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Abstract

The anisotropy of the angular distribution of collagen fibrils in a sheep tendon was investigated by 'H double-quantum (DQ)
filtered NMR signals. Double-quantum build-up curves generated by the five-pulse sequence were measured for different angles
between the direction of the static magnetic field and the axis of the tendon plug. Proton residual dipolar couplings determined from
the DQ build-up curves in the initial excitation/reconversion time regime which mainly represent the bound water are interpreted in
terms of a model of spin-1/2 pairs with their internuclear axes oriented on average along the fibril direction in the presence of proton
exchange. The angular distribution of collagen fibrils around the symmetry axis of the tendon measured by the anisotropy of
the residual dipolar couplings was described by a Gaussian function with a standard deviation of 12° &+ 1° and with the center of the
distribution at 4° 4 1°. The existence of this distribution is directly reflected in the finite value of the residual dipolar couplings at the
magic angle, the value of the angular contrast, and the oscillatory behavior of the DQ build-up curves. The 'H residual dipolar
couplings were also measured from the doublets recorded by the DQ-filtered signals. From the angular dependence of the nor-
malized splitting the angular distribution of the collagen fibrils was evaluated using a Gaussian function with a standard deviation of
19° + 1° and with the center of distribution at 2° + 1°. The advantages and disadvantages of these approaches are discussed.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Most biological tissues possess some degree of order.
In ordered tissues, where the molecular motion is an-
isotropic, dipolar and quadrupolar interactions are not
averaged to zero. In such cases homonuclear and het-
eronuclear multiple-quantum (MQ) coherences can be
formed. These coherences give information about the
effect of the anisotropic motion of the water molecules
and sodium ions in intact biological tissues (for a review
see [1]). In collagen-containing tissues such as tendons,
ligaments, cartilage skin, blood vessels, and nerves DQ
coherences are formed as a result of the interaction of
water molecules with the collagen fibers. Therefore, the
orientation of the macromolecules induces an anisot-
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ropy in the residual dipolar couplings. Moreover, such
anisotropy can also be observed by the 'H residual di-
polar couplings of the macromolecules in another class
of soft solids, that is in strained elastomers [2,3].

The anisotropy of the residual dipolar couplings in
tendon is related to the tightly bound water molecules
which penetrate the interstitial volume of the triple-helix
and are fixed by two hydrogen bonds. These water
molecules can rotate about the axis defined by the two
bonds so that the time average of the internuclear vector
and with it the principal axis of the dipole-dipole cou-
pling tensor is aligned along the rotation axis. There are
a number of dynamic processes that result in the ob-
served residual dipolar interaction [1,4]: (i) Anisotropic
reorientation of the water molecules bound to the pro-
tein. The time scale of this motion is typically
10719-1077s. (ii) Fast chemical exchange between the
molecules of bound water and free water on a time scale
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shorter than 10~ s. This process scales down the resid-
ual dipolar interactions from their values in the bound
states. (iii) Proton exchange between water molecules on
time scale between 10~* and 107 s. As the water mole-
cules move from between the bonded to and the free
state, it can exchange proton with the other water
molecules, thus replacing the proton which has been in
an up (or down) spin state with another proton in the
opposite spin state. This process also averages the in-
traproton dipolar coupling.

The investigation of tendon anisotropy by various
NMR methods is a topic of long standing interest. The
first NMR study by Berendsen [5] used the 'H van
Vleck second moment to measure the orientation dis-
tribution of the collagen fibrils in tendon. Unfortu-
nately, signals from the free water and proteins are
interfering with the signal from the bound water, and
also the magnetic field inhomogeneities present made
the measurements of second moment inaccurate. Ful-
lerton et al. [6] provided the first observation of the
contrast anisotropy in magnetic resonance imaging
(MRI) which was identified as the same effect reported
in hydrated collagen [5]. The orientational anisotropy
of T, and other NMR parameters was shown to be
correlated with the underlying geometrical structure of
the ordered tissues [7-9]. Recently it was demonstrated
that the NMR-MOUSE (mobile universal surface ex-
plorer), a hand-held NMR sensor, can be employed to
investigate the anisotropy of 75> in Achilles tendon in
vivo [10].

The presence of residual dipolar couplings allows
MQ coherences to be generated in ordered tissues (see
[1] and references therein). These MQ coherences, in
particular double-quantum (DQ) coherences, have the
advantage of suppressing the intense signal of free water
and to a high degree the signals originating from the
macromolecules. Therefore, the observation of MQ co-
herences represents a convenient approach to investigate
local and macroscopic order in a variety of tissues.
Recently, Tsoref et al. [11] reported the dependence of
the width of the 'H DQ-filtered NMR signals of rat tail
tendon on the tendon orientation, indicating that the
effective director of the residual dipolar interaction is
parallel to the collagen fibers. Double-quantum filtered
'H NMR spectra from human and bovine skeletal
muscle showed frequency splittings of creatine and lac-
tate protons that varied with the orientation of the
muscle fibers relative to the magnetic field [12-14]. In all
of the studies mentioned above, the distribution of the
collagen fiber orientation was not investigated quanti-
tatively.

The residual quadrupolar interaction of H and >*Na
nuclei was also employed by measurements of spectra,
relaxation rates, and MQ coherences to characterize the
anisotropy in macroscopically ordered and disordered
biological materials ([1,4,15-17], and references therein).

The goal of this paper was to investigate quantita-
tively the anisotropy of the collagen fibril orientation in
tendon using 'H residual dipolar couplings. These re-
sidual dipolar couplings were determined from DQ
build-up curves and DQ-filtered doublets for water in-
teracting with the collagen fibers. The DQ-filtered NMR
signals reject the 'H signals of free water and show only
a small contribution from the collagen fibers. The ori-
entation distribution of the collagen fibrils in tendon
was described by the heuristic approach of a Gaussian
distribution function. The parameters of this angular
distribution function were obtained from the anisotropy
of the slopes of the experimentally determined DQ
build-up curves in the initial excitation/reconversion
regime as well as the splitting of the DQ-filtered spectra.
The advantages and disadvantages of these approaches
are also discussed.

2. Experimental
2.1. Materials

Samples of sheep Achilles tendon were obtained from
the butcher. The samples were kept at —18 °C after ex-
cision until the time of measurements which were per-
formed at room temperature 20 + 1°C. A plug was cut
from the middle of the tendon and was wrapped with
teflon tape in order to avoid dehydration. A new tendon
plug was used after about 12h of measurements to
preclude tissue degradation. The dominant orientation
of plug was parallel to the collagen fibers and along the
macroscopic axis of the tendon. Because the tendon
plugs were not immersed in any liquid to match sus-
ceptibility, the reoriented samples were subject to slight
susceptibility inhomogeneities. NMR measurements for
each set of orientation angles were made on at least
three different tendon plugs to account for biological
heterogeneity.

2.2. NMR experiment

The NMR experiments were performed at a 'H fre-
quency of 200.025MHz on a Bruker DSX-200 spec-
trometer. The DQ build-up curves were recorded with
the five-pulse sequence [18] which is discussed below.
The applicable phase cycling scheme is described in [18].
The 90° pulse length was 13.5 us and recycle delays of 1's
were used. The evolution time and the z-filter delay were
fixed to #; = 10pus and ¢ = 10 s, respectively. In order
to measure the DQ build-up curves the DQ excitation
and reconversion periods were varied in the range of
4us <1< 800pus. A special Bruker NMR probe with a
tilt coil was used which allows the orientation of the
resonator axis relative to the direction of the static
magnetic field in the range 0° <0< 90°.
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3. Theory
3.1. Double-quantum build-up curves

3.1.1. Slow proton exchange

In the secular approximation, the dipolar Hamilto-
nian describing the intramolecular interaction of rigid
two spin-1/2 pairs is given by

Hy = (—=V/6)DP;(cos ") T3, (1)

where the dipolar coupling constant D = (p,/4m)y?
n(l /rfj) of the spin pairs ij depends on the internuclear
distance 7;;. The angle f;; is the angle between the inter-
nuclear vector 7; and the direction of the main magnetic
field B, (cf. Fig. 1). The second-order Legendre polyno-
mial is denoted by P(cos f3;;), and Tzifo is an irreducible
tensor operator. The equivalent spin operator for a
quasiparticle with spin quantum number F = 1 is given
by Tro = 275, [19,20].

The dipolar coupling between spin pairs is averaged
on the time scale of the NMR experiment which results
from the reorientation motion of the bound water as

2, 18,4 7

Fig. 1. Angles and reference frames used for describing the anisotropy
of the residual dipolar couplings. The z-axis of the laboratory reference
frame (denoted by the unity vector Z; ) is parallel to the direction of the
static magnetic field By. The z-axes of the tendon plug and collagen
fibril are denoted by Zr and Z, respectively. The spin pair jj is char-
acterized by the internuclear distance 7;; and the polar angle f3;;.

well as from the chemical exchange between free and
bound water molecules [1,4]. The time scale of our
NMR experiments is of the order of excitation/recon-
version times, i.e., of about 0.1-1 ms. As a result of this
partial motional averaging, the axis of the dipolar tensor
is oriented on average along the collagen fibril direction,
which defines the local director having the angle § with
the direction of By and the angle § with the axis of
symmetry of the tendon plug (cf. Fig. 1). It is assumed
that the distribution of collagen fibrils around the axis of
tendon is uniaxial, so that the orientation distribution
can be specified in terms of a single angular variable .
Using Eq. (1) the averaged Hamiltonian of the spin pair
is given by

I'_Id = ( — \/%) DSPz(COSﬁ)TZ‘(). (2)

This residual dipolar Hamiltonian depends on the dy-
namic order parameter S = P;(cos $”(¢)), where the bar
denotes an ensemble average over the instantaneous
angle pY(t) (see Fig. 1) [4,21,22]. To simplify the nota-
tion Eq. (2) is rewritten as

Hy = w4Thy, (3)

where @y is the residual dipolar coupling which includes
the angular anisotropy. The effect of very slow hydrogen
exchange can be considered to be present in the value of
the dynamic order parameter.

The spin system response to the five-pulse sequence
used for DQ excitation (Fig. 2) can easily be evaluated in
the density matrix formalism. The initial state of the
spin system is described by the thermodynamic equilib-
rium density operator p(0) «x CTj o, where C is the Curie
constant and T} = F2, is the irreducible tensor operator
given by the z-component F; of the total spin of the spin-
1/2 pair. Finally, by employing the specific irreducible
tensor operator algebra [20] for the density operator

(a)
MQ excitation|evolution | reconversion Edetection
T tl T Tfé tim;
(b)
90° 90° 90, 90790,
| T ‘ t, | T | ’Ef| time

Fig. 2. The five-pulse sequence used for measuring double-quantum
build-up curves. The multiple-quantum (MQ) excitation, evolution,
reconversion, z-filter, and detection periods are denoted by =, 7, t, ¢
and f,, respectively.
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describing the spin pairs at the end of the DQ excitation
period (see Fig. 2) we can write

FRSORENNYS S FAN 2% P

(4)
where the last term describes the DQ coherences repre-
sented by the antisymmetric irreducible tensor operator
Tra(a) = (1/V2)(Ths — Tr») [20]. The selection of the
DQ coherences by phase cycling [20] and considering a
short evolution of these coherences during the period 7,
lead to the DQ density operator

poo(ti + 1) o< Ci sin <\/§wﬂ> Trs(a). (5)

At the end of the reconversion period the DQ term of
the density operator is converted to z polarization and
single-quantum coherences. For a z-filter with duration
large enough to dephase single-quantum coherences and
short enough to avoid magnetization transfer to free
water and protein [21], the normalized NMR signal is
given by

Soo(tr +7+4 +7) = ( sin’ \/Ewdf exp (_ g) .
Ssq(0) 2 %)/,

(6)
where the integral intensity of the single-quantum (SQ)
spectrum corresponding to bound water is denoted by
Ssq(0). The effective decay time of SQ coherences which
are present during the excitation and reconversion pe-
riods is 7,. This quantity is also orientation dependent
[6,8]. Their orientation average over the collagen fibers is
described by ((...)), and is discussed in detail below.

For an arbitrary radio-frequency tilt angle 6., the
right-hand side of the Eq. (6) has to be multiplied by the
function f(0r) = (d2,(0s) +d2, 5 (0rr))?, with d’, ., (0r)
being the reduced Wigner matrix element. For 0;s = 90°
we get f(0) = 1.

The DQ build-up curve described by Eq. (6) can be
easily evaluated in the initial DQ excitation regime, i.e.,
for wgt < 1 and 27 < T;. From Eq. (6) we get

SDQ(Tf+T+[1+‘E)N§ 5 5

The above equation can also be obtained if the pro-
ton exchange is taken explicitly into account in the
process of DQ coherences excitation and reconversion in
the limit of very slow proton exchange, i.e. for
k < (@3>, where k is the sum of the forward and
backward proton exchange rates [4]. For a less restric-
tive condition, i.e. (k/(w3) ;2/ 2) < /6, the dependence of
the integrals of the measured spectrum in a DQ-filtered
experiment on the excitation/reconversion time 7 is given

by [4]

Spo(tr 44 +7) N <w—‘zie’/Tz* sin” (rr)> e (8)
Ssq(0) r? o

where r = (1/2),/6w3 — k>. For connective and soft
tissues the condition T < 75 is easily fulfilled because 75
is typically larger than 10ms [21]. Moreover, for very
slow exchange, i.e. k < (w2);/’, the condition rt < 1 is
fulfilled in the initial excitation/reconversion regime of
the DQ build-up curves. Under these conditions Eq. (8)
is becoming identical with Eq. (7).

3.1.2. Fast proton exchange

Exchange of protons between water molecules is
causing a modulation of the dipolar interaction, leading
to a scaling down of the residual dipolar interaction and
a reduction of the intensity of the multiple-quantum
signals. When taking into consideration the proton ex-
change, one obtains the following expression for the
integrals of the measured spectrum in DQ-filtered ex-
periment [4] valid for

Spo(tr + 74+t + 1) <w?1 LT g2 > —
x ( —e "2 sinh” (p1) ) e, (9)
Ssa(0) P’ (v) 0 (
where p = (1/2)\/k* — 6w@3.
For fast proton exchange the condition k > (w3) }2/ 2 is
fulfilled and p = k/2. Moreover, for 1 < k! and t < T5
from Eq. (9) we get

SDQ(Tf+T+t1 +‘E) 5 5
S50 (0) <wd>gf . (10)

It is worth noting that under these conditions the
analysis of the experimental results becomes somewhat
more demanding due to decline in signal-to-noise ratio.
For instance, at 24 and 41 °C the exchange rate constant
k is about 3500 and 6000s~! [4] requiring T < 100 us and
7 < 30ps, respectively.

In ordered tissues like tendon the 'H DQ-filtered
NMR signals in general consist of two main compo-
nents, one characteristic for the collagen fibers and the
other originating from the bound water. The former
signal is difficult to be detected as a result of the large
value of the dipolar coupling and very short value of the
transverse relaxation time (vide infra). Actually, the
pulse sequence used for detecting DQ-filtered NMR
signals is suppressing not only the signal of the free
water but also the signal of proteins. Therefore, it is
sufficient to discuss only the anisotropy of the 'H re-
sidual dipolar coupling of bound water in the following.

3.2. Anisotropy of the 'H double-quantum-filtered NMR
signals

The experimental parameter describing the anisot-
ropy of the residual dipolar couplings is given by the
angle 0 between the direction of the tendon plug and the
direction of By. This angle and other relevant angles for
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the description of anisotropy are shown in Fig. 1. Using
simple geometrical arguments which describe the change
of the cosine function of the polar angles between dif-
ferent reference frames we can write

cos f = cos fcos O — sin fsin 0 cos j. (11)

Consequently, the square of the Legendre polynomial in
the expression of the slope of the DQ build-up curve (see
Eqgs. (2),(3),(7)7(10)) is given by

(Py(cos B))* = (3 cos’ f — 1)

[3(cos fcos O — sin fsin O cos7)* — 1]°.

(12)

The anisotropy of the square of the residual dipolar
couplings (cf. Eq. (7) or Eq. (10)) can be evaluated by
considering an isotropic distribution of the azimuthal
angle y of the collagen fibrils or local average directors
around the tendon axis of symmetry. Therefore, an axial
distribution function was assumed to describe the dis-
tribution of the angle . The angular average ((...)),
has to be performed over two independent angular av-
erages, i.e., ((...))s;- For the initial slope of the DQ
build—up curve, i.e. for

< (0));5 ——D2S2<P2(cos/3)> (13)

we finally get

<wd >

-N»—-N

o5 [Cas [ snpapr(p- )
X Pf(cosﬁcos@ — sin fsin O cos ), (14)

where R(ff — f,) is the uniaxial orientation distribution
function of the collagen fibrils around the axis of the
tendon plug. The center of the distribution corresponds
to the angle f,.

The f distribution can be approximated by the nor-
malized Gaussian distribution, i.e. by

r-8)= ([ -2}
0 B

ARy

xexp{—w}, (15)

20%
B

where o is the standard angular deviation.

The normalized anisotropy of the square of the re-
sidual dipolar couplings measured from the initial re-
gion of the DQ build-up curves can be obtained from
the above equations

(@0));, o "R(B~ ) (B.0)sinpdp
<w(21(0)>/35_ 7R (ﬁ ﬁo)f(ﬁ,0> sin fdf

where the angular function f(f, 0) is given by

(16)

~ o 9 45 4 3 .45 -2
f(ﬁ,@) = g{cos pcos 0+§ sin” fsin” 0

+ é sin” 2 sin® 20 + é
+ cos’ Bsin® f cos® 'sin” 0
—% cos® fcos® b — % sin® 8 sin’ 0}. (17)

From the measured angular dependence of the nor-
malized slopes of the DQ build-up curves described by
Egs. (16) and (17) the parameters of the angular distri-
bution function, i.e., op and f, can be determined (see
below). The normalized angular dependence of the
square of the residual dipolar interactions given by Eq.
(16) is independent of the numerical factor present in the
slope measured in the initial time regime of the DQ
build-up curve (cf. Eq. (7)).

4. Results and disscusions
4.1. Proton DQ-filtered spectra

Single-quantum (SQ) 'H spectrum recorded with a
90° radio-frequency pulse for sheep tendon oriented at
0 =0° at room temperature is shown in Fig. 3a. It
consists of a doublet and a central line corresponding to
the bound water and free water, respectively. The DQ-
filtered spectrum measured in the same conditions as
above at excitation/reconversion time of 7= 50ps is
shown in Fig. 3b. A well resolved splitting is evident
apart from the resonance coming from free water that
does not exchange with those that interact with the
collagen fibers. The splitting of 24 ~ 4400Hz is the
same for both spectra. These spectra show that for
the sheep tendon at room temperature the approxima-
tion of spin-1/2 pairs is valid and that the residual di-
polar interaction is larger than the proton exchange rate
(for more details see [1] and [4]).

The dependence of the 'H DQ-filtered spectra on
the 7 pulse sequence parameter (cf. Fig. 2) is shown in
Fig. 4. The maximum strength of the DQ-filtered signal
occurs at 7 = 100 us (see below) and in Fig. 4a various
spectra are shown before and after this maximum. The
intensity of the DQ-filtered spectra follows the strengths
of the DQ build-up integrated signal without any change
in the parameter 24, indicating a high macroscopic or-
der. Furthermore, the clear splitting also points out that
for this particular orientation and temperature that the
proton exchange process is slow in comparison with 24.
Moreover, for T > 50us a weak resonance becomes ev-
ident at the resonance frequency of free water. The rel-
ative intensity of this resonance is increasing for longer t
values (see Fig. 4b). This result may be interpreted by a
transfer of magnetization from the bound water to the
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Fig. 3. Proton single-quantum (SQ) (a) and DQ-filtered spectra (b) of
sheep tendon oriented at the angle 6 = 0°. The SQ spectrum as well as
DQ-filtered spectrum recorded with the excitation/reconversion time of
7= 50us show a doublet. The NMR signal from the free water is
present in the SQ spectrum (a) but filtered in the DQ spectrum (b). The
measurements were performed at room temperature 20 + 1°C.

free water via chemical or proton exchange or tenta-
tively by the presence of additional site with smaller
residual dipolar interaction. In Fig. 4b the 'H DQ-fil-
tered spectra corresponding to the maxima of the DQ
build-up curve (cf. Fig. 5a) are shown. For 7 = 780 pus
(see Fig. 4b) the five pulse sequence acts as a dipolar
filter and only the signal from free water molecules is
detected.

4.2. Anisotropy of the 'H residual dipolar couplings by
DQ build-up curves

The values of the 'H residual dipolar coupling
(wﬁ(@))l/ ? (where we have dropped here and in the fol-
lowing the indices indicating the angular averages) were
measured from the initial slopes of the DQ build-up
curves. These curves were recorded using the pulse se-

(a)

v [kHz]

Fig. 4. Proton DQ-filtered spectra of the sheep tendon oriented at the
angle 0 = 0°. The spectra measured in the initial regime of DQ build-
up curves of T = 4ps and T = 50ps, as well as the maximum and over
the maximum for t = 100 us and © = 160 ps, respectively, are shown in
(a). The 'H DQ-filtered spectra at the excitation/reconversion times t
corresponding to the four attenuated amplitudes of the DQ build-up
curve oscillations are shown in figure (b). The measurements were
performed at room temperature 20 + 1°C.

quence shown in Fig. 2. A normalized DQ build-up curve
for orientation § = 0° and that for an extended range
of excitation/reconversion times are shown in Fig. 5.
The integrated DQ-filtered signal oscillates with an at-
tenuated amplitude. The period of oscillation is about
T = 500ps which should correspond to the half of
the splitting of 4 ~ 2000 Hz (see Fig. 3b). We note that
the above estimated period of oscillation is affected in the
measurements by the transverse relaxation during the
excitation/reconversion periods which shifts the times at
which the maxima in oscillations occur (see below).

The large amplitude of these oscillations for the ori-
entation angle 6 = 0° is due to the larger value of the
residual dipolar coupling. This fact is a direct conse-
quence of the anisotropy of the dipolar tensor orienta-
tion. It was shown previously by simulation that for a
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Fig. 5. (a) Normalized integrals of the 'H DQ-filtered NMR spectra
(see Eq. (16)) versus the excitation/reconversion time t for sheep ten-
don at the orientation angle 6 = 0°. Four attenuated oscillations
(marked by arrows) are detected at this orientation where the residual
dipolar coupling has the largest strength. (b) DQ build-up curves for
orientation angles 0 = 0°, 55°, and 90° between the z-axis of the tendon
plug and the direction of the static magnetic field. The maxima of the
DQ build-up curves are marked by broken lines. The measurements
were performed at room temperature 20 £ 1°C.

spin-1/2 pair attached to an isolated polymer chain fixed
between two joint points, the DQ build-up curve is given
by a step function which exhibits a small oscillation for
longer values of t [21]. If this spin-system response is
multiplied by the transverse relaxation decay function
exp{—(k +2/T5)t} the oscillations are attenuated. This
is exactly the case of the tendon having collagen fibers
oriented in a small range of angles along the direction of
the tendon plug.

Three trends are noticeable in the results shown in
Fig. 5. Upon changing the sample orientation from 0° to
90° to 54.7° the rise and the fall times get longer and the
maxima are shifted towards longer times. The normal-
ized integrated intensities decrease. The shift of maxima

and the lengthening of the rise time are expected as the
residual dipolar interaction is declining. However, the
lengthening of the decay along with the decrease of the
intensity requires that the effect of chemical exchange of
water molecules between free and bound sites as well as
proton exchange among water molecules should be
considered. As can be seen from previous publication [4]
as well as from Eq. (9), the effect of the above two
processes on the DQ signal is two folds: (i) scaling down
[4,5] of the residual dipolar interaction and (ii) relaxa-
tion that may depend on the orientation.

The value of the 'H residual dipolar interaction was
measured by fitting the normalized DQ build-up curves
in the initial regime, up to 50 ps by a polynomial in 2.
The coefficient of the term linear in > is given by
(3/2)(w3) (cf. Eq. (7)). The normalization factor is given
by the integral intensity obtained after deconvolution of
the SQ spectrum shown in Fig. 3a. The quantity
(wﬁ(@))l/2 is shown in Fig. 6a as a function of the ori-
entation angle 0. If the angular dependence of this
quantity were described by the function P;(cos ), the
minimum value of (wd(0)>1/ ? would be zero and the an-
gular contrast would be |<wd(0)>l/2/< (90°)>1/2| 2.
Nevertheless, the experimental data of Fig. 6a show that
the minimum value of (w3 (0)) /2 represents about 13% of
the value at 0 = 0°, and the angular contrast in residual
dipolar couplings is [(@3(0))"//(@3(90°))"/?| ~ 2.7.
Both these facts can be explained by a distribution of the
tendon fibril orientation described by Egs. (16) and (17).

In the approximation of a Gaussian angular distri-
bution function given by Eq. (15), the normalized square
of the residual dipolar couplings (w3(0))/(w3(0)) shown
in Fig. 6b was fitted with Egs. (16) and (17). The best fit
leads to the Gaussian distribution function character-
ized by a standard deviation of o; =12°4+1° and a
center of distribution of f, = 4° 4 1°. The value of the
standard deviation of the Gaussian angular distribution
obtained in this study is in good agreement with the
value o5 =13° reported previously on bovine Achilles
Tendon by Berendsen [5] by the measurements of the
anisotropy of the second van Vleck moments.

4.3. Anisotropy of the 'H residual dipolar couplings by
DOQ-filtered spectra

The 'H DQ-filtered spectra were recoded for t =
50 us with the pulse sequence of Fig. 2 and half of the
splitting 4 is shown in Fig. 7a as a functlon of the ori-
entation angle 0. From the definition of <wd> given by
Egs. (3) and (7) and the frequency splitting [20] we get
the following relation: ((wd 1 2/21) = \/2/34. Using
this equation for splitting at § = 0° of A= 2200 Hz (see
Fig. 7a) we get (wd>1/ ?/(2m) = 1800 Hz. The discrepancy
between this value and the value shown in Fig. 6a is
probably due to the inaccuracy in the evaluation of the
integral intensity of the SQ spectrum used for normali-
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Fig. 6. (a) Values of the ' H residual dipolar couplings determined from
the DQ build-up curves of Fig. 5 in the initial regime of excitation/
reconversion times up to T = 50us, for different orientations of the
sheep-tendon plug. (b) The normalized values of the square of the 'H
residual dipolar couplings versus the orientation angle 6. The solid line
represents the least-square fit of the data with the angular function
given by Egs. (16) and (17). The best fit is obtained for a Gaussian
angular distribution function characterized by the standard deviation
o5 =12°+1° and the center of the distribution at Bo = 4° £ 1°. The
measurements were performed at room temperature 20 + 1°C.

zation of the DQ-filtered signals. Nevertheless, we note
that the normalized orientation dependent residual di-
polar couplings shown in Fig. 6b are not affected by the
normalization procedure.

The normalized values of the square of the splitting of
the DQ-filtered spectra are shown in Fig. 7b versus the
angle 6. The best fit using Egs. (16) and (17) (solid line in
Fig. 7b) leads to the Gaussian distribution function
characterized by a standard deviation of g5 = 19° £ 1°
and a center of distribution of f, = 2° + 1°. In Fig. 7b the
angular distribution function obtained from the residual
dipolar couplings measured from the slopes of DQ build-
up curves are also shown. The angular distribution

02r
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Fig. 7. (a) Values of the 'H residual dipolar couplings determined from
half of the doublet splitting A of the DQ-filtered spectra (see Fig. 4a)
measured in the initial regime of excitation/reconversion times, i.e., for
7 = 50us at different orientations 6 of the sheep-tendon plug. (b) The
normalized values of the square of the 'H residual dipolar couplings
measured from the spectral splitting versus the orientation angle 6. The
solid line represents the least-square fit of the data with the angular
function given by Egs. (16) and (17). The best fit (solid line) is obtained
for a Gaussian angular distribution function characterized by the
standard deviation o3 = 19° £ 1° and the center of the distribution at
Bo = 2° % 1°. The angular distribution function obtained from the 'H
DQ build-up curves is also shown with a broken line. The measure-
ments were performed at room temperature 20 + 1°C.

function differs more in the region of angles around the
magic angle where the errors in the measurements of re-
sidual dipolar couplings are larger.

A dipolar interaction between/among the bound
water molecule protons and those of the collagen may
contribute to the measured residual dipolar coupling
and may affect the estimates we obtain for the distri-
bution of the fibril orientation. However, we believe that
this is not the case due to the following reason: the in-
termolecular dipolar interaction between protein and
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water is typically much smaller (distances of more than
0.2nm) than the water molecule intramolecular dipolar
interaction. Moreover, the existence of well-defined di-
polar spectrum splitting and especially the behavior at
the magic angle cannot be explained if the space dis-
tributed interactions at different angles with the protons
of the collagen are taken into account. Furthermore, in
addition to the fast reorientation motion of the water
molecules on the protein surface along with the ex-
change between bound and free states that reduces both
intra and intermolecular interactions, the latter ones
may be further reduced by diffusion. Thus, making the
effects of the intermolecular dipolar interactions on the
measurements negligible.

5. Conclusions

The 'H DQ-filtered NMR signals of bound water
were used to quantitatively determine the anisotropy of
the residual dipolar couplings in tendon. The values of
the residual dipolar couplings were obtained from the
DQ build-up curves as well as the DQ-filtered spectra
measured in the initial regime of the excitation/recon-
version periods. At the magic angle the value of the
residual dipolar coupling is different from zero which is
a manifestation of a distribution of the collagen fibril
directors around the macroscopic symmetry axis of the
tendon. In the first approximation this distribution can
be described by a Gaussian angular distribution func-
tion with a center of the distribution slightly shifted
from the tendon axis.

These 'H residual dipolar couplings which carry in-
formation about the orientation of the collagen fibrils in
tendon are determined model free from the DQ build-up
curves and doublet splitting. To a good approximation
these values measured from the slopes of the DQ build-
up curves are not affected by the anisotropy of the
transverse relaxation rates and the inhomogeneities of
the magnetic field. The sensitivity to the anisotropy of
the ordered tissue can be increased as well as the signal-
to-noise ratio if the maxima of the DQ build up curves
are detected. However, the quantitative analysis of the
data becomes more complex. Furthermore, the use of
higher-order MQ coherences can further increase the
sensitivity to the collagen fibril orientations because the
initial slope of the MQ build-up curves increases with
the order of the MQ coherence. The measurements of
the 'H residual dipolar couplings at lower temperatures
than the room or body temperatures will decrease the
adverse effect of the proton exchange on the strength of
DQ coherences. Moreover, our results show that the
measurements at room temperature can be used in the
initial regime of the excitation/reconversion periods to
obtain information about the anisotropy of the residual
dipolar couplings.

The anisotropy of the proton residual dipolar cou-
pling measured by the splitting of the DQ-filtered spectra
was used to validate the measurements made from the
slopes of the DQ build-up curves. The parameters of the
Gaussian distribution function obtained with both
methods are in reasonable agreements. The method using
the doublet splitting is, at least in principle, more accurate
than the method based on the slopes of the DQ build-up
curves. The advantage of the last method is that it can be
used independent of the existence of a well-defined
splitting. For instance, 'H DQ-filtered spectra of bovine
Achilles tendon recorded at temperatures of 24 and 41 °C
do not show any splitting [4]. Moreover, it is not affected
by the normalization procedure. Nevertheless, more ex-
perimental data are needed in order to define a DQ build-
up curve.

The method based on the DQ build-up curves de-
scribed in this work can be used for a quantitative in-
vestigation of the anisotropy in different ordered tissues
and to establish a correlation between the degree of
orientation of collagen fibrils and the biological func-
tionality. Moreover, degeneration processes and injuries
can be characterized by the changes in the angular dis-
tribution of the fibrils. This method can be combined
with MRI procedures [23] to measure in vivo the het-
erogeneities of the degree of orientation of various or-
dered tissues.
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