on T2I,p Tensors of the X Nucleus in the Absence

of Hydrogen Exchange

For consideration of the effect of heteronuclear dipolar
eraction on thep (I is the spin of the X nucleus) quantu
oherence of the X nucleus interacting with protons the m
(Eq. [A1]) is represented in the normalized basis opera

2I ,p(X) um&^mu (m 5 61
2),

A 5

T2I ,p~X!u2 1
2&^2

1
2u T2I ,p~X!u1

2^
1
2u

S ipv 1H–2H~u !

2ipv 1H–2H~u !D , [A9]

herep 5 62mI with mI 5 1
2, . . . , I or mI 5 1, . . . , I for

alf-integer or integer nucleus spins. The evolution matrixŨ(t)
s readily obtained from Eqs. [A4] and [A9]. The represe
ion of the evolution matrix in the normalized spherical ten
asis, i.e.,T2I ,p(X)T0,0(

1H) andT2I ,p(X)T1,0(
1H), is obtained by

arrying out the transformation in Eq. [A6]:

U 5

1

Î2
T2I ,p~X! T2I ,p~X!T1,0~

1H!

S cospv 1H–Xt 2i sin pv 1H–Xt

2i sin pv 1H–Xt cospv 1H–Xt D . [A10]

d. The Effect of the 1H–2H Residual Dipolar Interaction
on T1,61 Tensors of the Protons in the Absence

of Hydrogen Exchange

The representation of the matrixA (Eq. [A1]) in the nor-
alized basis operatorsT1,61um&^mu (m 5 0, 61) is

A 5

T1,61u21&^21u T1,61u0&^0u T1,61u1&^1u

S 6i2v 1H–2H~u !

0
7i2v 1H–2H~u !

D .

[A11]
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ollowing the procedure described in previous sections on
ains the evolution matrixŨ(t) by substituting Eq. [A11] into Eq
A4]. Similarly to the treatments of the other dipolar interacti
he evolution matrix is represented in a normalized sphe
ensor basisT0,0, T1,0, andT2,0. This is achieved by the similari
ransformation given in Eq. [A6] withT given in Eq. [A12] (T is
he I 5 1 analog of the expression given in Eq. [A7] forI 5 1

2):

T 5 1
Î3

3

Î3

3

Î3

3
Î2

2
0 2

Î2

2
Î6

6
2

Î6

3

Î6

6

2 . [A12]

he results of the similarity transformation are shown in
11], in the text.

e. The Effect of Proton Exchange on MQF Spectra

To obtain expressions for the evolution matrix in the cas
roton exchange we use the following model. The coher

hat is studied is assumed to form a correlation with a proto
hea or b spin state. Thus a chemical exchange between e
opulations is considered (26). This effect of spin exchange o
roton single-quantum and deuteron double-quantum c
nce can be described by the scheme

Tl ,pSm
a -|0

k/ 2

k/ 2
Tl ,pS2m

b , [A13]

hereSm
i 5 i um&^mu i are single-element operators (m 5 1

2 or
1
2) for the protons andi 5 a, b. The indices a and b repres

he two protons that were interchanged.Tl ,p are the normalize
pherical tensors of the observed nucleus. For deuteronsl 5 2
ndp 5 62 while for the case of a proton–proton interact
symmetric form ofTl ,pSm

i is used, withl 5 1 andp 5 61.
n this basis the following expression is obtained for
atrix A (Eq. [A1]), redefined to include the effect of prot
xchange,
b-

s
al

.

f
ce
in
al

r-

t

herea 5 2 and 3 for1H–2H and 1H–1H dipolar interactions
espectively, andvD can be eitherv 1H–1H or v 1H–2H. The evolu-
ion matrix, Ũ(t), is obtained readily from Eqs. [A4] an
A14]. In order to obtain expressions that can be use
nalyze the experimental results the evolution matri
resented in the spherical tensor basis, i.e.,Tl ,pT0,0

i ,Tl ,pT1,0
i

i 5 a, b). The transformation between the two basis se
iven by the similarity transformation given in Eq. [A6
hereT is given by

T 5
Î2

2 1
1 0 1 0
0 1 0 1

21 0 1 0
0 1 0 21

2 . [A15]

he expression in Eq. [A15] is an extension of the tra
ormation shown in Eq. [A7] to the case of proton
hange. The expressions obtained on the basis of
A14], [A4], and [A15] for 1H–1H and 1H–2H dipolar
nteractions are presented in Eq. [3] and [13] in the t
espectively.
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