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The effect of proton exchange on the measurement of *H-'H,
'H-2H, and ?H-"H residual dipolar interactions in water molecules
in bovine Achilles tendons was investigated using double-quan-
tum-filtered (DQF) NMR and new pulse sequences based on het-
eronuclear and homonuclear multiple-quantum filtering (MQF).
Derivation of theoretical expressions for these techniques allowed
evaluation of the "H-'"H and 'H-"H residual dipolar interactions
and the proton exchange rate at a temperature of 24°C and above,
where no dipolar splitting is evident. The values obtained for these
parameters at 24°C were 300 and 50 Hz and 3000 s, respectively.
The results for the residual dipolar interactions were verified by
repeating the above measurements at a temperature of 1.5°C,
where the spectra of the H,O molecules were well resolved, so that
the '"H-"H dipolar interaction could be determined directly from
the observed splitting. Analysis of the MQF experiments at 1.5°C,
where the proton exchange was in the intermediate regime for the
'H-?H dipolar interaction, confirmed the result obtained at 24°C
for this interaction. A strong dependence of the intensities of the
MQF signals on the proton exchange rate, in the intermediate and
the fast exchange regimes, was observed and theoretically inter-
preted. This leads to the conclusion that the MQF techniques are
mostly useful for tissues where the residual dipolar interaction is
not significantly smaller than the proton exchange rate. Depen-
dence of the relaxation times and signal intensities of the MQF
experiments on the orientation of the tendon with respect to the
magnetic field was observed and analyzed. One of the results of the
theoretical analysis is that, in the fast exchange regime, the signal
decay rates in the MQF experiments as well as in the spin echo or
CPMG pulse sequences (T,) depend on the orientation as the
square of the second-rank Legendre polynomial.  © 1999 Academic Press

Key Words: dipolar interaction; proton—proton dipolar interac-
tion; proton—deuteron dipolar interaction; deuteron—deuteron di-
polar interaction; heteronuclear triple-quantum filter; homo-
nuclear triple-quantum filter; proton—deuterium spin correlation.

INTRODUCTION

T,-weighted MRI of ordered biological tissues such as ar-

structure, complicating the interpretation of the image. The
orientation dependence was attributed in previous publicatior
to a residual dipolar interaction which originates from the
interaction of water molecules with fibrous proteins such a
collagen 8-7). However, no interpretation of this orientation
dependence, based on the modulation of the dipolar interactic
by the dynamics of the water molecules, was given. In tissue
these studies were hampered by the interference of the sign:
coming from isotropic and anisotropic media. Water bound tc
fibrous proteins is an example of an anisotropic mediun
whereas free water or water bound to globular proteins, or t
polysaccharides, is an example of isotropic media. With th
advent of multiple-quantum-filtered (MQF) NMR techniques it
has been demonstrated that filtering the NMR signal through ~
and 2 — 1 coherence for even and odd spin nuclei, respec
tively, enables the observation of the contributions to the FIL
that originate exclusively from anisotropic med&—13.

In a system of fibrous proteins and water, proton—protor
dipolar interaction can be intramolecular (between protons c
the protein, or the protons within the water molecules) as wel
as intermolecular (between the water and the protein protons
One way to distinguish between these types of interactions is 1
replace some of the } molecules with DO and investigate
the correlations between protons and deuterons created |
dipolar interactions. Such correlation studies were made po:
sible by recent studies of dipolar interactions between quadrt
polar nuclei and protons, using multiple-quantum-filtering
techniques. In these studies it has been shown that the
transitions are very sensitive to heteronuclear dipolar interac
tions. This was demonstrated for the triple-quantum transition
of the spinl = 2 nuclei 'Li and **Na (14-16. Furthermore, it
has been shown theoretically that correlation between quadr
polar nuclei and each of the protons may be possible. Suc
techniques are used in the current work for the studiHefH
and’H-°H correlations.

THEORY

ticular cartilage and tendon was found to be orientation depen-
dent (L, 2. This orientation dependence results in an image Residual quadrupolar and dipolar interactions lead to th

that does not faithfully represent the chemical composition afarmation of high-rank tensord( ..., |

295

=2,...,2)thatcan

1090-7807/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



296 ELIAV AND NAVON

be detected by MQR3(=16. The residual interactions are theinteractions and relaxation effects. The time scale of this mc
result of anisotropic motion in systems with either macroscogiion is typically 10*°-10"" s.
or local order. In the first case, the directors have a unique(b) Fast isotropic reorientation of water molecules in the
spatial orientation while, in the second case, the orientationstaflk where the time scale is shorter than £6. This motion
the local directors are evenly distributed. yields no residual quadrupolar and dipolar interactions and
In order to identify the groups of nuclei that interact wittvery small contribution to relaxation.
each other, one may follow the correlations between their spin(c) Fast chemical exchange between bound and free wat
states. This is particularly true in systems where the NOE molecules with a time scale shorter than 1@ (17). This
negligible. In terms of the spherical tensors one should find?gocess scales down the residual quadrupolar and dipolar i
mechanism that transforms the tens®rs, of one nucleus to teractions and the relaxation rates from their values in th
tensors that consist of the direct product of these tensors wund states. For cases in which the chemical exchange
those of another nucleus, ., i.e., T ., X T/ ... Provided fa_ster tr_\an the reorie_znt_ation of the pound _Water_molecules
that T}.., are different fromT}, the direct product tensors Will actina fashion S|_m|Iar_to that Qf isotropic motion, further
carry spectroscopic information characteristic of each of tf@ling down the residual interactions in the bound state.
nuclei, thereby making it possible to identify the nuclei that (d) Proton exchange between water molecules. The tim
interact with each other. MQF techniques make it possible $§2/€ Of this process in the bulk 1S, depending on the tempe
remove, from the FID, any contribution that does not originaf@ure and pH, between I‘Oan_d 10" s. The proton exchange
from the tensord, ., X T).,. is expected to alter the spins states and thus _mterch_ang
In all the MQF methods to be described below, the tensdt§Ween the peaks that are a result of the residual dipol:
T,., are first excited and then allowed to evolve under tHBteraction. Specifically, the wavefunction of a given water
effect of dipolar (or quadrupolar) interactions into tensors wi olecule which is elth_elrmaa) or [mp.) changes t(.) either
ranks higher than one. Subsequently, tensors with coheren  OF |m‘.".‘°>’ respectivelym (m = ™ P) is the spin sta_te
of interest are selected by a suitable phase cycling and i r¥ € nuclei in the water molgcule white, and3, are the spin .
allowed to evolve into the detectable tens®is ;. In the case _states of the other proton in the wa_ter molecule before |
of protons, the above process is a result of dipolar interactioﬁ%t'emhanged' an_qu and a, are the spin states of Fhe ot_her
) . . . proton after the interchange has occurred. A detailed discu
i.e., the tensord ., evolve intoT,., which consist of the

product ofT, ., of one proton withT, , of another proton. For sion of the kinetics and their effect on the spectra can be foun

guadrupolar nuclei, tensors such Bs.,, which are formed In the Appendix.

under the influence of quadrupolar interactions, do not reflectin contrast to residual dipolar interaction, residual quadru
any correlation with other nuclei. Furthermore, since the qupolar interaction is not expected to be significantly affectec
drupolar interaction is usually much larger than the dipolasy proton exchange. Discussion of the effect of the latte
interaction, the formation and the decay of these tensors @ieeraction on the MQF spectra was given previously
dominated by the former interaction and thus their dynami¢8, 9, 11-13, 18
cannot be used to study dipolar interactions. To overcome thisFor the system of the current study, three types of dipola
difficulty one must consider tensors that are affected by quaieractions are of interestti—'H, "H-"H, and°H-"H. On the
drupolar interactions only to the second order. In previodmsis of the above discussion, the effect of the residual part ¢
works, we have shown that the dipolar interaction has a sigach of these interactions should be considered under two typ
nificant effect on the relaxation of the) <> | —m) transitions of conditions. One occurs when the proton exchange is ver
of quadrupolar nuclei in isotropic medidg, 1§ with the slow, and the other when proton exchange is very effective
strongest effect obtained fon = |. For these transitions, the The theoretical section is divided into five sections; the firsi
quadrupolar relaxation is determined by nonsecular terrfgir discuss the three types of residual dipolar interactions
while the relaxation due to the dipolar interaction is a result fhile the fifth summarizes the relaxation effects. Within eact
secular terms. In anisotropic systems, one must consider €idhe first four sections, we discuss the NMR signals with anc
additional effects of the residual quadrupolar and dipolar itvithout dynamic effects and present methods for their mea
teractions. While the first interaction does not have a first ordggrement.
effect on the time evolution of then) <> | —m) transitions, the
residual dipolar interaction does have such an effect. a. The Effect of "H-'H Residual Dipolar Interaction on
There are a number of dynamic processes that result in the the Single-Quantum Tensors of the *H Nucleus
observgd r_esidual quadrupolar and dipolar interactions aﬂ%ithout the Effect of Hydrogen Exchange
relaxation times:
The single-quantum transitions of a pair of protons can b
(a) Anisotropic reorientation of the water molecules boundescribed, as a first approximation, as those of an effective sp
to the protein, resulting in residual quadrupolar and dipolar The secular terms are the only terms with a first-order effec
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on the spherical tensors. Thus the normaliZed, andT,., for k = §,

are sufficient for describing their dynamics. Given the initial

condition for the density matrix,p(0) = T;.1p1.. + k
T,.1pm.., the density matrix at some time latey,is p(t) = Uy(t) = e 2, Uy(t) = 2 e ™%
Up(0), whereU is given by (see Appendix)

o
T T Uy(t) = Fi 3 -z, [3b]
1,+1 2,+1
coSdwy it Fi Sindway_uyt
U= -.2 H-1H 2W 14 , [] fork > s,
Fisindwuyyt  cosdwy it
k
with U,(t) = e X2coshpt, U,(t) = 2 e “Zsinh pt
_ loc _ 1)
Wiy 1y = le—lH(3 cosh 1)/2 Us(t) = Fi 5 e K2ginh pt [3C]
Sh 2y3
=5 (3cos6—1), [2] =y 87—k
rlH_lH = — M= —F7r— 6 = 3wy
p 2 I 2 I H-1H

where wy,_1, iS the proton—proton residual dipolar interac-
tion, 6 the angle between the director of reorientation anthe rate of proton exchange is givenkyAs can be seen from
the magnetic fieldS the order parameter, arfche fraction EG- [3], in the limit ofk = 0, it reduces to
of bound nuclei.
As can be seen from the off-diagonal element/ofEq. [1]), U, =cosiwy t, U,=0, U= Fisindwy wt, [4]
the tensorsT,., can evolve fromT,., according to
i sin $wiy_it. Thus., in experiments suc.h as conventiongynere a well-resolved spectrum with splitting 0f 3., is
DQF (19), where this element df determines the FID, the gpserved and the second-rank tensdts,;, evolve accord-
gpectrum con§ists of two Iines' in antiphase to each Othﬁb to Us. As can be seen from Eq. [3] under the condition
(i.e., the Fourier transform of siwa, i.t). k > 3wy, a coalescence occurs and the time dependenc
. ] . . . of the elements olU is biexponential. Thus, the Fourier
. |;S§|Ery|?1?$:c5£f§%ty hsﬂgﬂuglcor?ag;a_ H Residual tr.a'nsformation of the' elements of ponsists qf a superpo-
sition of two Lorentzian lines of different widths. For the
On the basis of the above model it is shown in the AppendgtementU ;, the two lines have the same phase whileigr
that the evolution of the normalized spin operatdks; and andU; they are in antiphase to one another. The widths o

T, -, IS given by the matriXJ, these two lines depend gn(Eq. [3c]) and thus are expected
to change with the orientation of the samples relative to thi
T2, Tb,, T3., Tb., magnetic field. Another situation, which is common in bio-
U, U, U, 0 logical tissues, isk > 3wy_1y. For this condition one
U, U, 0 U, obtains from Eq. [3c], for the decay of the transverse mag
U= U, 0 U, U, |- 3] netization,T,., = T{., + Ti.,, given by the sum of the
0 U, U, U, elementsU, andU,, a monoexponential decay:
where a and b represent the protons that were interchanged and _ z B
U,, U,, andU, are given by the following: U+ Uz =exp - 2k 8= 3w m. [5]
for k < §, )
Thus one can write
k
U,(t) = e 2cosrt, U,(t) = or e 2gjn rt 1 159° 6
T, 4k’ [6]
Us(t) = Fi 2 e “Zsinrt [3a]
* 2r ' The expression in Eq. [6] clearly shows thaT 1is orientation

dependent, a fact that has been shown by measurements st
where the¥ corresponds to the sign of the single-quantumas a single spin echo and CPMG pulse sequences of articul
coherence; cartilage and tendonl{7). Deviations from the predicted
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for k = 8,
FID = 8% e *"'?re 2%, [7b]
for k > 8,
82
FID « 02 e “'Zsinh pre %2sinh pt,
o2 2 2 2
LS 82—k B
P = , r = ’ 8 = 3w1H—1H [7C]
FIG. 1. The pulse sequence and the coherence pathway of the conven- 2 2

tional DQF experiment. The given pathway is selected by the appropriate
phase cycling&, 9). In the limit of k = 0, the expression in Eq. [7a] reduces to

dependence of T, on (3 cod6 — 1)* (Egs. [5], [6], and [2]) FID o sin 3w y_iy7 SiN 30 4 1yt,. [8]
may be observed in the experiments due to several factors, e.g.,

an exchange rate which may not be sufficiently larger thanAs expected, this expression is similar to that obtained previ
limiting the validity of Eq. [6], a distribution of the orientationously @, 13 for the conventional DQF experiment bf= 1.

of macromolecules with respect to the magnetic field, aride spectra obtained by Fourier transformation of the expre:
contributions to the relaxation from isotropic compartments. &ion in Eq. [7] consists of two peaks in antiphase to each othe

the extreme limit of very largk, U, = U, = 1 andU, = 0, Under the conditiork > 3wy,_14, the time dependence of
making the evolution of the tensor3,., from T,., the FID is biexponential with decay rates which are orien-
impossible. tation dependent, as expected from Eq. [7c]. Fandt, >
1/k andk > 3w, 1, the expression in Eq. [7c] for the FID
simplifies to

lll. Pulse Sequences for the Measurement of the Residual
'H-"H Interaction

5 2
_ —7lTon —t2/T2
As was shown in Sections a.l and a.ll residual dipolar interac- FID = (k) € € ' (9]

tion leads to the formation of the tensdts., from T, .,. Thus, by

measuring the rate of formation ®}.,, one can extract the valuehere 1T, is defined in Eq. [6]. As seen from Eq. [9], the FID
of *H-"H residual dipolar interaction. The pulse sequence SUitatPéedependent on the orientation @&, .,. Thus for cases with
for this purpose is the standard double-quantum filtration (DQ@rge w4, WhereT, is short and the SQ peak intensity is
shown, along with the coherence pathway and the relevant SpWSW, the DQF signal is large. The converse is also true. Fo

ical tensors for each time interval, in Fig. 1. In principle, pulsgma”le_lH' as is the case for the magic angle orientation (
sequences such as spin echo and single-pulse experiments cgugjll_?,,), the DQF signal vanishes. Another important char
serve the same purpose. However, in many biological systemSieristic of the DQF spectra under the conditién
signals that stem from compartments with an anisotropic envirog: 3w, is the reduction of the intensity in proportion to
ment are ma_sked by much stronger signals that originate frommz_ This dependence makes this experiment very sensitiv
isotropic environment. DQF methods suppress these strong conditions that affect the proton exchange rate. It is cles
nals, due to the fact that they detect the ten3grs that are not that in the limit of very fast exchange rate no DQF signal
formed in isotropic media. On the basis of expressiondJfoin can be observed.

Eq. [3], one obtains the following expression for the FID of the 5, alternative method to the conventional DQF pulse se

DQF experiment: guence, where the peaks are in antiphase to one another, is |
DQF pulse sequence given in Fig. 2 and denoted as in-pha
DQF (IP-DQF) @0). The spectrum obtained by IP-DQF rep-

FID = Us(n)Us(ta); [T esents peaks that have the same phase. On the basis of
evolution matrix given in Eq. [3] the following expression is
fork < 8, obtained for the FID measured by the IP-DQF pulse sequenc
FID o U3(7/2)[Uy(ta) + Uy(to)]. [10]
2
— A krl2qj —ktof 2o .
FID = r2 © sinfre sinrt,; [7a] The dependence of the FID given in Eq. [10] on the orientatiol



DIPOLAR INTERACTIONS IN WATER IN TENDON BY *H AND *H MQF NMR SPECTROSCOPY 299

20, 720, W20, T 20, /20 With w2y = %43 co$0 — 1)/2, where v’ = fSh?
Yuryalt i, andS is the order parametef,the fraction of
I /2 I tho I /2 I tz0 It2 (acq., g) bound nuclei, andd the angle between the director of
T —T reorientation and the magnetic field. The Fourier transform
1.1 2.1 of the diagonal element),,, gives three lines with equal
intensities as expected in experiments with a single 90
pulse. The off-diagonal elemebt; , (Eq. [11]) describes the
formation of the tensord,.,(*H)T.(°H) from T,.,(*H).
Their Fourier transforms consist of the two outermost lines
of the single-pulse experiments, in antiphase to one anothe
The off-diagonal element, ; (Eq. [11]) describes the for-
FIG. 2. The IP-DQF pulse sequence. It consists of a double-quantum filtg?atl_on of _the tenSOI’Sleﬂ(lH)TZIO(ZH) from _Tlvﬂ(lH)'
followed by a zero-quantum filte2(). A phase cycling of 64 steps was used:| €Il Fourier transforms consist of three lines with an
@1 = j#ml2 + kx0 + mx0, @, = j*m/2 + kew/2 + m=0, ¢, = j*0 + intensity ratio of—1:2:—1.
kxal2 + mxal2, @, = j*0 + k#0 + mxm/2, o5 = 6450, og = (] + k +
m)# (j, k, m =0, 1, 2, 3). The asterisk denotes multiplication. Il. Pulse Sequences for the Measurement of the Effect of th
Residual'H-"H Interaction on the T.,(*H) Tensors of

o Protons
and the proton exchange rate is similar to that of the conven-

tional DQF (Eq. [7]) and thus need not be discussed further. The pulse sequence showr; in Fig. 3 d?teCtS tr;e formation ¢
'H-’H residual dipolar interaction. The *H-"H dipolar either the tensors, »1("H) Ty o( H) or Tu...(CH) T, ("H) which

H 1 2 1 2
interaction can be studied by investigating either tHeor the ransform iNto T, ., (H)T, -.(H) or Ty a((H)T2.(CH), re-
?H nuclei. In both cases, the homonuclé="H and 2H—"H spectively, by selecting the appropriate phase cycling and pul:

dipolar interactions affect the dynamics of the spin states of tWédths of the last two pulses on the deuterons. The two selex

'H and®H nuclei, respectively. The effect of the dipolar interlons of the phase cycling will be denoted as Inv-XSQ anc

action on the transverse magnetization of the protons is Iaré@Y'XDQ' respectively.
than that on the longitudinal magnetization. Therefore only the
effect on theT, ., tensors of the protons will be studied. For
the deuterons, as discussed above, the effect of the dipolar

interaction is most pronounced on the DQ transitions, i.e., thewithout the Effect of Hydrogen Exchange
T,., tensors.

c. The Effect of '"H-X Residual Dipolar Interaction
on the T,, Tensors of the X Nucleus

It is shown in the Appendix that the effect of the residual
b. The Effect of "H-"H Residual Dipolar Interaction dipolar interaction between a quadrupolar nucleus and
on the T, ., Tensors of the ‘H Nucleus proton on the|m) < |—m) transitions is given by the

I. Without the Effect of Hydrogen Exchange evolution matrix

The *H-"H dipolar interaction has a first-order effect on the 1
T... (*H) tensors giving correlations withl, ((°H) and NA Top(X)  Tap(X)T1o(*H)
T,.o(*H). In analogy to the formalism which was used to obtain N .

' COSPw iyt —1 SIN pwiy_xt

the effect of"H-"H residual dipolar interaction, the following U=

evolution matrix is obtained (for details see the Appendix), ISINPpwixt  COSPwyt )

\%Tl,ﬂmm T CHITGCH) T CHIT R
1 2 2
3 (14 2 cos wyy_ayt) i 3 SiN 2wyt — V? (1 — coS 2wiyy_24t)
U= Fi gsin 20 12t COS 2wyt Ti %3 Sin 20 4ot , [11]

\r‘/E J/
- ? (1 — COS 20)1H_2Ht) Fi

-~
N

1
sin 2w 12t § (2 + Ccos 2“)1H—2Ht)

|
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Ty, Due to the mathematical similarity of the equations leading t
Tio Egs. [3] and [13] the expressions for;, U,, andU; can be
obtained from Eq. [3] by replacing the expression éowith
IH /20, To, L1l i
E ty(acq., pg)
T, TC/2(p2 11:/2({)3 0=4w 1H—2H- [14]
/2 I /2 I tMo I
*H T,y Tay [ T, \ Similar to Eq. [3], Eq. [13] consists of three equations for the
: casek < §, k = §, andk > 8. They are denoted as [133a]
T, through [13c]. In analogy to the case of proton—proton inter-

FIG. 3. Proton-detected pulse sequences with a SQ or DQ filters for tr?(?cuon in the limit otk = 0, the. spectra due to the dlagonal
X nucleus (Inv-SQX or Inv-DQX, respectively). A phase cycling of 16 of ements are well resolved, while for very fast excharigeX
64 steps was used for the Inv-SQX £ 1) and Inv-DQX ( = 2) pulse ) full coalescence is obtained. As for the off-diagonal ele-
sequences, respectively; = j*m + k*0 + m#0, ¢, = j*0 + k+w/l ments, they have their maximum value whkn= 0 and
+ M0, @3 = j#0 + k0 + mea/l, @ = jxm/2 + (k + m*7/l,  diminish to zero ask — . The case of proton—deuteron
j =0 1,2, 3andk m=0,..., 2~ 1 The asterisk denotes ; iaraction under the conditiok > 4w, 2, is of interest in
multiplication. . . .
the current study of biological tissues. The results can b
obtained from Egs. [5], [6], and [9] by replacidg= 3w _1, With
8 = dwy_2y. Clearly, also in the current case, the rates of
wherep = #2m (m = §,...,1 orm = 1,...,| for decay of the elements of the matiikare dependent on the

half-integer or integer spins, respectively). As seen fro@rientation aswiy .
Eq. [12], the Fourier transformation of the diagonal ele-

ments yields two peaks with the same phase, Separate.dllﬁ).yPulse Sequences for the Measurement of the Effect of
2pw.yx. The off-diagonal elements describe the formation . macidqualH—2H Interaction on the Double-Quantum
of the correlation tensory ,(X) T, o(*H) from T, ,(X). The Transition of Deuterons

Fourier transformation of the off-diagonal elements yields
two peaks with opposite phases and also separated bywo types of experiments were carried out. The first (Fig. 4
2pwyyx. Selecting deuterium as the X nucleus= 1, p = measures the diagonal element of the matHxU (U is given
=2, and the splitting is dy, ;. The ratio between this in Egs. [12] and [13];U* is its Hermitian conjugate) that
splitting and that obtained from the DQF experimentgescribes the time dependence of the ten3ors. It is de-
(Section a.lll) insystems with*H—"H dipolar interaction is noted as double-quantum relaxation with an echo (DQRE). Th
Ayapl3yy = 0.205. second pulse sequence (Fig. 5), denoted as heteronuclear trig
guantum filter (Het-TQF), measures the off-diagonal element
of U (Egs. [12] and [13]). It can be used to identify the protons
Il. The Dynamic Effect: Modulation dH-"H Residual that correlate with the deuterons.
Dipolar Interaction by Spin Exchange In the calculation of the FID of the DQRE and Het-TQF
pulse sequences, one can assume that at the beginning of
The effect of proton exchange on the tens®ss, of the ty, period only the tensors,.,(*H) have to be considered
deuterons was calculated using the same dynamic model gieed the tensorsT,.,(°H)T,o(*H) (which also represent
in Section a.l for the effect of proton exchange on the spectrutpuble-quantum coherence f&H) can be ignored. This ap-
of protons coupled byH—"H dipolar interaction (Eq. [3]). The proximation is justified for the following reason: the third-rank
details of the calculations are given in the Appendix with thiensorsT,.,(*H)T,(*H) which originate from the tensors
result presented in the equation T,.1(*H)T,o(*H) may be formed during the creation time

1 1
5 Toe2(PH) 5 Too(PH) TomoCPH)TE(MH) Toeon(PH) TR (*H)

2 2

U, U, U, 0
B U, U, 0 U,
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/2 i /2 T /2 which fork > 16w,_7, simplifies to
I "2 I ) I tho/2 I tho/2 Itz,acq,
FID o 19,(r, (e oTe, & = S
' " Tog k
VK2 = 1603, 2 V1603, o — k?
p= 2 - = 2

f(, t,) describes the spin dynamics during the periedsd

FIG. 4. A pulse sequence designed to measure the double-quantum relgx- As stated above, during these periods the motion of th
ation time, Toq (DQRE). The phase cycling is identical to that of the convenspins of the deuterons is dominated by the residual quadrupol
tional DQF sequenceB(9). interaction wo, and under the additional condition, > k, the
functionf (7, t,) can be approximated.8) by

However, the formation of these tensors in most practical cases (7, tp) = e "6 Tsin wqr Sin wqt,. [16]

is much slower than the decay of the tens®is.,(°*H) by

quadrupolar interaction and thus can be neglected. The samenhe limit of k > 4wy, o, (in practicek = 48 = 16w1y_2
consideration leads to the conclusion that any formation of the sufficient), the relaxation rate of the double-quanturr
tensor T, ;(*H) and subsequently the observable tenseransition, 1T,,, is dependent on the orientation of the
T, -.(*H) from T, _,(*H) T, o(*H) during the periodt, can be samples relative to the magnetic field like the relaxation rat

neglected because it is too slow. 1/T, (Eq. [6]), resulting from the proton—proton interaction.
Thus, for the FID measured by the DQRE pulse sequenctearly the same reasons that may causg, b deviate
one obtains the following expressions: from the expected orientation dependence (Egs. [6] and [2]
apply for 1/Tp,. It is worth noting that Eq. [15a] predicts a
for k < 4(01H_ZH . . . ..
full refocusing in the absence of spin exchange (the limi
k = 0).
K K2 t On the basis of Eq. [13] the following expressions are
FID = f 97, ty)e ko2 1 + o sinrtpo + o2 sin’r %Q obtained for the Het-TQF experiment:
[15a]
T
T Lo : 1.1
. . . 1 1.-1
which fork < 4wy_oysimplifies to H
/20, T2,
iy
FID o f {1, t)e
2, Ty, W2,  me, T2
/2 /2 | tpo /2 I tng/2 | t(acq..op)

fOI’ k = 4w1H—2H 2H T

Tl,»l

—> T
FID o f {7, t,)e 2emniog[] 201 24lpg T Zw?H_thZDQ]; Tt 21

[15b]

FIG. 5. A pulse sequence designed for the detection of heteronucles
third-rank tensors, denoted as heteronuclear triple-quantum filter (Het-TQF
Two kinds of phase cycling are implemented. One enables the detection of tt
two heteronuclear tensofE; ., and T;.s, while the other selects only the
for k > 4wy 2y heteronuclear triple-quantum tensdrs.,. The first type of phase cycling is
¢, = jxm/2 + k0 + m*0, ¢, = ¢, + 72, 3 = j*0 + kx7 + m=0,
@4 = @1, @5 = [*0 + kem + meam, 05 = 0, o = (] + K+ m)*m, j =

K K2 t 0,1, 2,3 ank, m= 0, 1. In the second type of phase cyclipg ¢,, and
q —kipg/2 AP s 2 o -DQ e are the same as for the first phase cycling but= ¢, = j*0 + n*xm/5,
FID o fi,(r, t)e 1+ 2p sinh ptpg + 2p° sinf’p 2 ©s = 0, andeg = (j + n)#m, wheren = 0, 1, ..., 9. The asterisk denotes

multiplication. The time interval, is selected to be short enough so that
[15c] relaxation effects were negligible.
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FID o« Ui(tpo/ 2) f (T, ty); [17] 2, o, T2, T2, W20, T2,
/2 I /2 I tDQ/2| ty ItDQ/Z Itz’(va'3(PR)

fOl’ k < 4w]H_2H

2

FID « 4“’:;““ £9,(7, t,)e Keo2sin? rt%; [17a]
fork = 4wy
FID o w3y f a7, ty) e 20mntoot2 [17b]
fork > 4wy 2y FIG. 6. A pulse sequence designed for the detection of homonuclea

third-rank tensofT;_;, denoted as homonuclear triple-quantum filter (Hom-
4('0%H—2H ptoo TQF). The phase cyclir_lg ig: =0, ¢, = j*x7w/10 + (k + m)*0, @, = (j +
EID o > (T, tz)e’k‘DQ’zsinhZ —_, [17¢] m)*0 + kxm/2, g = jxw/2 — (K + m)*«/2,j = 0, 1,---, 19 andk,
p 2 m = 0, 1, 2, 3. The asterisk denotes multiplication.

wherep andr are given in Eq. [15] andli(, t,) is presented residual?H-?H dipolar interaction is given in Fig. 6. In the
in Eq. [16]. At the end of the periodT, .,(*H) are formed and following sections, we denote this sequence as homonucle
converted tdT, .,(*H) by the 90° pulse§, 13, 18. During the  triple-quantum filter (Hom-TQF). Similar to the Het-TQF
first tpo/2 period, as a result of thid—"H dipolar interaction, pulse sequence, one can assume that at the beginning of 1
T;-2(°H) evolve intoTs ., = T, .,(*H)Tyo(*H) while, during first t,./2 period only the tensorE, .,(*H) have to be consid-
the second,o/2 period, the reverse process takes place. Byefed. Subsequently these tensors evolve iAp2) =
suitable phase cycling of the twig2 pulses on théH nucleus, T, (2H,)T, (*H,), T:22 = T,.,(*H1)T,(*H,), and other

4,2
one selects the pathway (shown in Fig. 5) that allows the retigByble-quantum tensor operators which are a direct product
of the tensordl ., either viaT; ., = T,.,(*H)T1=1("H) and  single-quantum tensors. The relaxation’sf single-quantum
Ts3 = To-o(*H)T1..1(H) or, using another phase cycling, viagperators and their direct products are dominated by the qu
the latter tensors. For both phase cyclings, the tefBors("H)  drupolar interaction and thus for sufficiently loig, can be
are eliminated. Thus the FID is a result of the formation of thgnored (3, 15, 16, 18, 21and onlyT:%2 andT; 22 should be

3,22 4,x2
Ts-, tensors. Similar to the pulse sequences given in Figscdnsidered. During the second periodtgf/2 the process that
and 3, in the limit of very fast exchange, the FID reduces {ge|ds T;20 and T;2? is reversed. By a suitable phase cycling
zero. It is worth noting that in the limit ok = 0 (i.e., N0 of the two m/2 pulses on théH nucleus, one selects the
hydrogen exchange), Eq. [15] simplifies to the expression pathway (shown in Fig. 6) that transfers the tensbf$ via
T:250 = T, ,(°H) T, 1(*H,) to T;%7 and eliminates the
FID o sin woT SiN“2wu_2.tpeSin wety. [18] contribution of T,.,(*H) and T; 25" = T,.,(°Hy)T,1(*H,).
Thus, one observes only deuterons that correlate with or
By selecting a constant value fop, and varying the time another and are affected by quadrupolar interaction only to th
interval, ty, while decoupling the protons, it is possible tsecond order.
obtain a 2D map. One axis represents #Hespectrum, which By selecting a constant value fty, and 7, and varying the
is governed by the quadrupolar interaction, while the other axigie intervalyty, itis possible to obtain a 2D map. The selection
represents the spectrum of those protons that are coupled tochthe tensofT; %5 * during the period, makes the FID detec-
deuterons and is governed by thé-'H dipolar interaction. tion phase sensitive also in thedimension. The tensdr, *;*
duringty andT, _, duringt, are governed by the quadrupolar
d. The Effect of ‘H-"H Residual Dipolar Interaction interaction (3, 2J); i.e., the Fourier transformation of the FID
on the T,., Tensors of Deuterium consists of two peaks in both dimensidpsndf,. However, in
the f; dimension, the peaks have the same phase (becau
T;2;"is present at, = 0) while in thef, dimension the two
peaks are in antiphase to one another (due to the fact that f
t, = 0 one has predominantly the tendor_,(°*H) which then
The effect of the residugH-"H dipolar interaction on the evolves to the detectable tens®;_, (13,18). From the
double-quantum transitions in the absence of hydrogen aliscussion above it is possible to conclude that obtaining a 2
change was given in a previous publicaticdl)( A pulse spectrum by the Hom-TQF pulse sequence (Fig. 6) is clee
sequence that detects the third-rank tensors created by ¢k&ence for dipolar interaction between two deuterons.

Pulse Sequences for the Measurement of the Effect of the
Residual’H-"H Interaction on the 7., Tensors of
Deuterons
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e. The Relaxation Effects Caused by the Modulation TABLE 1

303

of the Dipolar Interactions by Reorientation Proton Exchange Rate and ‘*H-"H Residual Dipolar Interaction

. . . . ) N as a Function of Temperature
The anisotropic reorientation motion has two significant

effects. One is the first-order average of the quadrupolar and Temperature, °C 1.5 24 41

dipolar Hamiltonians resulting in residual values. The other .

effect of the reorientation motion is the second-order rela%-S . 1750 3500 6000
. X . 827 = 3wy yl2m, HZ 900 900 830

ation. Two cases are of interest in the current work. The first i 32 16 0.94

the relaxation of double-quantum transitions of the deuterons;

caused by the dipolar interaction with protons. The second iS The experimental error resulting fro®N and biological variability is

the relaxation of single-quantum transitions of the protons20% fork and +10% for 5.
caused by the dipolar interaction with other protons. In the first

case, under the assumption th@d2 < 1 (D is the dipolar

interaction andr¢ is the reorientation correlation time of the o .
'H-2H internuclear vector), the following expressions for thenagnetic field strengths of 8.46 and 11.74 T, respectively

DQ relaxation time Tp) Were obtained 15, 22:

12
Too ™ 15 D S(S+ DIBIO) + J(wr — w9

+ 12)(ws) + 3I(w)) + 6J(w, + wg)]

_ hPyEyy

D=5 [19]

v, and ys are the gyromagnetic ratios éH and *H nuclei,
respectively. For very slow isotropic motions . > 1) and
dipolar interaction with protons], simplifies to

1 4 _ Ancyey}

= 2 5r 6 Tc- [20]

TiDQ—gD Tc =

For single-quantum relaxation due to homonuclear dipol

interaction 23),

= % DA(l + 1)[33(0) + 5J(w) + 2J(2w))]
Ryl

D?="5 [21]

and for very slow isotropic motionswgre > 1) 1/T, of
protons simplifies to

1 9 B 9% 2y

2

ﬁ:ﬁD TC—W’TC. [22]

EXPERIMENTAL

using 10-mm probes.

RESULTS AND DISCUSSION

Measurements of the Effect of the Residual ‘H-"H
Interaction on the *H Spectrum

Measurements of thtH—'H dipolar interaction were taken
on bovine Achilles tendons immersed in solutions of 93%H
and 7% DO at several temperatures. Two types of measure
ments were taken. One is the conventional DQF (Fig. 1; se
Section a.lll) and the second is IP-DQF (Fig. 2; see Sectiol
a.lll). For the former pulse sequence, we obtained spect!
consisting of two peaks with opposite phases, similar to pre
viously reported resultsl@). The spectral peak intensities were
measured as a function of the creation timerhe results at
temperatures of 1.5 and 24°C fitted well the expression give
in Eq. [3a] while those measured at a temperature of 41°
filted Eq. [3c]. The results of the fit are summarized in Table 1
The value of the proton exchange rakepbtained at a tem-
perature of 24°C, 3400 §(Table 1), is similar to that found in
pure water at the same temperature and a pH of&8l425. As
could be expected, the splitting, (Eq. [3]), is temperature
independent while the proton exchange rdtechanges by
more than a factor of 3. The rati@k varies from 3.2 to 0.94.
While for 8/k = 3.2 a well-resolved spectrum is obtained, no
splitting is observed for the ratio of 0.94. This effect is clearly
demonstrated in the results shown in Fig. 7, where the puls
sequence IP-DQF was used. At 1.5°C, the spectrum consists
well-resolved peaks which, at higher temperatures, broade
and eventually coalesce. The peak intensity of the IP-DQF (&
well as the DQF) spectra declined (Fig. 7) with increasing
temperature. This observation is consistent with theory the
predicts 1k* (Egs. [7] and [10]) dependence on the proton
exchange rate. It is important to note that, in order to ascertai

Fresh bovine Achilles tendons were obtained from a slauglthether a pair of peaks are well resolved in the conventione
ter house. They were cooled immediately in ice and, within@RQF and the IP-DQF experiments (Figs. 1 and 2, respectively
couple of hours, immersed in solutions composed of varionge has to select dispersive and absorptive phases, resp
ratios of HO and DO at 4°C for 36 h. NMR measurementdively. A spectrum presented in a dispersive mode decays off ¢
were taken on a Bruker 360AMX WB and a 500ARX withl/w, while a spectrum displayed in an absorptive mode falls of
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'H-"H dipolar interaction dominates the results of the DQRE
and Het-TQF experiments. Similarly in the 7%® and 93%
D,0 solution, most of the water protons are present in the HD(
molecules. Thus, the results of the measurements that use f
Inv-XSQ and Inv-XDQ pulse sequences are dominated by th
'H-"H dipolar interaction. The DQRE and Het-TQF pulse
sequences gave spectra that consisted of two peaks with ¢
posite phases (peaks with poor resolution and small intensity |
1.5'C the center of théH spectra had little effect on the current work
analysis and thus were ignored). As for the IP-DQF experimer

1 of protons Het-TQF peak intensities increased with decrease

24°C temperature due to the K7 dependence on the hydrogen

JL exchange rate. The spectral peak intensities of the Het-TQ

41'C experiment were measured as a function of the evolution tim

: : : : , , : toe. The results of the Het-TQF experiment at a temperature c
3000 2000 1000 0 -1000 -2000 -3000 Hz 1 5°C were successfully fitted, using a nonlinear mean squar

FIG. 7. IP-DQF (Fig. 2) spectra of a bovine Achilles tendon immersed ifnethod, to Eq. [17a] while, at 24 and 41°C, the results wer:
a solution of 93% HO and 7% DO given as a function of temperature. Thefitted to Eq. [17c]. The results of the fit are summarized in
creation‘timeq- is 560 pus. The number of scans was 64. An exponentiaFgple 2 and an example of the experimental results along wit
broadening of 5 Hz was used. the fitted curve (Eq. [17c]) is given in Fig. 8. As could be
expected, the splittind (Eq. [3]), is temperature independent
, , i _while the proton exchange rate, changes by at least a factor
as 1" Thus, the resolution Pf the 1P-DQF e>.(per|ment '9f 3. The ratiod/k varies from 1.25 to 0.22. These values were
better than that of the conventional DQF (graphical represel} aiier than those obtained from the DQF (as expected) as
tation of dependence of the resolution of the conventional DQfg 1y_2p dipolar interaction is smaller than that of tHé—H
spectra on .the splittingy, can be found elsewherd.)). In_ interaction. As seen from Tables 1 and 2, the ratio between tt
order to verify that the main cause for the above changes in ittings, caused byH—2H and *H—H dipolar interactions, is

1 . : - . .
H spectra is modulation ofH—"H dipolar interaction by the about 0.21 which is in agreement with the theoretical value o

progon exchange, we have r(.apeated th? .aboveﬁrgeasurgms%s (Section c.l). The values obtained for the proton ex
for “H for the following reason: as the splitting of thid nuclei change rates from the Het-TQF experiment (Table 2) ar

is caused by quadrupolar intergction, it is npt expected_ tc_> Qﬁlaller than those obtained from thel DQF experiment
modulated by proton exchange in systems with small variatio ble 1). This difference can be partially attributed to the

of the electric field gradient. Indeed, over the whole range Foton—deuteron isotope effect since part of the hydroge

temperatures, no change in the splitting and only min l3<change process that affects the Het-TQF experiment is

changes in the Iineswidthslhave been noticed. Any Sig”iﬁcaﬂbton—deuteron exchange. For comparison one can site t
effect of the 7% RO on the H spectra could be ruled out byratio between proton exchange rate ig0Ho that of deuterium

the fact thafH decoupling did not significantly change the in D,O to be 3.8 at 24°C and pH 6.2%). The isotope effect
spectrum. in the Het-TQF experiment is expected to be less than half c
that value, in agreement with the experimental result of 1.5 ¢

. ) .
Measurements of the Residual "H-"H Interaction 24°C (Tables 1 and 2). Further experimental evidence the

Using 'H and °H Detection

Measurements of thtH—"H dipolar interaction were taken

on bovine Achilles tendons immersed in solutions of 93%H TABLE 2

and 7% DO or 7% HO and 93% DO at several temperatures. Proton Exchange Rate and '"H-"H Residual Dipolar Interaction
Four types of measurements were carried out: DQRE (Fig. 4; as a Function of Temperature

see Section c.lll), Het-TQF (Fig. 5; see Section c.Ill) wikh . . .
detection, and the two pulse sequences Inv-XSQ and Inv-XDQ Temperature, °C 15 24 M
where the'H is detected (Fig. 3; see Section b.Il). Contro} ¢* 700 2400 8000
experiments were carried out for the latter three experiments &3 = 4w a/2m, Hz 190 190 280
setting the rf frequency of the pulses applied to the nucl&k 1.25 0.57 0.22

which are not detected at off resonance. As expected, the
control experiments yielded no FID. +20% fork and +10% for 8.

For the 93% HO and 7% DO samples, 96% of the deuter- > the experimental error resulting fro®N and biological variability is
ons are found in the form of HDO molecules and thus the40% fork and =20% for 5.

The experimental error resulting fro®N and biological variability is
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with the results obtained by the Het-TQF experiment (Table

104 2). In the fast exchange limik > 16w1_24, EQ.[15C]), the
08 | FID decays as a single exponential with a decay rate c
1/Tpe = 4wh /K. Thereforews, -, andk cannot be inde-
0.6 4 pendently determined. However, on the basisvef -, and
k determined by the Het-TQF experiments at 24°C (Table
0.4 - 2), it was possible to calculate T,. The values obtained
are 6.4+ 1.2 and 15+ 3 ms for parallel and perpendicular
0.2 orientations, respectively. They are in agreement with the
DQRE experimental values of 6 0.7 and 16= 2.
0.0 . A method for independently verifying that, (Eq. [15]) is
T : . , . - . - . dominated by théH—"H dipolar interaction is to measure it by
0 5 10 15 20 DQRE (Fig. 4) along with proton decoupling during the period
thq (Ms) tro. Indeed, the decoupling caused thg, to be lengthened

from 6.4 ms at 24°C and 3.5 ms at 1.5°C to 43 ms at botl
. FI"LZ.d ?6 ai);r:/?;?zzﬁeillllersfg:dg:] tieremg:estéTdCi?nFap:cl’slstisﬁq;eg;; (HFrig- Slemperatures. While the results at 24 and at 1.5°C with proto
7"3)/(I>ODZO at 24°C. A creation time of = 0.2 ms was used in order to optimizedeCoupllng beha.ved as single exponentlgls, the results at 1.5
S/N. Points are the experimental data and the full line was obtained by fittiN%'thOUt .deCOUpllng only approximated Ij[. The'se resullts are
to Eq. [17¢] (the fast exchange case). clear evidence for the effect of tHél—°H dipolar interaction.
As explained at the beginning of the current section, the
'H-"H dipolar interaction can be measured with detection o
supports the analysis of the results of the Het-TQF experimertie 'H FID of samples containing 7% 4 and 93% DO. In
is provided by the orientation dependence of the results pig. 9, a spectrum measured by the pulse sequence Inv-XSQ
these experiments. As suggested by Eq. [17], changing #héemperature of 1.5°C is given. Two peaks in opposite phas
sample orientation from parallel to perpendicular to the magnd separated by 175 Hz are evident. In the Inv-XDQ exper
netic field should cause a decline of the spectrum intensityhent (not shown) three peaks are obtained. The two outermo
However, part of the reduction of the intensity stems also fropeaks were separated by 200 Hz and had the same pha
the reduction of the quadrupolar interaction for the perpendigpposite to that of the central peak (for theoretical details se
ular orientation. This difficulty can be resolved by comparingection b.Il). The two outermost peaks of th single pulse
the expressions of the Het-TQF with those of DQRE. As can lpeot shown) and IP-DQF spectra (separated by 9580 Hz,
seen from Egs. [15] and [17], the two experiments have tiigg. 7) are missing in both Inv-XSQ and Inv-XDQ experi-
same dependence on the quadrupolar interaction, given rhgnts, indicating that they are a result of th&-"H dipolar
fi7, t;). Thus, by normalizing the Het-TQF spectra by thinteraction. On the basis of Egs. [1], [11], and [12], one expect
spectrum obtained in the DQRE experiment whgn(Fig. 4) the ratios between the splitting in thel DQF, Inv-XSQ, Het-
is very short, one obtaind;(tso/2) (Eq. [17]) where the effect TQF, and Inv-XDQ to be 31y 1 4wy 2y by 2y bwiyy_a,
of the quadrupolar interaction is eliminated and the effect of
the dipolar interaction is retained. Normalized Het-TQF spec-
tra for the samples oriented perpendicular to the magnetic field
were simulated using the values for the hydrogen exchange rate
and the dipolar splitting given in Table 2. The ratio between the
largest peak intensities of the parallel and perpendicular orien-
tations was calculated to be 2.3. Experimentally, for samples at
temperature of 1.5°C, a value of 2.7 was found.
The *H-"H dipolar interaction and proton exchange rate can
also be obtained from the dependence of signal intensitypn
in the DQRE experiment (Fig. 4 and Eq. [15]). As can be seen
from Eq. [15], for very slow exchange, the FID is a single
exponential with a decay rate &f2. In the intermediate
exchange regime, whete = 4wy,_>y, the FID depends on
bothk and w+_2. Although the fitting of experimental data 0 400 5 a0 800 Hz
to I.Eq' [15] is Iess_reliable, compared t(,)lthe Het- TQF ex- FIG. 9. An Inv-SQX (Fig. 3) spectrum of a bovine Achilles tendon
periment, one obtains, at 1.5°C, 55090 s~ and 210+ 30 immersed in a solution of 7%  and 93% DO at 1.5°C. A creation time of

2 :
Hz for the proton exchange rate and thid—"H dipolar ;- 0.6 mswas used. The number of scans was 32. An exponential broadeni
splitting, respectively. These results compared favorabdy1 Hz was used. The observed splitting was 175 Hz.
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FIG. 10. A proton single-pulse spectrum of a bovine Achilles tendon immersed in a solution of, @&kt 93% DO at a temperature of 14°C, (a) with
and (b) without’H decoupling. Waltz-16 and cw decoupling were used with a radiofrequency magnetic field strength of 16 G. In the inset the splitting d
the H,O molecules is shown in order to demonstrate the lack of effect iHesiecoupling is applied. An exponential broadening of 10 Hz was applied.

i.e., 1:0.205:0.205:0.205. The experimental results on the bagiectral linewidths of 400 Hz seen in tlig dimension of

of Fig. 9 and Tables 1 and 2 are 1:0.185:0.201:0.205, resp&ag. 11. Thus, it is concluded that during the perigdne
tively. Thus, one can conclude that the splitting observed in tbbserves predominantly the evolution of the tensor:
above experiments is due tel-'H and *H-"H intramolecular
interactions in the water molecules. A further demonstration of
this conclusion is seen in thiél decoupling effect on théH

single-pulse spectrum of tendon in a solution of 93%®xnd 20001 &
7% H,O at —14°C (Fig. 10). The spectrum consists of a .
doublet (split by 2.9 kHz) and a triplet with a splitting of 0.56 ; , v
kHz between its outermost peaks. This spectrum is character- ¢ e
istic of H,O and HDO water molecules in the same environ- -1000 1 _,;af
ment. Although the splittings at this temperature are consider- R "

ably larger than those at 1.5°C, their ratio, 0.193, correspondsy =

to the theoretical ratio of éy_2/3wyy_y = 0.205. This as- =g ;

signment is confirmed by th&H decoupling experiment. In <7 >

this experiment the doublet is not affected while the triplet .
collapses. The latter effect becomes negligible at a temper- 1000 - ‘

ature of 41°C as can be expected from the line narrowing . i
caused by a fast proton exchange. ] , Je

Measurements of the Residual ?H-°H Dipolar Interaction 2000 »
Using the Hom-TQF pulse sequence (Fig. 6) a 2D spec- 2000 1000 0 21000 22000
trum for bovine Achilles tendon immersed in a saline solu- fy Hz

tion of 100% DO was obtained (Fig. 11). To ensure that the
FIG. 11. A 2D *H spectrum of a bovine Achilles tendon immersed in a

observed FID originates from the tensdrs.,(*H) T, o(°*H) : : , _
' ' solution of 100% DO at 3°C. The spectrum was obtained by a suitable versior

a DQ evolution t'me_(DQ) of 10 ms_ was selected to be mucnsee text) of the Hom-TQF pulse sequence (Fig. 6). The creation tinaed
longer than the lifetime of any single-quantum tensors. Ay evolution timetpo, were 0.2 and 10 ms, respectively. The number of scans
estimate of 0.8 ms of this lifetime was obtained from th@as 80 and an exponential broadening of 40 Hz was used.
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T,-2(°H)T.-1(°*H). For these tensors, inequivalent deutempon changing the solutions. In the experiments at 1.5°C, we ¢
ons should give cross peaks in the 2D spectrum. The expspectra that are weaker by a factor of 9.3 for the 93% HO
imental results (Fig. 11) give a spectrum with the sams®lutions. The deviation from a factor of 1 may be due to an effec
guadrupolar splitting in the two dimensions. No cross peaks proton exchange which is sufficiently slow in order to have nc
can be resolved. Thus we conclude that there is a significaffect on the'H-'H dipolar splitting and is comparable to the
intramolecular residual dipolar interaction between the detH-"H splitting; i.e., the exchange process is in the intermediat
terons of the DO molecules. regime. Indeed, preliminary results on collagen fibers show th:
the Inv-XSQ spectral intensity ratio between solutions a and |
The Dependence of the Peak Intensities of the *H DQF V&Y from _1.4 at_temperature 6f14°C to about 60 at 41°C. Thus,
and Inv-XSQ Experiments on the H/D Ratio the |nte_n_S|ty ratlps are strongly dependent on the proton excha_nl
when it is outside the slow exchange regime. For the bovin
Supporting evidence for the identification of the interaction&chilles tendon, raising the temperature from 1.5 to 24°C change
affecting the'H nuclei can be obtained from the dependence tie intensity ratio from 150 to 120. The increased deviation fron
the peak intensities on the ratio between the amounts©faihd the theoretical ratio of 169 is probably due to passage from th
D,0 in the solutions. We start our study at a temperature of 1.5°Iow exchange regime into the intermediate regime.
where the proton exchange rate is significantly smaller than the
dipolar splitting. Under this condition, if the spectral lineshapes CONCLUSIONS
were determined by intramolecular dipolar interaction within the

water molecules, the intensities in thel DQF and Inv-XSQ  The lineshape of the proton NMR of an excised bovine
experiments should be proportional to the amounts @ ldnd  Achilles tendon is determined by tHéi—'H dipolar interac-
HDO molecules, respectively. Given a solution that was prepargsh. At low temperatures this interaction results in a splitting
by mixing H,O and DO with ratioR, the fractions of HO, D,O, which coalesces above room temperature due to proton e
and HDO in the solution are given iy, (1 — f.)?, and 2(1-  change. It is shown in the present work that both the spectr
fu) fu, wheref,, = RI(1 + R). If spectral lineshapes of thél DQF  splitting and the intensity of théH DQF signal are very
experiment were determined by tHel—'H dipolar interaction sensitive to proton exchange. Moreover, one can obtain tr
between a water proton and a protein proton, their intensitigiolar splitting and exchange rate even for the fast exchanc
should depend linearly on the amount ofCH The tendon sam- sjtuation where they are inseparable by other methods. Hov
ples were immersed in two types of solutions. One consisted&fer, the MQF techniques are mostly useful for tissues wher
7% H,O and 93% DO (denoted as solution a) and the seconghe residual dipolar interaction is not significantly smaller thar
consisted of 93% KD and 7% RO (denoted as solution b). Thethe proton exchange rate.

final amounts of protons and deuterons in the samples wergjeasurements ofH—*H and >H-*H dipolar interactions in
determined by integration of the single-pulse experiment speci@dition to theH—"H interaction lead to the conclusion that the
of the two nuclei. The experiments were repeated for two tendafipolar interaction is intramolecular, i.e., between the twc
with f,; increasing by a factor of 13 upon the replacement @fater protons.

solution a by solution b for one sample and by a factor of 11 for |t js demonstrated that the dynamics of the double-quantut
the second sample. Thus, if the dominant interaction was intramg@herence of deuterons is dominated by dipolar interactior
lecular, the intensities of théH DQF spectra were expected towith protons, leading to the formation of the heteronuclea
change by a factor of 169 or 121. In the case of intermolecul@iple-quantum tensor (the Het-TQF experiment) and to DC
interactions with protein, the intensities of thd DQF spectra relaxation (the DQRE experiment). Similarly to thid DQF
were expected to change by a factor of 13 or 11. TH&OQF  experiment the Het-TQF experiment yields the hydrogen ex
spectra consisted of a pair of peaks separated by 950 Hz @Rénge rates and dipolar splitting.

poorly resolved peaks in the center which are very small for theTheoretical calculations demonstrate that in the fast ex
tendon immersed in solution a but have comparable intensitiesffange limit the relaxation times of the single-quantum cohet
the well-resolved lines for the tendon immersed in solution b. Tk ce of the'H nucleus and of théH double-quantum coher-
intensities of the well-resolved peaks were changed for batice depend on the square of the splitting caused by tt

samples by a factor of 150 upon the replacement of solution ajyramolecular dipolar interaction with the proton in the same
solution b, clearly indicating intramolecular dipolar interactionyater molecule.

Similar conclusions were reached by studying the dependence of
the intensities of the spectra obtained by the Hom-TQF pulse
sequence on the O concentration at 1.5°C. Replacing solution a
by b caused the intensities to increase by a factor larger than 100.
Since the spectra obtained in the Inv-XSQ experiment are due to
HDO molecules, whose concentrations are the same for solution3 he density matrix equation of motion in the Liouville space
a and b, one expects the intensities of the spectra to be the s&ygiven by (8, 26

APPENDIX

a. General Equations
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d whereT is given by
dtPr— App [A1]
2( 11
. . L . T=—5 -1 1/ [A7]
where p is the coherence under consideratidnis a matrix 2
representation of the superoperatori(H)*O defined by
—i(H)*O = —i[H, Q]. In the current work we consider only theThe resulting evolution matrix), is
effect of the secular part of the residual dipolar Hamiltortign
Tl,rl T2,11
H = awD(e)lleZZ ’ [A2] COS%w1H,1H(9)t 1' S|n gle,lH(G)t A8
| Fi sin2wyn(0)t  cosiwin(0)t [A8]

wherea = 3, 2 for the homonuclealtH—"H and the hetero-
nuclear '"H-"H dipolar interactions, respectively. D signifies
the same interactions, i.e., either interactions between two
protons or between a proton and a deuteron. The dependence of
the dipolar interactionsepy(6), on the anglef, between the
director axis (in the current work the cylindrical symmetry axis For consideration of the effect of heteronuclear dipolar in-
of the tissue) and the magnetic field is given by teraction on thep (I is the spin of the X nucleus) quantum
coherence of the X nucleus interacting with protons the matri;
A (Eq. [A1]) is represented in the normalized basis operator
T, (X) [ MY(m] (m = £3),

c. The Effect of '"H-X Residual Dipolar Interactions
on Ty, Tensors of the X Nucleus in the Absence
of Hydrogen Exchange

o(0) = 033 cosh — 1)/2, [A3]

loc

wherewp® depends on the specific interacting nuclei, and for

1 11
each particular case an expression is given in the text. The TapX)|=D(=3 - Tao(X)[3

formal solution of Eq. [Al] is given by _ ipwi24(0) ) [A9]
—ipwiy_ay(6) )
t) = e*p(0) = U(t)p(0), A4
Pt p(0) ©p(0) [A4] Wherep=i2m,withm,=%,...,Iorm,=1,...,|~for
L ) ) half-integer or integer nucleus spins. The evolution maii{x)
whereU(t) is to be denoted as the evolution matrix. is readily obtained from Egs. [A4] and [A9]. The representa-

tion of the evolution matrix in the normalized spherical tensot
b. The Effect of "H-'H Residual Dipolar Interactions basis, i.€.T ,(X) Too(*H) and T, ,(X) T1o(*H), is obtained by
on T,., Tensors of the Protons in the Absence carrying out the transformation in Eq. [A8]:
of Hydrogen Exchange

The representation of the matrik of the single-quantum 1
" e T Tap()Tyg(*H)

coherence, in a basis that consists of the eigenvectors of the \,E
'H-'H homonuclear dipolar interaction, is given by (for con- COSPw iy _xt =i Sinpwy_xt
venience the eigenvectors are expressed in terms of the nor- U= (—i SiNPwu st  COSPwist [A10]
malized spherical tensoi®, .; andT,.,)
Tiea—Toer Tiaat Tou d. The Effect of the ‘"H-’H Residual Dipolar Interaction
i 3w 14(0) on T,.; Tensors of the Protons in the Absence
= : [A3] of Hydrogen Exchange

+1 %lele(e) '
The representation of the matrik (Eq. [Al]) in the nor-

The evolution matrixJ(t) is readily obtained from Eqs. [A4] malized basis operatofB, ..|m}m| (m = 0, 1) is

and [A5]. However, for analysis of the experimental results it

is convenient to use the normalized spherical tensor bEgis, Toaal =I(=1] Tiw|0X0] Ty 1)1
andT,.,, instead of the single element basis. The change of *i2w-21(0)
the bases is done by the similarity transformation A= 0

Fi2w 1H—2H(0)
u) =TOMmT?, [A6] [A11]
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Following the procedure described in previous sections one atlherea = 2 and 3 for'H-"H and *H-'H dipolar interactions,
tains the evolution matriid(t) by substituting Eq. [A11] into Eq. respectively, and, can be eithetwy,_s, Or wy,_».. The evolu-
[A4]. Similarly to the treatments of the other dipolar interactionson matrix, U(t), is obtained readily from Egs. [A4] and
the evolution matrix is represented in a normalized spherid@i14]. In order to obtain expressions that can be used t«
tensor basid,,, T, andT,, This is achieved by the similarity analyze the experimental results the evolution matrix i
transformation given in Eq. [A6] wit given in Eq. [A12] Tis presented in the spherical tensor basis, iT,T60,Ti,T1o
thel = 1 analog of the expression given in Eq. [A7] for= 3): (i = a, b). The transformation between the two basis sets |
given by the similarity transformation given in Eq. [A6],
whereT is given by

3 3 3 - 01 O
2 2 12 010 1
_| 2 V2 _ Ve
T=| &5 0 - [A12] T=51-101 o0 [A15]
\’@ \/@ \f 010 -1
6 3 6

The expression in Eqg. [A15] is an extension of the trans:
formation shown in Eq. [A7] to the case of proton ex-
The results of the similarity transformation are shown in E§hange. The expressions obtained on the basis of Eq
[11], in the text. [A14], [A4], and [A15] for 'H-'"H and 'H-"H dipolar
interactions are presented in Eq. [3] and [13] in the text
respectively.
e. The Effect of Proton Exchange on MQF Spectra

To obtain expressions for the evolution matrix in the case of ACKNOWLEDGMENT
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