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Experiments that selectively excite I 5 3
2 nuclei exhibiting resid-

al quadrupolar splittings are used to acquire 23Na NMR spectra
rom a range of biologically relevant samples containing sodium in
rdered environments. Three complementary approaches to the
nalysis of such spectra are described: (i) measurement of relax-
tion rates, (ii) extraction of homogeneous linewidths from two-
imensional Jeener–Broekaert spectra, and (iii) simultaneous fit-
ing of detailed theoretical functions to a series of one-dimensional
eener–Broekaert spectra. Analysis of relaxation rates provides
vidence for compartmentation in bovine nasal cartilage. Each
pproach is used to demonstrate the presence of anisotropy in
ransverse relaxation in porcine tendon. For certain samples con-
aining collagen, a good theoretical fit to the spectra was obtained
sing a model that allows for anisotropic relaxation by including
he effects of slow lateral and radial diffusion. © 1999 Academic Press

INTRODUCTION

The NMR behavior of spinI 5 3
2 nuclei in biologica

ystems is dominated by the quadrupolar interaction.
nteraction of the nuclear quadrupole moment with the l
lectric field gradient is responsible for the appearanc
plittings in the NMR spectrum and is the dominant me
ism for relaxation. Recent NMR studies of spinI 5 3

2 nuclei
n biological systems have demonstrated the presence of
xhibiting residual quadrupolar splittings (1–4). Such spectr
ave been observed using23Na and35Cl NMR and in sample
anging from cell suspensions to excised tissues and
uman tissuesin vivo (1–10). The residual splittings have be
hown to arise from the association of the ions with ord
tructures such as collagen or cell membranes (2, 4, 9, 11). A
umber of experiments have been developed that allow s

ive excitation of this pool of “ordered” ions by selection
articular coherence pathways (1, 3, 6, 12–15). Detailed, quan

itative analysis of the spectra is imperative if the nature o
onic environment and the interactions responsible for
xperimental observations are to be elucidated. A numb
tudies have included analysis of the resulting spectra and
hown that quantitative information may be obtained (4, 9, 16).

1 Present address: School of Biological Sciences, University of Manch
xford Road, Manchester M13 9PT, United Kingdom.
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he purpose of the current work is to demonstrate the u
hree complementary analysis techniques that allow the
ailed study of ions in ordered environments and to apply t
ethods to the investigation of the environment of sodium
number of systems.
It is convenient to express the time evolution of the den

perator for spinI 5 3
2 nuclei in the irreducible spherical tens

perator basis and examples of this application can be fou
efs. (1, 3, 17). Expressions for the time evolution of tran
erse single-quantum coherence resulting from quadru
plitting and pure biexponential relaxation have been give
ef. (3). From these expressions and other analyses, it bec
lear that, while both quadrupolar splitting and biexpone
elaxation contribute to the formation of odd-rank tensorsT1,61

ndT3,61, only the presence of residual quadrupolar split
llows the formation of second-rank tensorsT2,61. Thus the
ey to selective excitation of ordered spins is the selectio
olely this component of the density operator.
A modified version of the Jeener–Broekaert experim

3, 18) and a modified double-quantum filtration experim
1, 17) have been used to achieve selective excitation o
ered23Na spectra. The pulse sequences for these two e

ments are shown in Figs. 1a and 1b, respectively. The Je
roekaert experiment performs the selection by exciting a
f quadrupolar order,T2,0, which can only be created if secon
ank tensors are present. The double-quantum filtration e
ment selects the contribution of second-rank tensors by v
f a flip-angle effect that suppresses unwanted third-rank
le-quantum coherence. The efficiency and properties of

wo experiments have been compared elsewhere (3, 14).
The spectra obtained using either of these experiments

espond to the tensorT2,21 and are characteristic antipha
owder patterns containing intensityonly in the “satellite”

ransitions (umI 5 3
2& to umI 5 1

2& and umI 5 21
2& to umI 5

3
2&). Other experiments have been developed that sele

ontribution from the second-rank tensors and then retur
ignal intensity to the central transition (umI 5 1

2& to umI 5
1
2&) (12). Pulse sequences for two of these so-called “ce

ransition recovery” (CTR) experiments are given in Figs
nd 1d. These experiments show a gain in sensitivity

er,
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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352 KEMP-HARPER, WICKSTEAD, AND WIMPERIS
espect to the Jeener–Broekaert experiment owing to
reater sharpness of the central transition.

APPROACHES TO SPECTRAL ANALYSIS

easurement of Relaxation Rates

The first approach to the analysis of ordered sodium sp
s the simple measurement of relaxation rates by fittin

FIG. 1. Pulse sequences and coherence transfer pathway diagra
xperiments used in selective excitation of ordered sodium. (a) Jeener
aert experiment. (b) Double-quantum filtration experiment. (c) Central
ition recovery experiment (CTR). (d) Triple-quantum filtered central tra
ion recovery experiment (TQF-CTR). (e) Double-quantum quadrupolar
xperiment (DQQE).
he

tra
f

xponential functions to a series of decay spectra. This m
equires littlea priori knowledge of the system under inve
ation. However, care must be taken that (a) only signal
rdered ions contributes to the spectra and (b) the obs
ecay is expected to be purely a function of relaxation and
plitting. Objective (a) can be achieved using the experim
ntroduced above which selectively excite ordered sod
bjective (b) is achieved if either the time evolution of the s
5 3

2 density operator is independent of splitting or a qua
olar echo can be formed, thus refocusing any quadru
plitting evolution. States of the density operator for wh
hese objectives may be achieved and relaxation rates
ured include quadrupolar order, triple-quantum cohere
nd second-rank double-quantum coherence.
Quadrupolar relaxation through modulation of the qua

olar interaction is assumed to be the only mechanism thro
ut. The contributions to relaxation of dipolar interactions (19)
nd modulation of the local director (20) have been neglecte
he calculation of relaxation rates from the relevant Red
atrices can be found in Ref. (17) for the case where a

ransitions are degenerate. When quadrupolar splitting
ominant this degeneracy is lifted, the cross-relaxation t
an be neglected, and the calculation becomes trivial.
elaxation ratesRi

( p), wherep is the coherence order and
abel i follows the convention of Ref. (17), can be expressed

R2
~0! 5 2K$ J1~v0! 1 J2~2v0!% [1a]

R1
~1! 5 K$ J0~0! 1 J1~v0! 1 J2~2v0!% [1b]

R2
~1! 5 K$ J1~v0! 1 J2~2v0!% [1c]

R~2! 5 K$ J0~0! 1 J1~v0! 1 J2~2v0!% [1d]

R~3! 5 K$ J1~v0! 1 J2~2v0!%, [1e]

hereK 5 ( 1
40) (e2qQ/\) 2 (1 1 h 2/3) andJ0(0), J1(v 0), and

2(2v 0) are the spectral densities describing the motion
ponsible for the relaxation.
Quadrupolar order,T2,0, is a population state that is n

ffected by quadrupolar splitting or resonance offset and
pinI 5 3

2, relaxes exponentially (3, 17). The Jeener–Broekae
xperiment (Fig. 1a) and the two central transition reco
xperiments (Figs. 1c and 1d) can be adapted to me
elaxation ofT2,0 by simply incrementing the intervalD to
ield a series of spectra to which a decaying expone
unction can be fitted. The main advantage of the CTR ex
ments in this application is that, while the Jeener–Broek
xperiment yields spectra with intensity only in the satell

hey return intensity to the sharp central transition. This re
n a gain in sensitivity and an increase in the ease of “p
icking,” making these experiments particularly suitable

he measurement of relaxation.
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The TQF-CTR experiment in Fig. 1d can also be adapte
easure the relaxation of triple-quantum coherence,T3,63.
lthough this can be achieved using a conventional tr
uantum filtration experiment, the TQF-CTR experiment
xcites quadrupolar order, ensuring that the relaxation
easured is that of ordered spins alone with no contribu

rom spins in an isotropic slow-motion regime. The adapta
f the TQF-CTR experiment for the measurement of tri
uantum relaxation is exactly analogous to that describe
ef. (21) for the conventional triple-quantum filtration exp

ment and involves insertion of an additional 180° refocu
ulse into the middle of theD9 interval and incrementation

his interval. Triple-quantum coherence evolution is indep
ent of quadrupolar splitting so a simple exponential func
an be fitted to the decay spectra.
It is worth noting from Eq. [1] thatR2

(0) 5 2R(3) 5 2R2
(1).

hus measurement of the relaxation ratesR2
(0) andR(3) provides

n estimate of the transverse relaxation rate of the ce
ransition of the powder pattern. Further examination of Eq
eveals thatR(2) 5 R1

(1), so measurement of the relaxation r
f in-phase double-quantum coherence gives an estimate

ransverse relaxation rate of the satellites in the powder pa
pectrum. It might be expected thatR(2) could be measure
sing the double-quantum filtration experiment in Fig. 1b
nalogy with the triple-quantum relaxation experiment. Un

unately, the time evolution of double-quantum coherenc
ependent on quadrupolar splitting. However, as describ
ef. (13), it is possible to form a complete quadrupolar e

or double-quantum coherence by employing a pulse with a
ngle of 109.5° as the refocusing pulse in the center o
volution period. This double-quantum quadrupolar-e
DQQE) experiment, shown in Fig. 1e, allows, via increm
ation of the intervalD, the measurement of double-quant
oherence relaxation independently of the quadrupolar
ing.

xtraction of Linewidths from Two-Dimensional
Jeener–Broekaert Spectra

The direct measurement of the relaxation rate of sin
uantum coherence is not possible because the time evo
f single-quantum coherences is dependent on quadru
plitting and a perfect quadrupolar echo cannot be forme
5 3

2. However, one approach to the analysis of ordered
ium spectra uses the favorable properties of two-dimens

ineshapes to extract the homogeneous linewidth of the sa
ransitions, and hence their transverse relaxation rate, by fi
o cross sections through a two-dimensional spectrum.

A two-dimensional Jeener–Broekaert experiment has
escribed in Ref. (16). In this experiment, thet 1 5 2t period

n Fig. 1a is incremented, yielding a two-dimensional data
n which the evolution int 1 is the same as that int 2. The
wo-dimensional spectrum therefore consists of two rid
long opposing diagonalsF 5 F andF 5 2F , assuming
1 2 1 2
to
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he transmitter frequency is on-resonance. The Jee
roekaert experiment is inherently amplitude-modulated a

s therefore possible to obtain pure absorption lineshapesF 1.
owever, the necessity in the experiment for a 90° p
ifference between the initial pulse and the first 45° p
eans that it is not possible to obtain a cosine-modu

ignal in addition to the sine-modulated signal, and hence
iscrimination in F 1 cannot be achieved. The spectrum

herefore obtained by using a real Fourier transform inF 1 and
nly positive frequencies are displayed.
The ridges in the spectra are the result of the presence

nhomogeneous quadrupolar broadening in both dimens
rown and Wimperis (22) have shown that it is possible
xtract the homogeneous linewidth from two-dimensio
pectra in which the inhomogeneous broadening remai
oth dimensions. This approach uses the favorable char

stics of two-dimensional lineshapes to extract the transv
elaxation rate by fitting an analytical function to cross sect
hrough two-dimensional spectra. Crucially, the results
ained are insensitive to the precise form of the function
o describe the distribution of quadrupolar splittings (16). It has
een demonstrated that homogeneous linewidths can be
bly extracted from spectra exhibiting a Gaussian distribu
f splittings using a simple model lineshape based on a
ratic distribution function (16). Relaxation rates can therefo
e extracted without a detailed model of the system. When
pproach is applied to the analysis of two-dimensional Jee
roekaert spectra, the inhomogeneous broadening is the
rupolar broadening of the satellite transitions and the ho
eneous linewidth (full width at half height) obtained,Dn1/2, is

herefore related to the relaxation rateR1
(1) by the expressio

1
(1) 5 pDn 1/ 2.

imultaneous Fitting to One-Dimensional
Jeener–Broekaert Spectra

A third approach to the analysis of ordered sodium spe
dopted by Eliav and Navon in a previous study (4), involves

he simultaneous fitting of a detailed theoretical model func
o a series of one-dimensional spectra. The approach des
ere is formally identical to that employed by Eliav and Na
sing double-quantum filtered methods. The Jeener–Broe
nd double-quantum filtered experiments produce essen

dentical spectra and the same physical models are appl
he analysis.

In order to describe the full spinI 5 3
2 lineshape, it is

ecessary to consider the combined effect of relaxation
uadrupolar splitting. In the Zeeman Hamiltonian eigenb

he evolution ofp 5 21 coherences can be expressed as

d

dt
s ~21!~t! 5 ~2iH ~21! 2 R ~21!!s ~21!~t!, [2]

hereH (21) is the time-independent Hamiltonian superop
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354 KEMP-HARPER, WICKSTEAD, AND WIMPERIS
or, R(21) is the relaxation superoperator, ands(21)(t) is a
ector containing thep 5 21 elements of the density matr

s ~21!~t! 5 Ss21~t!
s32~t!
s43~t!

D . [3]

he residual quadrupolar splittings observed for23Na nuclei in
iological systems are of the order 0–15 kHz. Since thes
elatively small, first-order perturbation theory can be use
his limit H (21) is given by

H ~21! 5 S22vQ 0 0
0 0 0
0 0 12vQ

D , [4]

herevQ is the residual quadrupolar splitting parameter.
oring the contribution from the dynamic shift, the relaxa
atrix for p 5 61 coherences is given by

R ~61! 5 SA 0 B
0 C 0
B 0 A

D , [5]

here the elementsA, B, andC are (17)

A 5 R1
~1! 5 K$ J0~0! 1 J1~v0! 1 J2~2v0!% [6a]

B 5 2KJ2~2v0! [6b]

C 5 R2
~1! 5 K$ J1~v0! 1 J2~2v0!%. [6c]

he solution to Eq. [2] has the form

s ~21!~t! 5 exp$~2iH ~21! 2 R ~21!!t% s ~21!~0!. [7]

ime-domain evolution functions for tensor operators,l l 9l
(21)(t),

an be derived by evaluation of the matrix exp{(2iH (21) 2
(21))t} followed by transformation into the tensor bas
inesen and Sanctuary have presented this time-domai
ulation (23).
The time-domain signal observed in NMR of spinI 5 3

2

uclei is the result of the evolution ofTl ,21 into T1,21 during the
cquisition period. The functionl 1l

(21)(t), therefore, describe
he FID characteristic of the tensorTl ,21. A Fourier transform
f this function,L 1l

(21)(v), will thus give the spectral lineshap
t is possible to calculate the frequency-domain linesh
ithout first calculating the time-domain functions by mean
Fourier–Laplace transform (24). This states that the Fouri

ransform of any function of the form

f ~t! 5 exp$A t%, [8]
re
n

-

al-

s
f

hereA is an evolution operator or superoperator, is given

F~v! 5 @A 2 ivE# 21, [9]

hereE is the unit operator in the same space asA. The matrix
(21)(v) is thus given, in the tensor operator basis, by
xpression

L ~21!~v! 5 @U ~21!$2iH ~21! 2 R ~21!% $U ~21!% 21 2 ivE# 21,

[10]

hereU(21) is the unitary transformation operator which tra
orms the Zeeman eigenbasis into the tensor operator
iven by

U ~21! 5 1 Î 3

10 Î2

5 Î 3

10

Î1

2
0 2 Î1

2

Î1

5
2 Î3

5 Î1

5

2 . [11]

ubstituting the expressions forU(21), H (21), andR(21) into Eq.
10] gives an analytical expression forL(21)(v). The Jeener
roekaert lineshape is a result of only one element, which
e written

L 12
~21!~v! 5 2i

Î3

Î5

2vQ

$~ A 1 iv! 2 1 4v Q
2 2 B2%

. [12]

In this work, a simultaneous fit to a series of Jeener–B
aert spectra recorded with different values of the evolu
ime 2t is performed and it is necessary to also calculate
xpected amplitude of each spectrum. The amplitude o
pectrum will depend upon the amount of second-rank te
roduced during the evolution time. Hence, to simulate sp

rom such an experiment the lineshape function,L12
(21)(v), must

e multiplied by the time-evolution function,l21
(21)(2t). The full

xpression for the lineshape is therefore

l 21
~21!~2t!L 12

~21!~v!

5
12

5

v Q
2 exp$22At% sin$2Î~4v Q

2 2 B2! t%

$~ A 1 iv! 2 1 4v Q
2 2 B2% Î~4v Q

2 2 B2!
, [13]

hereA and B are the relaxation matrix elements given
qs. [6a] and [6b], respectively.
This expression is a function of the quadrupolar splitt

Q, and the spectral densities. These fundamental param
re dependent on the local environment of the ions. Fittin

his function to experimental data using different theore
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355ANALYSIS OF 23Na NMR SPECTRA
odels allows detailed study of the motion and environme
odium in ordered biological systems. Five such theore
odels, previously introduced by Eliav and Navon, are ex

ned here.

otional Models

The residual quadrupolar splitting parametervQ can be
xpressed as

vQ 5 1
2 v Q

max ~3 cos2u 2 1!, [14]

hereu is the angle between the magnetic field and the l
irector (4). The quadrupolar interaction is also responsible
elaxation, and the efficiency of relaxation is described in te
f the spectral densities, as in Eq. [1]. For isotropic mot
here the correlation timetc is single-valued, the spectr
ensity functions take the simple form

Jn~v! 5 J~v! 5
2tc

1 1 v 2t c
2 . [15]

owever, it is likely that in heterogeneous biological syste
articularly in the presence of quadrupolar splittings, the s

ral density functions will take a more complex form.
The simplest model of a system which might be consid

s one in whichvQ is single-valued (i.e., there exists a uniq
23Na environment and macroscopic order). For biological s
les this is clearly unrealistic and is not used in the fits.
ext level of complexity is to allow macroscopic disorder o
ingle 23Na environment. Model A will be defined here as o
n which u is distributed randomly, butvQ

max and alsotc are
ingle-valued. This model can only apply in samples which
omogeneous with well-defined anisotropic binding sites
odium ions. The Jeener–Broekaert spectrum will take
orm of a well-defined antiphase Pake powder pattern. Th
f data to Model A include three independent variable pa
ters: the reduced variableK/v 0, vQ

max, andv0tc.
Many biological systems are highly heterogeneous, pos

ng a range of environments. In such systems, the obs
alues of the spectral densities are an average from se
ypes of environment and a single value oftc cannot be
efined. Model B considers theJn(v) values as independe
arameters based on sample heterogeneity (note thatvQ

max is
till single-valued). In this case, the constantK can no longe
e isolated from the spectral densities and the functionsJ0(v)
nd J1(v) never appear separately. Model B thus has t

ndependent variable parameters:vQ
max, K{ J0(0) 1 J1(v 0)},

ndKJ2(2v 0).
In some samples, particularly those containing oriented fi

t is possible that tumbling motions responsible for relaxation
e affected by the anisotropy of the environment, conferri
-dependence to the spectral densities. Halle (25) presents a
dvanced theory of spin relaxation at cylindrical interfaces b
f
al
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al
r
s
,

,
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e
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ts
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ss-
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n the Smoluchowski diffusion equation and the continuous
usion model which will not be elucidated here. The mo
ssumes a fast local motion combined with a much slower r
nd lateral diffusion (i.e., around or perpendicular to the fib
espectively). The long-range order case described by Halle
ase for which a residual quadrupolar coupling is observ
ssuming that the value ofu is not changing on the NM

imescale, the spectral densities are given by

Jn~v! 5 Jn
f ~v! 1

1

2 O
m50,2

~2 2 dn,0!

3 $@dn,m
2 ~u !# 2 1 @dn,2m

2 ~u !# 2%Jm
s ~v!, [16]

hereJn
f (v) represents the component of the spectral de

n(v) arising from the fast motion andJm
s (v) (m 5 0, 2) the

omponent arising from the slow radial and lateral diffus
he functionJn

f (v) is assumed to be well-approximated by
sotropic form of the spectral densities (Eq. [15]) in the
reme-narrowing limit (i.e.,J0

f (0) ' J1
f (v0) ' J2

f (2v0)), while
m
s (v0) and Jm

s (2v0) are discarded since the intensity of sl
otion at the frequenciesv0 and 2v0 is assumed to be neg
ible. Hence, the spectral densities are given as

J1~v0! 5 J2~2v0! 5 J f

[17a]

J0~0! 5 J f 1
1

16
~3 cos 2u 1 1! 2J0

s~0!

1
3

32
~1 2 cos 2u ! 2J2

s~0!. [17b]

his model, Model C, has four independent variable para
ers:vQ

max, the fast component of the spectral densitiesKJf, and
he two slow componentsKJ0

s(0) andKJ2
s(0).

Models A to C assume that the quadrupolar coupling
tant,vQ

max, is single-valued. Given the heterogeneity of b
ogical samples already mentioned this assumption seem
ealistic. Heterogeneity of quadrupolar coupling can
ntroduced by having a distribution ofvQ

max values. Models D
nd E add a Gaussian distribution ofvQ

max to the motiona
odels B and C, respectively:

W~v Q
max! 5 expH 2

~v Q
max 2 ^v Q

max&! 2

Dv Q
max J [18a]

^v Q
max& 2 2Dv Q

max # v Q
max # ^v Q

max& 1 2Dv Q
max, [18b]

here^vQ
max& is the mean value ofvQ

max andDvQ
max is a factor

epresenting the width of the Gaussian and is considered o
he variables in the fitting routine. The independent vari
arameters for Model D arêvmax&, K{ J (0) 1 J (v )},
Q 0 1 0
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356 KEMP-HARPER, WICKSTEAD, AND WIMPERIS
J2(2v 0), and DvQ
max. Those for Model E arêvQ

max&, KJf,
J0

s(0), KJ2
s(0), andDvQ

max.
Note that, although some samples exhibit a degree of

oscopic ordering, i.e., have a nonspherical distribution ou,
his possibility has not been included in the fits. These sp
lso exhibit heterogeneity and since a Gaussian distributi
uadrupolar splittings accounts adequately for the spectr
ddition of extra parameters has not been found to be
anted.

RESULTS

elaxation Rates

Relaxation rates were measured for two samples: bo
asal cartilage and porcine Achilles tendon. Experiments
arried out at 79.5 MHz on a Bruker Biospec spectrom
sing a custom-built, 20-mm-diameter solenoidal coil
ields both high sensitivity and a homogeneousB1 field with a
80° pulse length of 70ms. The porcine tendon sample d
lays macroscopic ordering with fibers running along

ength of the tendon. For this reason two sets of measurem
ere made with the tendon oriented parallel and perpendi

o the static magnetic field. Bovine nasal cartilage does
xhibit any macroscopic ordering, and there is no effect o
pectra of orientation with respect to the magnetic field.
For the Jeener–Broekaert experiment on the bovine

artilage sample, 128 transients were accumulated per
ent while the CTR experiments required 192 to complete
hase cycle. Owing to the large volume of sample, the sig

o-noise ratio was high and no weighting was applied to
ime-domain data prior to Fourier transformation. The res
f fitting exponential functions to the experimental data
hown in Table 1. The value ofF given in this and other table
s the normalized final root-mean-square difference betw
he theoretical function and the experimental data. Three
rupolar order relaxation rates,R2

(0), as measured using t
hree different experimental methods, are shown. Howe
tting a biexponential function results in a statistically sig
cant improvement to the fit and two rates, one approxima
n order of magnitude faster than the other. The results of
iexponential fits are also summarized in Table 1. This d
tion from monoexponential relaxation may be attributab

TAB
Quadrupolar Order Relaxation Rate, R2

(0), Meas

Experiment

Exponential fit

R2
(0)/s21 F R

Jeener–Broekaert 106 0.024
CTR 101 0.025
TQF-CTR 97.5 0.022
c-

ra
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ompartmentation of the sample, with only slow excha
etween the compartments. Further work is necessary to
rm the presence of multiexponential relaxation in these
ems. Nevertheless, this observation demonstrates the uti
he measurement of the relaxation rateR2

(0) in biological sys
ems.

The triple-quantum relaxation rate,R(3), was measured to b
1.4 s21 using the TQF-CTR experiment. No line-broaden
as applied. Values for the triple-quantum relaxation are
ected, from Eq. [1], to be half of that measured for qua
olar order. There is good agreement with the slow com
ents derived from the biexponential fits. There was
ignificant improvement in the fit by applying a biexponen
unction to the triple-quantum relaxation data. It is likely t
he fast component is lost during the refocusing pulse req
n this experiment, 70ms in this case.

Results obtained using the DQQE experiment (creation
t 5 500 ms, 1024 transients coadded) on the porcine ten
ample in both orientations are given in Table 2. Gaus
roadening (300 Hz) was applied to the data and the full w
f the powder pattern spectrum was 8 kHz. For each orie

ion, the relaxation rate was measured for different poin

1
d in Bovine Nasal Cartilage Using 23Na NMR

Biexponential fit

i)/s21 R2
(0)(ii)/s21 Ratio i:ii F

93.0 850 1.0:0.17 0.004
9.5 960 1.0:0.19 0.006

86.5 780 1.0:0.18 0.004

TABLE 2
Double-Quantum Relaxation Rates, R(2), Measured in Porcine

Achilles Tendon Using 23Na NMR

Perpendicular toB0 field Parallel toB0 field

(2)/s21 F R(2)/s21 F

2640a 0.051 2760 0.11
2640 0.042 2560 0.09
2590 0.036 2380 0.08
2500 0.032 2170 0.08
2400 0.029 2000 0.08
2270 0.028 1850 0.06
2140 0.027 1730 0.06
1990 0.027 1720 0.07
1850 0.027 1790 0.06
1740 0.029 1920 0.07
1650b 0.037 — —

a Rate measured near outside edge of23Na satellite lineshape.
b Rate measured near middle of23Na satellite lineshape.
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he powder pattern by extracting columns from the two-dim
ional data setS(D, v 2). The first rate shown in each ca
omes from the outside of the powder pattern and subse
alues correspond to points moving inward toward the ce
ransition. The interesting feature of these relaxation rat
he apparent decrease across the powder pattern. This de
ccurs for both orientations and is indicative of anisotrop

he relaxation, that is, a dependence of the relaxation ra
he orientation of the local director or, in other words
ependence ofJ (v) on the value ofu. Such anisotropy is no

FIG. 2. Two-dimensional Jeener–Broekaert23Na NMR spectra of porcin
chilles tendon oriented perpendicular toB0 in (a) and parallel toB0 in (b).
hirty-two increments int 1, each with 1024 transients coadded, 180° p

ength 70 ms. Cross sections (i and ii, solid lines) extracted from e
wo-dimensional spectrum have been fitted with analytical lineshape e
ions (dashed lines).
n

-

ent
al
is
ase

n
on

nexpected but has not been observed in this type of sy
reviously. Note that, sinceR(2) 5 R1

(1), we have effectivel
etected anisotropy in the transverse relaxation rate. A si
rocedure applied to the Jeener–Broekaert experiment me

ng quadrupolar order relaxation failed to show any anisotr
his implies, by inspection of Eq. [1], that the anisotropy ar

rom the J0(0) (zero frequency) component of the relaxa
unction. In turn, this implies that slow motions are respons
or the anisotropic relaxation, suggesting the likelihood
ither Model C or E will provide the best theoretical desc

ion of the motion of the ions in this sample. Note that
nisotropy in the relaxation was observed in the bovine n
artilage sample.

xtraction of Linewidths from Two-Dimensional
Jeener–Broekaert Spectra

Two-dimensional Jeener–Broekaert spectra were obt
rom the porcine Achilles tendon sample described ab
igure 2 shows the spectra obtained with the sample orie
erpendicular to the static magnetic field (Fig. 2a) and par

o the field (Fig. 2b). It can be immediately seen that the
pectra have different lineshapes. The change of lineshap
o the orientation with respect to theB0 field can be attribute
o macroscopic ordering of collagen fibers in the tendon.
ral cross sections were taken through each of the two-di
ional spectra and fitted to an analytical function based
uadratic distribution function. Two cross sections from e
pectrum, corresponding to the arrows marked, and the
unctions are shown. The relaxation rates determined are
n Table 3 for all cross sections that gave a reliable fit.

Two features can be noted from these results. First

TABLE 3
Extraction of Satellite Transition Relaxation Rates, R1

(1), from
wo-Dimensional Jeener–Broekaert 23Na NMR Spectra of Por-
ine Achilles Tendon

Perpendicular toB0 field Parallel toB0 field

1
(1)/s21 F R1

(1)/s21 F

2870a 0.064 — —
2760 0.071 — —
2610 0.069 2550 0.10
2480 0.045 2560 0.09
2320 0.065 2270 0.10
2270 0.070 2390 0.10
2140 0.037 2350 0.06
1910 0.055 1830 0.05
1950 0.043 2100 0.05
2360 0.059 2410 0.06
2100 0.033 1880 0.04
1850b 0.048 1660 0.05

a Rate measured near outside edge of23Na satellite lineshape.
b Rate measured near middle of23Na satellite lineshape.
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358 KEMP-HARPER, WICKSTEAD, AND WIMPERIS
alues for the relaxation rateR1
(1) are of the same order as t

alues forR(2) obtained from the DQQE experiment, confir
ng both approaches to the measurement of the relaxation
econd, the variation of the relaxation rate with quadrup
plitting confirms the observation of anisotropy in the re
tion made by measurement of the double-quantum relax
ate. The reduction in the relaxation rate can also be see
nspection of the cross sections in Fig. 2, which clearly sho
ecrease in linewidth for the cross sections taken nearer to

requency inF 1.

ineshape Fitting

Lineshapes simulated in accordance with the analytical f
ion in Eq. [13] and Models A to E were fitted to sets of23Na
MR spectra recorded by application of the Jeener–Broe
ulse sequence shown in Fig. 1a to a number of model

ogical systems. Each set consisted of spectra observed
ifferent evolution times,t, but with all other paramete
qual.
For each of the seven samples described below, se

ne-dimensional NMR Jeener–Broekaert spectra with a
rementedt period were acquired. Except where noted,
pectra were recorded at 105.8 MHz on a Bruker MSL
pectrometer with a 180° pulse length of 16ms and 2048
ransients per creation-time increment. A simultaneous fit t
pectra with differentt periods was performed several tim
ith different starting points for each sample and model.
nal “residuals” are the average of the mean-square differe
btained from the fits while the error ranges reflect the stan
rror in the results and the spectral resolution. Table 4 s

he values of the residuals obtained by fitting each sample
ll five theoretical models. The model resulting in the low
esidual is considered the most appropriate for that sam
ith the caveat that if the residuals for two models differ

ess than the error range, the simpler model is deemed
ppropriate. Table 5 gives the parameters obtained from
est of the fits in Table 4.

TAB
Mean-Square Residuals after Simultaneous Fi

23Na NMR Spectra Obtained

Sample A B

1 0.2996 0.003 0.3106 0.002
2 0.396 0.08 0.396 0.08
3 0.806 0.01 0.366 0.01
4 0.706 0.01 0.2826 0.008
5 1.066 0.08 0.8356 0.06
6 0.696 0.06 0.426 0.06
7 1.06 0.2 0.86 0.1

Note.Best fits are shown in bold.
te.
r
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Sample 1 is a lamellar-phase, lyotropic liquid–crystal s
le consisting of a 1:2:2 mixture of sodium octanoate, 1-d
ol, and water, and prepared in accordance with Sasanuet
l. (26). Such a system contains well-ordered organic bila

o which sodium ions are associated and is generally thoug
ontain only one23Na environment which is oriented random
ith respect toB0. This is an approximation to the binding
iological sodium ions to cell membranes. Table 4 shows

he spectra from Sample 1 are best approximated by Mod
ndicative of a homogeneous sample containing only one
ironment for ordered ions. Figure 3a demonstrates the
aying of experimental and simulated lineshapes for three
cal spectra from the set fitted. The features of the antip

4
g of Theoretical Models to Jeener–Broekaert
om Samples 1–7 (See Text)

Model

C D E

0.3586 0.004 0.426 0.06 0.366 0.01
0.416 0.08 0.406 0.08 0.476 0.1

0.1696 0.008 0.236 0.02 0.156 0.01
0.2566 0.008 0.086 0.01 0.096 0.01
0.266 0.04 0.466 0.05 0.176 0.04
0.276 0.06 0.246 0.06 0.246 0.06
0.56 0.1 0.46 0.1 0.26 0.1

TABLE 5
Lineshape and Motional Parameters Corresponding

to Best Fits in Table 4

Model A

^Sample&

1 2

Q
max/(2p Hz) 27646 4 14466 2
/(v 0 s21) 176 3 1606 40

0tc 0.146 0.02 0.66 0.1

Model D 4 6

vQ
max&/(2p Hz) 5206 10 17206 10

vQ
max/(2p Hz) 4106 20 7606 20

{ J0(0) 1 J1(v 0)}/s
21 1126 7 3306 10

J2(2v 0)/s
21 1206 7 3456 5

Model E 3 5 7

vQ
max&/(2p Hz) 2106 10 15006 200 13806 20

vQ
max/(2p Hz) 2106 30 29006 300 15206 30

Jf/s21 3.76 0.3 656 4 706 10
J0

s(0)/s21 25006 40 130006 1000 25006 100
J2

s(0)/s21 7 6 3 2006 60 5006 200
LE
ttin
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359ANALYSIS OF 23Na NMR SPECTRA
ake powder patterns can be clearly seen, as can the pe
odes resulting from the (approximately) sinusoidal de
ence of the lineshape on the value of 4vQt (Eq. [13]). The
arameterKt c is related to the linewidth due to relaxation (i

he homogeneous linewidth). In this sample this parame
uch smaller than the value ofvQ

max as would be expected f
true solid.
Sample 2 is a sample of multilamellar vesicles prep

y suspendingL-a-phosphatidylcholine (type X) from drie
gg yolk (Sigma) in 0.15 M NaCl. This sample is also b
escribed by Model A, with a single23Na environment bu

n contrast to Sample 1, the homogeneous and hete
eous linewidths are more comparable. The sample is t

FIG. 3. Jeener–Broekaert23Na NMR spectra obtained from Samples 1–
ineshape fitting (dashed lines). (a) Sample 1, lyotropic liquid crystal. Be
. (c) Sample 3, collagen in 0.15 M NaCl. Best fit: Model E. (d) Sample
dic
-

is

d

t

e-
s a

uch better approximation to biological membranes an
ields spectra of a quite different appearance. Figure
hows three typical fitted spectra from the data set. A
he experimental spectra are corrupted by a central ar
ue to incomplete suppression of the signal from ions in
xtreme-narrowing limit which, in this sample, vastly o
umber the ordered ions. These data points were disc
uring the fitting procedure.
Sample 3 is a sample of collagen (type I) obtained f

ovine Achilles tendon (Sigma) in 0.15 M NaCl. The spe
btained from this sample show particularly interesting be

or as a function of 2t. Instead of developing the expec
odes as 2t increases, the lineshape simply narrows (Fig.

sing three values of the evolution time, 2t, (solid lines) and results of simultaneo
t: Model A. (b) Sample 2, egg phosphatidylcholine in 0.15 M NaCl. Bestt: Model
bovine articular cartilage. Best fit: Model D.
4 u
st fi

5,
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he spectra are best fitted by Model E in which the spe
ensities possess au-dependence due to anisotropic local m

ion in the presence of the macromolecular fibers. A very l
alue of KJ0

s(0) relative to the other spectral density com
ents (KJf and KJ2

s(0)) is required in order to model th
ehavior of the experimental spectra. Note that the hom
eous linewidth, dominated by theKJ0

s(0) term, is much large
han the value of̂ vQ

max&, providing an explanation for th
bsence of nodes in the spectra. The model also requires a
ange ofvQ

max values (i.e., a large value ofDvQ
max relative to

vQ
max&), indicating a high degree of heterogeneity in the io

nvironment.
Sample 4 is an excised tissue sample of bovine arti

FIG. 4. Four typical Jeener–Broekaert23Na NMR spectra (solid lines) of
and (b) Model E.
al
-
e
-

e-

rge

c

ar

artilage, stored in 0.15 M NaCl. The presence of collagen
een demonstrated to be the origin of ordered ions in
ample (4). However, unlike in the case of collagen, spe
btained from this sample display the nodes (Fig. 3d).
xperimental data are fitted well by Model E, but better by
impler Model D, which has nou-dependence in the spect
ensities.
Sample 5 is an excised tissue sample of bovine te

rom around the knee, stored in 0.15 M NaCl to main
ell structure. Bovine tendon is known to contain colla
olecules which might order23Na nuclei in a similar way t

hose in Sample 3. Figure 4 compares fits using Mode
nd E for several spectra from this sample. These spect

mple 5, bovine tendon, showing the results of fits (dashed lines) using (a
Sa
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est fitted by Model E and their appearance is remark
imilar to those from Sample 3, suggesting a similar or
ng of 23Na nuclei by collagen. As with the collagen samp
he absence of nodes can only be accounted for by Mo
hich includes a mechanism that allows the homogen

inewidth to dominate the quadrupolar splitting.
Samples 6 and 7 consist of porcine tendon aligned pe

icular or parallel toB0, respectively. Tendon is an inheren
nisotropic sample on the macroscopic level. Figure 2 de
trates the dependence of two-dimensional Jeener–Bro
pectra on the orientation of the tendon with respect to
tatic magnetic field. Simultaneous fits can be performed u
he same data sets (recorded on the Biospec at 79.5 MH
nly performing a Fourier transform in thet 2 dimension
ample 6 is fitted well by both models so the simpler Mod

s preferred, while Sample 7 is fitted better by Model E.
esulting parameters are given in Table 5 and typical fits

FIG. 5. Jeener–Broekaert23Na NMR spectra (solid lines) of porcine A
ith three different values of the evolution time, 2t, and results of simultan
ly
r-
,
E

us

n-

n-
ert
e

ng
but

e
re

hown in Fig. 5. Model E implies anisotropic local motio
esulting in an orientational dependence ofJ0(0) and henc
nisotropic relaxation. Clearly, the motion will not chan
epending on the orientation of the sample. The differen

he fits can be ascribed to the macroscopic ordering o
ollagen fibers in the tendon. From Eq. [17b] it can be s
hat, for Model E, the contribution of theJ0

s(0) term toJ0(0) is
reater by a factor of four whenu 5 0° than whenu 5 90°.
hus, when the majority of fibers are aligned withB0, as in
ample 7, theu-dependence ofJ0(0) will be more evident an
odel E is more likely to give an improvement in the
owever, in Sample 6, the fibers are perpendicular toB0, the
-dependence ofJ0(0) will be less evident, and the fittin
rocedure will be less likely to distinguish between the
odels. It is therefore reasonable to conclude that Mod
rovides the best model of the environment in the por

endon sample.

les tendon oriented perpendicular toB0 in (a) and parallel toB0 in (b), obtained
us lineshape fitting (dashed lines). Best fit: (a) Model D; (b) Model E.
chil
eo
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CONCLUSIONS

Three methods of analysis to be used to extract quantit
nformation from spectra of ordered sodium in biological s
ems have been demonstrated. Measurements of quadr
rder relaxation have provided evidence of compartment

n bovine nasal cartilage, while the relaxation of double-qu
um coherence determined by a DQQE experiment indic
nisotropy in the relaxation in porcine tendon. This anisot
as confirmed by the determination of the homogeneous
idth by fitting to cross sections through two-dimensio
eener–Broekaert spectra.
Simultaneous fitting of detailed expressions for the lines

o one-dimensional spectra provides further information a
he local environment of the ordered sodium. A simple mo
ith unique values forvQ

max and the correlation time an
xhibiting macroscopic disorder, has been shown to yield
est fits for samples containing23Na associated with mem
rane-like structures (Samples 1 and 2). This model is c
atible with the assumption of the presence of a unique bin
ite for the ions which are in fast exchange with ions in
olution (27).
However, samples containing collagen (Samples 3 to 7

tted very badly by this model and are instead best desc
y either Models D or E, which both account for sam
eterogeneity. Model E includes an orientational depend

n the expression for the spectral densities, based on later
adial diffusion motions around the collagen fibers. This is
ost suitable description of the environment of sodium in
orcine tendon sample, confirming the observation of an
opy in the relaxation made using the other two ana
ethods and giving a more detailed description of the e

onment and motion of the sodium ions in the tendon.
The measurement of relaxation rates, extraction of hom

eous linewidths from cross sections through two-dimens
eener–Broekaert spectra, and simultaneous fitting to a
f one-dimensional Jeener–Broekaert spectra are all pow
omplementary tools for the elucidation of ionic interacti
ith ordered structures. The analysis methods presented
an be applied to the study of any spinI 5 3

2 nucleus exhibiting
rder in biological systems and permit the detailed inves

ion of ordered environments.
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