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Abstract. When inverting nuclear magnetic resonance relaxation data in order
to obtain quasi-continuous distributions of relaxation times for fluids in porous
media, it 1S common practice to impose a non-negative (NN) constraint on
the distributions. While this approach can be useful in reducing the effects of
data distortion and/or preventing wild oscillations in the distributions, it may
give misleading results in the presence of real negative amplitude components.
Here, some examples of valid negative components for articular cartilage and
hydrated collagen are given. Articular cartilage is a connective tissue, consisting
mainly of collagen, proteoglycans and water, which can be considered, in
many aspects, as a porous medium. Separate 7 relaxation data are obtained
for low-mobility (‘solid’) macromolecular 'H and for higher-mobility (‘liquid’)
'H by the separation of these components in free induction decays, with o
denoting the solid/liquid 'H ratio. When quasi-continuous distributions of
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relaxation times (77) of the solid and liquid signal components of cartilage
or collagen are computed from experimental relaxation data without imposing
the usual NN constraint, valid negative peaks may appear. The features of the
distributions, in particular negative peaks, and the fact that peaks at longer
times for macromolecular and water protons are at essentially the same 77,
are interpreted as the result of a magnetization exchange between these two
spin pools. For the only-slightly-hydrated collagen samples, with « > 1, the
exchange leads to small negative peaks at short 77 times for the macromolecular
component. However, for the cartilage, with substantial hydration or for a
strongly hydrated collagen sample, both with @ < 1, the behavior is reversed,
with a negative peak for water at short times. The validity of a negative peak
may be accepted (dismissed) by a high (Ilow) cost of NN in error of fit. Computed
distributions for simulated data using observed signal-to-noise ratios also verify
the need for some negative components. Observed relaxation times and signal
ratios can be fitted formally by a simple two-site exchange model that gives
the exchange times and the uncoupled relaxation times of the liquid and solid
components, with significant trends of these parameters with increasing 'H
ratio, «. The solid-to-liquid exchange times are found to be in the range from
10ms to a few tens of ms at all hydration levels. The results may be of
interest for the application of magnetization exchange contrast in the imaging of
articular cartilage to determine changes associated with pathologies and ageing.
Other important porous media exist where exchange phenomena and negative
relaxation components cannot be disregarded.
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1. Introduction

1.1. Quasi-continuous distributions of nuclear magnetic resonance relaxation times and the
non-negative constraint

It is common practice in nuclear magnetic resonance (NMR) studies of fluids in porous media
to look for positive quasi-continuous distributions of relaxation times to account for multi-
component exponential relaxation, often interpreted in terms of ‘pore-size’ distributions. The
occurrence of negative amplitude components is usually not supposed to have any physical
meaning. It can be due to computation artefacts or data distortion, and as such they must be
prevented. This is done by imposing a non-negative (NN) constraint on the computation, which
also serves to prevent wild oscillations in distributions, where an unnecessary but permissible
high point may be almost cancelled by a nearby negative point when NN is not applied.

Hence, the NN constraint is usually applied on physical grounds by considering the NMR
signal as a linear combination of a number of exponential decays with positive amplitudes.
However, there are physical conditions in which decays with negative amplitudes do exist,
and the application of the NN constraint not only gives false results, but also causes loss of
information about the system under investigation.

In this paper, examples will be given of components with negative amplitudes appearing in
relaxation time distributions of 'H, when at least two pools of nuclei exchange magnetization in
such systems as articular cartilage or collagen.

1.2. Cartilage, collagen and NMR

Articular cartilage is a thin tissue at the end of all the diarthrodial joints in the human body, the
primary function of which is to minimize the stresses due to joint loading. Cartilage is made
of chondrocytes incorporated into an extracellular porous matrix that is composed mainly of
water (80% by weight), collagen II fibrils and a small fraction of proteoglycans. As such, it can
be considered as a porous medium saturated with water. Collagen fibers give the tissue tensile
strength and hinder the expansion of the small fraction of viscoelastic proteoglycan molecules,
which provide compressive stiffness.

The goal of many studies of cartilage is to determine the relationships between
the composition, structure and material properties of healthy cartilage, and to determine
changes associated with pathologies and ageing. For many years NMR has proven to be a
valuable technique for the investigation of collagen [1-7] and cartilage, both in vivo and
in vitro [8—12]. In particular, magnetic resonance imaging (MRI) has been firmly established
as a non-invasive imaging technique for studies of articular cartilage [8, 12] and collagen [4] by
exploiting magnetization transfer (MT) or magnetization transfer contrast (MTC) [13-15].

After the milestone paper of Edzes and Samulsky [1], the magnetization exchange between
macromolecular and water protons in hydrated collagen was established and further investigated
by the so-called Edzes and Samulsky method [1-3]. Collagen and water 'H pools can be
distinguished through free induction decay (FID). Protons in the ‘rigid’ matrix contribute to
the fast relaxing signal (73 of the order of 10 us), well separable from the more slowly relaxing
signal of the water protons.

The magnetization exchange between the macromolecular and water proton pools was
observed in vivo using the NMR saturation transfer method by Balaban and Wolff [14, 15].
They observed a decrease in the steady-state magnetization and relaxation times of the water
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protons with radio-frequency irradiation of macromolecular protons, and demonstrated that this
exchange is tissue specific, giving rise to the new contrast editing MTC in NMR and MRI.
Samples of articular cartilage were analyzed in vitro after removing proteoglycans, and it was
concluded that the structure and concentration of the collagen are the predominant factors
affecting magnetization exchange, with a negligible contribution from proteoglycans [8]. In [6],
the results led the authors to conclude that an exchange of protons between the protein and the
water molecules is the most significant process for MT above the freezing point. In an agar gel
model, MTC experiments were performed [16] by varying the off-set frequency, amplitude of
radio-frequency irradiation and gel concentration. The authors concluded that the liquid pool
has a Lorentzian line shape and the ‘semisolid’ a Gaussian line shape, with a T, of 13 us. They
found that the simple off-resonance irradiation technique has limitations in its ability to saturate
the solid-like pool without directly affecting the liquid one. In a study of the MT in human
cartilage in vitro, a high-power pulse spectrometer was used that is capable of detecting signals
from both solid-like and liquid-like protons, and it was concluded that the use of pulse methods
to generate MTC is in some cases preferable over steady-state saturation methods [9].

There are different ways of performing experiments on magnetization exchange [17]. In
particular, the Goldman—Shen [18] and Edzes—Samulsky [1-3] methods measure the recovery
of longitudinal magnetization after a radio-frequency pulse sequence is utilized to disturb either
mobile or immobile proton pools. Quantitative imaging of MT has been obtained by using
selective pulses [19-22].

In this paper, the Edzes—Samulsky method has been applied to articular cartilage and
collagen at different hydration levels. A simple two-site exchange model has proved to be
valuable for describing, at least to first approximation, the magnetization exchange mechanism
and for evaluating MT parameters.

2. Materials and methods

2.1. Cartilage and hydrated collagen

Cylindrical plugs (7 mm diameter and 1-2 mm thick) of articular cartilage were dissected from
the proximal end of the humerus of pigs and maintained in a sterile saline solution. Thin
slices of the same tissue were extracted using 4 M guanidinium chloride in 50 mM acetate,
pH 7.4 (5mlg™! of wet tissue) for 72 h under continuous stirring. The rinsed residue of the
extraction was used as the collagen type II purified sample. The extraction medium was dialyzed
exhaustively against pure water, and this was used as the soluble proteoglycan fraction. Type II
collagen and proteoglycans were then lyophilized and stored under dry conditions.

Cartilage samples were obtained by stacking three to four thin plugs inside the NMR glass
tube (10 mm external diameter). Four samples were of fresh cartilage; one of these was mea-
sured again after drying and one sample was measured at normal temperature after long-time
freezing. Three samples were also measured after treatment with 4 M guanidinium, as described
above.

Twenty collagen samples were measured at different hydration levels. To obtain these
samples, lyophilized collagen II was cut with a scalpel into small pieces and then added at
the bottom of the NMR tube to completely fill the sensitive volume; then it was pumped in
vacuum for 24 h to remove water. The sample measured in this condition corresponds to the
driest (highest solid/liquid 'H ratio, o).
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Then, four samples were obtained through the simple contact of the samples with the
atmosphere of the laboratory for up to 10 days, at a constant temperature of 23 °C. A more
controlled range of hydration was obtained by the contact of one sample with the water vapor
of a sequence of six saline solutions at different salt concentrations and temperatures (23, 30
or 37°C). In the end, two samples with the highest hydration were obtained by absorption of
distilled water drops.

2.2. NMR data acquisition

NMR data were acquired at 20 MHz (0.47 T) and 25 °C by a homemade relaxometer equipped
with a SPINMASTER console (Stelar, Mede, Italy). The Edzes and Samulsky method consists
essentially of the acquisition and, in particular, processing of FIDs (see later) of an inversion
recovery (IR) sequence (r-t;-7t /2 FID acquisition) at variable interpulse delays, #. The length
of the 7 pulse (7.2 us) was chosen to be short enough so that both macromolecular and water
magnetizations were inverted simultaneously. For each of the 128 or 64 values of # (chosen
in geometrical progression from 0.5 ms or less to a time long enough to completely cover the
longitudinal relaxation curve, depending on the degree of hydration), the FID was acquired for
about 0.25 ms with time points at 0.5-2 us intervals, starting at 11 us after the end of the 7 /2
pulse.

2.3. Two-spin-pool FID analysis

Almost all the FIDs, obtained at different # values, showed the presence of two 'H spin groups,
distinguishable on the basis of their different decay shapes: quasi-Gaussian (fast decay, solid-
like) and exponential decay (slower decay, liquid-like). In principle, the different behaviors can
be ascribed to their different (‘H or molecular) mobilities. The algorithm to be applied to analyze
the FIDs in the presence of these two 'H populations in biological (bone, collagen and wood)
[7, 23] and non-biological samples [24, 25] was decided on in course of time.

Each FID was fitted to the equation

S(t) = X2 exp{[_%Gfrac(t/Tg)z] X [1 - %(1 - (;frac)(z‘/Tg)2
+1Ce(1 = Girad)*(t/ T)* ]} + X1 exp(—1/ Topmp), (D

where the first term is assumed to represent the 'H of the solid, and the second term that of the
liquid. X, is the extrapolated total solid signal and X, that of the liquid. Gy, is the fraction
of the initial curvature of log-FID that is from the Gaussian factor. If Gy, = 1, the fit to the
solid is Gaussian, as is often used, with a Gaussian decay time 7,. If G, < 1 the solid part
of the fit to the FID has an undershoot (Pake line shape characteristic) or negative excursion.
The dimensionless parameter C.. shortens the negative excursion. Tgp is the T, corresponding
to the slope of the fitted exponential decay of the liquid. This fit was chosen after fitting stacks
of large numbers of FIDs to various expressions, including ones involving Gaussian and sinc
functions [23]. Special attention has been devoted to reducing the introduction of scatter in the
computed results, by forming stacks of FIDs on which computations were made, and taking
into account potential changes in the FID slopes of the liquid component with FID time and
with #, due to possible 7, multi-exponential decays. A single value of 7, was used to fit all
FIDs of each sequence of FIDs. For each IR sequence, T, was determined by fitting a stack of
FIDs for the first 10 IR times, minus a stack for the last 10. Using the same value of T, the
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next stacks of 10, each with the last stack subtracted, were fitted to determine the values of
Torp as a function of IR time. An accurate determination of the two extrapolated FID signal
amplitudes at each # can be obtained, to produce separate files for the computation of one-
dimensional quasi-continuous 7; distributions for both spin groups. The inversion algorithm
(UPEN, for uniform-penalty) [26] uses a regularizing, or smoothing, coefficient that varies
with relaxation time and is determined by iterative negative feedback in such a way that the
smoothing penalty, rather than the coefficient, is roughly uniform. This can give sharp lines that
are not broadened more than is consistent with the noise, and in the same distribution show a tail
decades long without breaking it up into several peaks not required by the data to be separate
peaks, which might be misinterpreted as physically meaningful resolved compartments. With
an appropriate parameter choice from the optional parameters menu, our software UpenWin,
which implements the algorithm UPEN, allows the inclusion of negative amplitude components
in the relaxation time distribution. UPEN also estimates a root-mean-square (rms) random noise
that suppresses the effect of a slowly varying misfit to the data, thereby giving essentially the
same value even when the rms misfit (residual) is substantially increased by the application
of NN.

Both the liquid and solid parts of the FID signals are extrapolated to zero FID time, as
described, and in the 77 inversion using UpenWin, the signals are extrapolated to zero IR time,
giving the solid/liquid signal ratio, c.

2.4. Evaluation of the inversion efficiency

The solid/liquid ratio of the extrapolated signals would give the solid/liquid 'H ratio if the 7
and /2 pulses were fully ‘hard’. However, a small correction might be needed because of the
fact that some of the solid frequencies deviate from the central frequency by differences that are
not negligible with respect to the nutation frequency due to the B; field in the rotating frame.

By assuming 7, = 11-12 us and the 7/2 pulse width of 3.6 us, the acquired solid signal
is computed [23] to be reduced by about 5%. The extrapolated solid/liquid signal ratio was
divided by a correction factor 0.95, although the correction is small and likely to be comparable
to uncertainties in the extrapolations.

2.5. General two-compartment spin exchange

With simple two-site magnetization exchange, one would expect liquid and solid distributions
to each have peaks at the same two relaxation times, with the possibility of a peak with small or
negative amplitude. In order to test whether the relaxation data were compatible with a simple
two-site solid—liquid exchange model, the following algorithm was applied.

Let o be the ratio of the number of 'H spins in pool A (solid) to that in pool B (liquid).
At equilibrium, if the residence time in A is t (reciprocal solid-to-liquid exchange rate), then
the residence time in B is t/«. The exchange rates for A and B are just the reciprocals of the
residence times. Let r, and r, be the inherent (uncoupled) relaxation rates of A and B, and
let r be either of the rates of the coupled system. The equations for the change in polarization
(intensive variables, a and b, amount of magnetization per amount of hydrogen) in A and B are
based on the normal modes, or eigenstates, in which the time derivative operator is replaced
by —r. Let subscript a refer to the solid (or to the longer coupled 7; in the case of a second
subscript) and b to the liquid (or to the shorter coupled 7; in the case of a second subscript);
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then the exchange is given by
—ra=-raa+b—a)/t; —rb=—-r,b+(a—>b)u/t. 2)

Each of these two equations can be solved for b/a and these values equated, giving the
quadratic equation in r 7,

) = ()T +r, T +a+ D) +rrpt? +ar,t +1,71 =0. 3)

There are two roots, rt = ¢ & (c>~d)'/?, where c = (r,r +r,t+a+1)/2 and d =r,r,t% +
ar,T +1pT.

We note that equation (3) has either one or two powers of 7 in each term, giving the simple
expression,

. arg+r, — (a+ )r
(=) =)

Either of the coupled rates would ideally give the same A — B exchange time, but (4) is
likely to be useful mainly in the case of the longer time.

Let f, be the fraction of the spins in A and f; that in B. Then @ = f,/f,. Let f,, be the
fraction of the A spins in the coupled eigenstate with the longer coupled 7; (smaller coupled
rate) and f,;, be the fraction with the shorter coupled 7;. Then f,, + f., = 1. If we designate
the two coupled eigenrates as r,, and r,, (x for exchange), we have conservation of initial
slope separately in A and B. If A and B have equal initial polarization, such as from hard
/2 pulses, the initial polarizations may be given unit values. Since initial polarizations are
equal in A and B, the exchange between A and B does not cause any net flow of magnetization
between them at time zero. Thus, the initial slopes are r, and r,, with or without coupling, with
Saalxa + fatxp = Ta, and analogously for B, with f,, + f,, = 1 and fpurra + fostxs = 1p. These
four equations may be solved for the four f values:

“4)

Ty — Fxa Fxb —Tp

r,—r
faa = —", fab:u, Joo=—"—"—, fra=

Yxb — Fxa Txb — I'xa Txb — I'xa Yxb — Fxa

S

For data where one can separate solid and liquid signals, one may know r,, and r,;, and all f
values. One can then, in principle, obtain r, and r, and use (4) to obtain 7, the residence time for
A. The above expression does not involve t, but this lack of 7-dependence requires that initial
polarizations be the same in A and B. However, in many cases it is not possible to determine the
parameters (especially f,, and f;;,) well enough to obtain reliable values of r, and 7.

If the initial polarizations are not equal, as from soft pulses (or only marginally hard
pulses) in the A phase (here, the solid), the initial polarization is reduced by a factor of P,, and
one obtains faarxa + fabrxb =T, — (1 - Pa)/fab and fbarax + fbbrbx =rn+ (1 - Pa)/‘cbaa where
Tpa = Tap /. Therefore, one no longer obtains equations like (4) that do not involve exchange
rates. The f values are f,, = 1 — fup and fi, = 1 — f,, With

ro—rFw— (1 —P)/T rao—rp+a(l—P)/t
far = v fra= :

Yxb = T'xa Txb — Txa

(6)

If we consider the two-site exchange model as an approximation for the data, we must
consider the usually small differences between the longer solid 77 and the longer liquid 7 to be
due either to model approximation or experimental error. We have written a search program that
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Cartilage Sample # 2

log(Total Signal)

0.00 0.05 0.10 0.15 0.20 0.25 0.30
FID time (ms)

Figure 1. FID obtained in IR measurements on a sample of native articular
cartilage (sample 2), with extrapolated liquid and total signals shown on a semi-
logarithmic scale. Initial portions of the FIDs show the typical behavior of the
low-mobility nuclei of a solid component (almost all collagen protons), and the
following slope represents the liquid component (water).

uses the input parameters 7., rvp, &, fpo and P, (computed or assumed value). It first obtains
rp from (5) (or (6), if P, # 0). Then, an initial value of 7, = 1/r, just slightly larger than T,
is assumed. Then, a low starting value of 7 is used and increased until the input value of r,, is
reached. This is then done by increasing the values of 7, until the input value of T, is reached
(or until an excessive value of r, is reached, indicating that there is no solution). If T;, # Ty, or
a solution cannot be found, presumably the exchange conditions are somewhat more complex
than those for the simple two-site model.

3. Results

3.1. Results on cartilage

Native cartilage shows two FID spin pools. FIDs obtained for each recovery time in IR
measurements gave a very fast quasi-Gaussian component in the FID, due to 'H nuclei with
reduced mobility (‘solid’), and a longer-lived exponential due to the liquid. The Gaussian or
quasi-Gaussian time 7, was in the range 13-15 us, with a solid/liquid ratio « in the range
0.1-0.7 (this last value for sample 4 after drying). Figure 1 shows, on a semi-logarithmic scale,
the FID and the fitted curve for cartilage sample 2 (o = 0.12).

The cartilage samples were measured in the ‘fresh’ state, after longer times for larger
sample numbers, with sample 4 in the dried condition and sample 5 after further drying by
freezing. Samples 1-3 were also measured after treatment to remove proteoglycans. Amounts of
signal for the liquid component decreased with time and with additional drying. Relaxation rates
(reciprocal times) of the liquid components were approximately proportional to ¢, presumably
proportional to the surface-to-volume ratio of the liquid.
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3.2. Signs of magnetization exchange between solid and liquid components in the cartilage

As mentioned, with a simple two-site magnetization exchange, one would expect liquid
and solid distributions to each have two peaks, at the same two relaxation times, with the
possibility of a peak with small or negative amplitude. The signal-to-noise (S/N) ratio for the
solid component is very low for the cartilage samples, making the distributions rather wide.
Nevertheless, for all the cartilage samples, the major portion of the solid signal is at about the
same 77 as the major liquid component, suggesting the magnetization exchange between the
two proton pools.

Moreover, for the two samples with the highest water content (samples 1 and 2) a slight
negative peak at about 20 ms is seen for the liquid if the non-negative constraint, NN, is not
applied (figures 2(a) and (b)). These two samples give unacceptable errors of fit, as shown in
figure 2(c), if the negative components are prevented by allowing the usual NN constraint in the
inversion computation. This occurs only for samples 1 and 2, with the lowest « or the highest
water content. The signal intensity of this negative peak is very small (about 0.7%), but it is
at the same position as a part of the long tail toward shorter times of the corresponding solid
signal, which extends well beyond the small shoulder of the liquid peak, as shown for cartilage
sample 2 in figure 2(b).

Although it seems clear from the similar 7; values of the main liquid and solid peaks, and
of the liquid negative peak and the part of the tail of the solid peak, that there is magnetization
exchange between the solid and the liquid, the shoulder on the liquid peak makes it clear that
the system is more complex than that of ideal two-pool exchange. The shoulder on the liquid
peak accounts for about 7% of the signal and is at about 77 = 130 ms. This component is also
noted by Lattanzio et al [11], also at about 130 ms. They find o = 3.5%; thus, their cartilage
sample is several times more hydrated than ours.

Ignoring the additional 7% shoulder on the peak for the liquid component, one can use
the observed solid/liquid 'H ratio « and a two-exponential-component fit to the 7; distribution,
for the solid to compute exchange times and other parameters. This gives the solid-to-liquid
exchange time t = 20 ms and gives 1.7% for the negative liquid peak, somewhat larger than the
observed 0.7% shown in figure 2.

3.3. Signs of magnetization exchange between solid and liquid components in proteoglycans

Measurements made on the proteoglycan-depleted sample 2 gave results very similar to those
shown in figure 2.

The behavior shown in figure 3 for a proteoglycan sample also suggests a magnetization
exchange between the solid and the liquid. It is worth pointing out that UPEN or other inversion
algorithms may give an undershoot between nearby positive peaks if NN is not used, thereby
enhancing the peaks by the amount of undershoot. With nearby negative and positive peaks,
both may be enhanced by the transition between them. The negative peak in figure 3 is 17% of
the total. If we use a two-exponential fit to the liquid to compute exchange parameters, we get
the solid-liquid r = 13 ms and a negative solid component of only 8%.

3.4. Results on collagen hydrated under controlled conditions

The FIDs of collagen samples 1-18, hydrated under controlled conditions and with o > 2.8,
could be fitted by equation (1), with Ty = 11.2 us, Gae = 0.55 and C. = 0.25, with slightly
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Figure 2. T; distributions, shown at 1x (a) and 20x (b), for the solid and liquid
FID components for cartilage 2, which has a solid/liquid 'H ratio of a = 0.12.
Both were inverted with UPEN without NN, the non-negative constraint. The
S/N ratio is 1325 for the liquid and 20 for the solid. The residuals, or errors of
fit in units of the random noise, are shown for the liquid, inverted both with and
without NN, in (c), smoothed by averaging each point with its three neighbors
on each side for display purposes. Without NN, the residuals have close to zero
mean and appropriate rms scatter (about 7~!/2 for the averages of seven points).
With NN, there are 24 consecutive points, at times near those of the negative
peak, with residuals at about —1 or worse, far outside the statistical plausibility
for an acceptable fit. The autocorrelation of residuals stops at about 400 ms,
where only the long-7; component is still present.

different values required for the two more hydrated samples. The solid-liquid separation of the
FIDs gave the files of longitudinal relaxation data for the solid and the liquid.

For samples 1-19, T; distributions gave two positive peaks (for sample 1 a peak and a
long tail to shorter times) for the liquid, with the higher amount of signal in the longer-7; peak.
For samples 3—19, all but the driest and wettest, the 7} data show a negative peak for the solid
component at about the same 77 as that of the smaller positive peak of the liquid. The data also
show a positive peak for the solid at a longer time, which is about the same as that of the longer-
T, peak for the liquid. Figure 4 shows T distributions for four collagen examples, corresponding

New Journal of Physics 13 (2011) 065007 (http://www.njp.org/)


http://www.njp.org/

11 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

/;-\ 1500 L) ) Illllq ) L) lllllll L) L) lllllll L) rvTrTn
3 ]
Proteoglycan
£ 1000 Sample -
G
S - i
St
)
S 500 - -
Z
i i liqui I
g  liquid
E 0
&b . solid -
97
1 L lIIIIIj 1 L Illllll '} 1 Illllll '} L L 111)

-500

0.1

1

10

100

T

(ms)

1000

Figure 3. T; distributions for a proteoglycan sample. Inversions by UPEN for
both solid and liquid were without the NN constraint. The solid/liquid 'H ratio
is o« = 1.6. The low S/N ratio does not yield the resolution of the liquid peaks,
but the tail is clearly over the negative solid peak.

to the driest collagen sample (a), an intermediate (b), more hydrated (c) and a strongly hydrated
one (d). Sample 20, unlike the less strongly hydrated samples, shows two positive peaks for the
solid and a very small negative peak for the liquid, much like that shown in figure 2 for the
cartilage. Both these samples have o < 1, while o > 1 for collagen samples 1-19.

The solid curves in figures 4(b) and (c) show negative peaks, descending immediately from
large positive peaks. This undershoot increases the amplitude of the negative peak somewhat
and also shifts it toward the larger peak, as discussed in connection with figure 3. If we
really have a system with two fairly homogeneous exchanging 'H pools, then a simple two-
exponential-component computation of relaxation times and amplitudes is more robust than
the computation of a quasi-continuous distribution, and avoids the distortion associated with a
possible undershoot. Figures 4(b) and (c) show the distributions (open circles) computed from
synthetic data using the relaxation times and amplitudes from the two-component fits, with the
lines taken as Gaussian with 0.1 Neper half-widths. These fit the real data well, confirming the
adequacy of the two-exponential-component fits for these samples.

Two-exponential fits were made to the data for the liquid for each of the samples, and the
two relaxation times for the liquid and the value of the percentage of signal in the long-T; peak
for the liquid (fp,), along with the o from FID analysis, were used in the two-site exchange
model to obtain the exchange time from the solid to the liquid (7), the intrinsic relaxation time
for the solid 7,(=1/r,) and the liquid 7,,(=1/r;), and the percentage with negative amplitude
of the short component for the solid ( f,;). The first five samples (highest & and shortest T5rp)
did not give solutions.

The validity of the model of two exchanging pools for the collagen samples is supported
by the data for the distributions shown in figure 4(c). Each ‘pool’ should show the same two
relaxation times. The T} values computed in two-exponential-component fits to liquid and solid
give 61.2 and 11.3 ms for the liquid and 62.0 and 10.2 ms for the solid, even though the 10.2 ms
peak for the solid is of negative amplitude.
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Figure 4. T; relaxation time distributions for four representative collagen
samples. (a) The driest sample, (b) an intermediate sample, (c) a more hydrated
sample, and (d) a strongly hydrated sample. Solid lines are the distributions for
the solid and the dashed lines are those for the liquid. Open circles are inverted
from synthetic data based on two-exponential-component fits to the data. The
NN constraint was applied to distributions that have two positive peaks, with
negligible increase in error of fit for (b) and (c) and an acceptably small increase
for (d). The application of NN to the data for which negative peaks are shown
above, gives completely unacceptable increases in error of fit.

Figure 5 shows the plots of 1/, r,, r;, as functions of «. There appears to be somewhat of
a trend for 1/7 in figure 5(a) over a limited range of «, but there is no evident reason to expect a
linear relationship more than locally. Likewise, the points for r, in figure 5(b) fall near a line, but
there is no reason to expect the solid relaxation rate to go to zero when « is slightly less than 4.
On the other hand, the proportionality of r, (inherent liquid rate) to « is consistent with the
idea that the surface-to-volume ratio of the liquid is proportional to ¢, since « is the ratio of the
amount of solid 1H (associated with the surface) to that of the liquid (volume).

4. Discussion and conclusions

When inverting NMR relaxation data in order to get quasi-continuous distributions of relaxation
times for fluids in porous media, it is common practice to prevent negative components by
imposing a NN constraint on the distributions. While this approach can be useful in reducing
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Figure 5. Plots of the results of the two-site spin exchange model for collagen
samples, plotted against the solid/liquid 'H ratio, o. Here T is the computed
solid-to-liquid exchange time, 7, is the computed uncoupled (as without
exchange) T; of the solid, and 7, that of the liquid. Panels (b) and (c) show the
surface effects on relaxation, in addition to exchange effects, for both the liquid
and the solid.

the effects of data distortion and/or preventing wild oscillations in the distributions, it may
give misleading results in the presence of real negative amplitude components, the existence of
which is indicated by an unacceptable error of fit if the NN constraint is applied.

In this paper, FIDs were analyzed to give separate solid (macromolecular) and liquid
(water) relaxation data from IR 7; measurements on samples of cartilage, proteoglycans and
collagen. The relaxation data were then inverted to obtain distributions of 7; relaxation times.
Many of these distributions showed significant negative peaks when inverted without the usual
NN constraint, with unacceptable increases in error of fit if NN was imposed. Synthetic data
with corresponding negative components gave similar results.

These negative peaks are presumed to be due to a magnetization exchange between the
macromolecular and the water 'H, which, in the simplest case of an ideal two-site exchange,
requires that the solid and liquid 7 distributions each have peaks at the same two relaxation
times. This is observed, within experimental error, for the 20 collagen samples and the
proteoglycan sample.

Major solid and liquid peaks are also at the same times for the cartilage, which for some
samples has a small negative liquid peak at about the same time as part of the solid distribution.
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However, the cartilage is clearly not an ideal two-site system, since there is a small second liquid
component, shown in figure 2(b) of this paper and noted in [11].

For the samples with the solid/liquid 'H ratio & > 1, there are two liquid peaks and a small
negative solid peak in addition to the main positive peak. For the cartilage samples and for
collagen sample 20, both with @ < 1, there are two solid peaks and a small negative liquid peak
in addition to the main positive peak.

These data were used in the computation of two-site exchange and yielded solid-to-liquid
exchange times 7 in the range from 10 ms to a few tens of ms for all samples, with a slight trend
to shorter 7 for larger . The two-site exchange model may be a rough model, because more
spin pools could be involved [5, 11] and the relaxation mechanism could be more complicated,
but the results give clear indications of the order of magnitude for the parameters involved and
of their trends with increasing hydration of the macromolecular component.

Articular cartilage and hydrated collagen have been considered as examples where valid
negative components can contribute to the NMR signal. These examples demonstrate the need
for careful examination of the data before applying an NN constraint to the distributions.
Other porous media in which exchange effects cannot be disregarded do exist, as has been
demonstrated in a recent study of the dynamics of water in polyelectrolyte multi-layers [27].
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