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ABSTRACT NMR spin relaxation experiments performed on healthy mouse muscle tissue at 40 MHz and 293 K are
reported. The spin-lattice relaxation experiments were performed using different combinations of selective and
nonselective radio frequency pulses. Relaxation experiments in the rotating frame at H, = 10, 5 and 1 G are also
reported. The experimental results were analyzed using the spin-grouping method, which yields the sizes of the resolved
magnetization components as well as their T,’s and T’s (or 7,’s) for the nonexponential relaxation functions. These
results were analyzed further for the exchange between different spin groups. It has been found that to explain all of
these experimental data it was necessary to use a four-compartment model of the muscle tissue that consists of a lipid
spin group, a “solid-like” spin group (mainly proteins), a “bulk water” spin group and a “bound water” spin group. The
chemical exchange rate between “bulk” and “bound” water was found to be 29 + 9s~' at room temperature. The

exchange rate between the bound water and the solid moderator was estimated to be ~500s™".

INTRODUCTION

When NMR was first used to study tissues it was felt that
at high magnetic fields there should always be strong
mixing of different proton spin groups by fast exchange of
magnetization. Thus the overall spin-lattice relaxation was
expected to be characterized by one relaxation time and no
real effort was made to determine how good this approxi-
mation was. Indeed, the experimental recovery function,
unless studied very carefully, does appear to be a single
exponential recovery. The early experimental results at
high fields showed good agreement with the predictions of
this picture, however, when the first experiments in the
rotating frame were performed, it became quite clear that
the results of these experiments could not be explained
using the strong mixing assumption (1-3). For lack of a
better approach, though, the results were still analyzed
using this approach.

If it were true that mixing by exchange is indeed fast in
all situations then the probing of its value would not be very
important in NMR since its only effect would be to
average the properties of the individual spin groups. If, on
the other hand, the mixing is not strong, an analysis of the
effect of mixing on the recovery of the proton spin magne-
tization in tissues is quite necessary since it may have a

W. T. Sobol is on leave from the Silesian University, Katowice, Poland.

W. R. Inch’s present address is Experimental Oncology Group, The
Ontario Cancer Treatment and Research Foundation, London Clinic,
London, Ontario, Canada N6A 4G5.

BioPHYS. J. © Biophysical Society
Volume 50 July 1986 181-191

0006-3495/86/07/181/11

drastic effect on the NMR parameters. In 1978 this
research was steered in the proper direction by a very
timely experiment in which a direct observation of the rate
of mixing of distinct proton spin groups was made (4). At
about the same time a new method of observation was
proposed for improving the resolution of the recovery
function (5). This technique, now called spin grouping,
enables the determination of the component magnetization
recoveries from the measured composite recovery function.
Having a new method for the study of the relaxation
recovery as well as new experiments to disentangle the
exchange rate with which the major component magne-
tizations mix in tissues, it was then possible to obtain from
the observed relaxation parameters in tissues the inherent
(or “true™) relaxation rates and the actual sizes of the spin
groups involved. With these inherent parameters a realistic
two-mode dynamics has been employed to model the three
relaxation times and their dispersivity. The results
obtained for mouse muscle tissue are reported in this
article.

METHOD OF EXCHANGE ANALYSIS

The formulas used in the exchange analysis of spin group-
ing results are obtained with the method first described by
D. E. Woessner in 1961 (7) although several other methods
are also available (4, 6, 8—13).

Assuming that the sample consists of two coupled spin
reservoirs “a” and “b,” with respective equilibrium magne-
tizations M, and M, the normalized relaxation recovery
functions are introduced for a 180°-7-90° inversion recov-
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ery spin-lattice relaxation experiment. They are given by

M _
my(t) = —L(;)#, (¢))
M. - M
my(r) = - 220~ Mo @)
ob

The initial conditions for both spin reservoirs, m,(0) and
m,(0) are created by the (first) preparation pulse (180°),
which is of duration A = =/ H,. In this expression + is the
gyromagnetic ratio for protons and H, is the amplitude of
the r.f. field. If the pulse is very short (A ~ 1us), but H, is
large, it will be described as a “hard™ pulse, while if it is a
long pulse (A =~ 200 us, or more), with a correspondingly
smaller value of H,, it will be referred to as a “soft” pulse.
Sometimes these pulses are also described as “nonselec-
tive” and “selective” excitation pulses, respectively. We
are primarily interested in the case in which one of the spin
groups exhibits a solid-like behavior (the free induction
decay, FID, is Gaussian in shape and the spin-spin relaxa-
tion time, T, is of the order of 10 us), while the other spin
group is liquid-like (the FID is exponential with T, of the
order of 10 ms or longer). In this case a “hard” preparation
pulse inverts the magnetization components of both groups
while a “soft” pulse, with A > M;'/% where M, is the
second moment of the solid line, inverts the liquid magne-
tization (if A < T, of the liquid) without affecting the solid
magnetization. Thus, if we identify the solid-like spin
group with the “a” reservoir and the liquid-like group with
the “b” reservoir, we find that for a “hard” preparation
pulse the initial conditions are

m,(0) = 1 and m,(0) = 1, 3)
whereas for a “soft” preparation pulse we have:
m,(0) = 0 and m,(0) = 1. 4)

In the 180°-7-90° spin-lattice relaxation experiment
there are three combinations of “hard” and “soft” pulses
which are of interest. In high power NMR the h-h
sequence, which has a *“hard” preparation as well as a
“hard” monitoring pulse, is used most frequently whereas
in high resolution NMR and in NMR imaging the s-s
sequence, where both pulses are “soft,” is more common.
The s-h sequence, which consists of a “soft™ preparation
and a “hard” monitoring pulse, was first introduced by
Edzes and Samulski (4) for studying the rate of mixing of
distinct proton spin groups.

In the case of a h-h experiment the observed response of
a sample can be written as

F(I,T) = {[Moa - Mu(f)] exp (—Mhtz/z)}/z(Moa + Mob)
+ {IMyy — Mp(1)] exp (—1/Tn)/2Mo + My) (5)

where the measured equilibrium magnetization M, is equal
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to M, = M, + M. The calculation leads to the result
F(1,7) = [ p.C." exp (- M,1*/2)
+ puCot exp(—t/ Ta)] exp(=A*7) + [ p.C,” exp (— M,12/2)
+ PGy exp (—t/Tx)] exp (—=A"7). (6)

In this formula p, and p, denote the relative sizes of both
spin groups while A* and A~ are the apparent relaxation
rates. The observed (apparent) magnetization fractions
p.Ci and p,C; of the relaxation recovery function F(z, 1)
are determined by the initial conditions (3) and the
inherent relaxation parameters of the studied system.

The explicit formulas for coefficients C,,*, C,,” and
rates A\*, A\~ were published earlier. (4, 7, 9).

When a s-h experiment is performed the experimental
function is still given by Eq. 6 with M, = M_, + M, but the
initial conditions in this case are given by Eq. 4. This causes
the relaxation function F(t, 7) to change considerably and,
as a result, the observed magnetization fractions in the s-h
experiment are substantially different from those obtained
when the h-h sequence is used. In the s-s experiment a
“soft” 90° pulse is used initially to determine the equilib-
rium value of the magnetization M, = M. Consequently,

_ (Mg, — M(7)] exp (—t/Ty)
=Flt,1) =(Ge™ + Coe* exp(—t/Ty). (7)

F(t, 1)

In the case of a T, experiment, where the pulse
sequence consists of a 90° pulse followed by a spin-locking
pulse of duration 7, the preparation pulse (90°) can be
either “hard” or “soft.” The use of a “soft” preparation
pulse, however, does not offer any advantage and will not
be considered here. For a T, experiment with a “hard”
preparation pulse the measured response of the sample can
be written as

Mo(7) €xp (= M1ut’/2) + My(7) exp(—1/T)

Fen- M (0) + M 0)

(8)

The theoretical result has the form of Eq. 6 with values of
all the variables describing the T, experiment.
In this case, we define m,(7) and m(7) by

M,

mir) = 3 m0) = 1, (%)
M,

my(r) = M‘fzg,mm) -1, (9b)

instead of by Egs. 1 and 2.

The presented results describe the relaxation behavior of
any exchange rate in a two-compartment spin system. All
of the properties of the relaxation recovery functions can be
described, provided that we know the size of one spin
reservoir (e.g. p,), one exchange rate (e.g. k,), and the
inherent relaxation rates R, and R,. In practice, however,
the situation is reversed since normally the available
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information is on the recovery function. Thus, we actually
want to recover from the experimental (or apparent)
relaxation data the inherent (true) relaxation rates R, and
Ry, the true spin reservoir sizes p, and p, and the exchange
rates k, and k. Usually spin grouping analysis can be used
to provide clues about the size of p, (from the magnetiza-
tion fractions p,C;, p,Ct) as well as information about the
exchange rate k, (from the value of the apparent fast
relaxation rate A\*, measured in a s-h or s-s relaxation
experiment). One can then use this initial information,

parametrize the values of p, and k, and solve the set of rate’

equations for R, and R,. This procedure yields
1

R [=2k, + A\ + A7) 2 VOO© — A ) — dkk,] (10)

N

1
2

RV ——[=2ky+ (A" + A7) £ VO =N = dkk,). (11)

Only one set of these solutions R}, or R, is physically
meaningful. The choice has to be made using the calcu-
lated values of C;,.

The magnetization fractions p,C; and p,C; can be
calculated in terms of p, and k,. This procedure can be
repeated iteratively until reasonable values of R, and R,
are determined and an acceptable fit for the magnetization
fractions in all experiments (h-h, s-h, s-s and 7,) is
obtained. In addition, this correlation-iteration procedure
yields values for p,, py, k., and k.

The main weakness of the model presented above when
used in the study of tissues is obviously the assumption that
the sample can be considered as a system with only two
spin reservoirs. The detailed analysis of T, experiments
indicates that at least three compartments have to be
considered: the “solid” compartment (protons on rigid
macromolecules), the “bound™ water compartment (pro-
tons on the water molecules bonded within the macromo-
lecular hydration shells) and the “free” or bulk water
compartment. However, it is not practical to generalize the
procedure outlined above to describe a three compartment
spin system analytically since the increased number of free
parameters would make the description ambiguous and the
procedure laborious. Fortunately, from T, experiments in
tissues there is experimental evidence that the “solid” and
“bound water” spin reservoirs are approximately equal in
size and that the exchange rate between them (k,) is much
faster than the exchange rate between the “bound” and
“free” water (k,). In this case the relaxation recovery
function F(¢, 1) is

F(t’ T) = {[Mo- - Mn(f)] exp (_Mlstz/z)
+ [Mo — M, (7)] exp (—1/Tx) + [Mo — Ma(1)]
« €Xp (_I/Tzh)}/z(Mm + Mor + Mob)s (12)

where the subscripts s, r, and b refer to the “solid-like”
component, the “bound” water component and the “free”
water component, respectively.
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To account for the very fast exchange process consider
the phenomena on a time scale which is long compared to
k', but short in comparison with k. Since the exchange
between the “solid” reservoir and the “bound” water
reservoir is assumed to be fast we can use the results from
the two-site case to write the following:

my(r) = [my(0) ~ m(0)] pe™>*

+ {my(0) — pi[m(0) — m(0)]le™", (13a)
m(7) = [m{0) — m,(0)] ple™™
+ {m(0) — pi[m(0) — m(0)]}e~R, (13b)
where we consider p; = p, = 0.5, and
R, =pi(R, + R)), (14)

where R, and R, denote the inherent relaxation rates for
“solid”-like protons and “bound” water protons, respec-
tively. Since it is quite possible that the rate 2k, (which is
very fast) may not be seen in the experimental recovery
function, we have neglected the first term in Eqgs. 13a and
13b and have incorporated them into the two-site exchange
equations for the description of the slower chemical
exchange processes between “bound” water protons and
“bulk” water protons. The result for the experimental
recovery function (12) becomes

NF(t, 7) = {p,[n exp (—Myt2/2) + exp (—t/T>)]C.*
+ pyCo¥ exp (—t/ Ta)le ™ + {p,[n exp (— M)
+ exp (=1/Ty,)1C,~ + puCo™ exp (—t/Ty)le™, (15)
where
m,(0) =1, m(0) =1,n=1,
and NV = 2p, + p, = 1 for the h-h sequence;
m,(0) = 0.5, my(0) = 1, n =1,
and N = 2p, + p, for the s-h sequence;
and
m,(0) =0.5,m(0) =1,n=0,
and N = p, + p, for the s-s sequence.

This methodology will now be applied to analyze the
proton spin relaxation in mice muscle. On the basis of the
results of this analysis molecular dynamics of water will be
modeled.

EXPERIMENTS AND MATERIAL

All experiments were performed in vitro on samples prepared from young
mice of the C3He/J (10 animals) or Balb/c (six animals) strains. Hind
leg striated muscles were blotted free of excess blood and then placed in 8
mm OD glass tubes. A typical sample volume was =0.1 cm®. All samples
were flame sealed to prevent water losses and reduce catabolic changes of
the tissue and stored at ~1°C. The measurements were performed on the
tissues between 3 and 32 h after the tissue was obtained. No change in the
relaxation times was observed over this time period.
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NMR relaxation measurements were performed at 20°C using a
Bruker SXP 65 spectrometer operating at 40 MHz. The spin-lattice
relaxation data were obtained using a 180°-7-90° pulse sequence. The
value of the H, field created by both preparation (180°) pulse and
monitoring (90°) pulse was independently hardware controlled by using a
T\, circuit board and by adjusting the power amplifier gain. Each pulse
could be sent as a short, high power “hard” puise (A for 180° ~ 3 s, for
90° =~ 1.5 us) or as a longer, low power “soft” pulse (A for 180° =~ 200 gs,
for 90° ~ 100 us). These pulses were combined to give three 180°-7-90°
sequences. The first of these was when both pulses were “hard” (h-h
sequence) while the second one consisted of a “soft” preparation pulse
followed by a “hard” monitoring pulse (s-h sequence). The third sequence
which we found useful had “soft” pulses for both preparation and
monitoring (s-s sequence). Experiments in the rotating frame were
performed using a standard spin locking sequence consisting of a 90°
pulse followed immediately by a spin-locking pulse of duration 7. The
preparation (90°) pulse in this sequence was always “hard.” In each
experiment up to 33 free induction decay (FID) signals (for different 7’s)
were recorded and digitized using a Biomation 805 sample and hold unit.
These signals were then stored for further analysis using a Hewlett-
Packard 9845A computer.

The experimental data were analyzed with the spin-grouping technique
(5). With this technique the composite decay functions were resolved into
component decays and the fraction of the total magnetization which is
associated with each component (having different T, or T, values) was
determined. Since the T, data were recovered from the shape of the FID
signals, the longest values obtained were limited by the inhomogeneity of
the static magnetic field.

RESULTS

The relaxation function for muscle tissue, which was
measured at 40 MHz, was resolved into components using
the spin grouping method (5). The high field results for the

h-h, s-h and s-s excitations are shown in Table I and Figs
la to 1f. A few characteristic recovery functions are
presented in Figs 2 a to 2 d. The characterization of the h-h
recovery function at high fields was rather ambiguous
although the results of the analysis, in which the recovery
function was considered to be a sum of two exponential
components, agree quite well with the analysis of the
recovery function in the rotating frame. When the s-h
excitation is used we observe a fast relaxing component,
which we associate with exchange. From this component
the exchange rate and the amount of magnetization
involved in the exchange can be determined. The FID’s
associated with the medium and long T, values (see Fig.
1 d), are similar to the ones obtained with the h-h excita-
tion. The exchange component, however, grows from a
rather small value to ~6% of the total magnetization. This
indicates that some of the inverted liquid exchanges mag-
netization quickly with the solid magnetization which
initially was unaffected by the selective “soft” inversion
pulse.

The effect of the selective inversion can also be seen in
the recovery function. In Fig 2 4 the fulfilment of the
selective inversion condition is indicated by a jump in the
magnetization at zero time (seen as a difference between
the star at 0.1 of the magnetization and the third compo-
nent intercept). The value of this jump should be equal to
the size of the solid magnetization. The negative solid
magnetization FID can be seen clearly at short time
windows on the FID corresponding to the exchange compo-

TABLE I
NORMAL MOUSE MUSCLE TISSUE: PROTON NMR RELAXATION PARAMETERS

Measured apparent values Inherent
Experimental T o Modeled apparent values (dcri(v:;ul:)) v:,l:de:ﬁn )
mode ’ T, : T, M, PG pC e W TOHe
Total No lipid T, M,
ms ms % % ms % ms %
h-h 4+ 1* 850+ 50 738=+3 87.6 £ 3 860 + 1700 89.7+30 79.4+30 103 +2 1045+ 1450 79§
0.025 + 0.003 104 + 2 124 £ 2 103 +2 1032 511 = 1350% 10.5]
105 420 =40 158 +2
— — — — 26+38 —-02:+2 —-04=x4 022 511 + 1350 10.51
0.2+2 02+2
s-h 4=:1* 860 + 30 67+3 822+3 860 + 1700 80.4 + 30 71.1 =30 93z:2
0.025 + 0.003 6.5 2 8.0=+2 93+2 93+2
1+05 48030 185+2
1+0.5 50 + 10 6+2 74 +2 26 + 3.8 38+4 78 2 —4+2
—-6+2 -74+2 —40+2 —4+2
0 8+2 9.8 +2 10.5
s-8 4+ 1% 860 £ 30 72.1+3 89.0+3 860 + 3.8 90220 90220
1+£0.5 480 £ 15 1902
1+05 26 £ 2 89 +2 11.0 £ 2 26 + 3.8 98 +3 98 +3

*Apparent T, determined by the inhomogeneity of the magnetic field.
$Common relaxation rates of the solid and bound water protons.
§“Free”, or bulk, water protons.

|| “Bound” water protons.

1+Solid™ protons.
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The results of the spin-grouping analysis of T, experiments in a mouse muscle tissue: relaxation time window dependences for the

h-h (a), s-h (c), s-s (e) experiments and the reconstructed component FID shapes for the h-h (b), s-h (d) and s-s (f') experiments,

respectively.

nent with the shortest relaxation time, see Fig 1 d. At time
windows further along on the FID, however, (see Fig. 2),
the exchange component is no longer overlapped by the
solid magnetization component. Furthermore, the magne-
tization associated with the short relaxation time at these
windows has increased as a result of the magnetization
transfer, which by this point is complete.

The s-s excitation also shows the effect of exchange
which, in this case, is not obscured even at the first
windows on the FID because the monitoring pulse in the s-s
sequence does not monitor the solid magnetization. Conse-

SOBOL ET AL.

Modeling of Proton Spin Relaxation in Muscle Tissue

quently the total magnetization in the s-s experiment is
different in magnitude from the total magnetization in a
s-h or h-h experiment. The difference in total magnetiza-
tions is comparable to the size of the solid proton spin-
group signal (=10%).

The recovery function following the rotating frame spin
locking pulse sequence agrees well with the high field spin
grouping analysis. Fortunately, in the rotating frame the
observed relaxation rates differ more than the correspond-
ing rates in the lab frame. This makes the spin grouping
analysis in the rotating frame more reliable (see Fig.
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FIGURE 2 Examples of the magnetization recovery function F(t, 7) for 180°-7-90° experiments: (a) h-h experiment (the FID window was set
at 1 = 8 us); (b) s-h experiment, ¢ = 8 us (Note the arrows indicating the size of the “jump”); (¢) s-h experiment, t = 196.2 ps; and (d) s-s

experiment, t = 80 pus.

3 a, b, c). It could be argued, however, that the resolution
of the majority magnetization component and of the
component with the longest T, is still rather ambiguous
since their relaxation times differ by only a factor of =3,
see Fig. 3 a. This is an inherent weakness of the approach
which, if one of the rates is dispersive, can be overcome by
changing the magnetic field and searching for a frequency
domain where the resolution is better. These resolution
difficulties are compensated for by the correlation of the
results from all of our observations. In addition, to the best
of our understanding, neither the system nor the approach
has shown a critical dependence on the above resolution.

Fig. 3 ¢ represents the most important experimental
result. There it is shown that all of the solid and some of the
liquid (see also Table II), relax with the same T, while the
rest of the liquid relaxes with a substantially different time
constant (Fig. 3 a, b, ¢). This tells us the rather important
fact that a small liquid component is in thermal contact
with the solid and the rest of the liquid is relaxed by a
different mechanism. Therefore, on the time scale of the
longest T, the proton magnetization of a mouse muscle is
effectively a four group system.

186

DISCUSSION

The aim of the present research is to show that in tissues
the observed proton spin relaxation rates and spin group
sizes are not necessarily the inherent (true) rates and sizes
of the spin groups in the tissues. Chemical exchange
(k, ~ 30 s™!) between the bulk and the bound water and
proton spin exchange (carried by spin flips in the solid local
fields) between the bound water and the solid moderator
(k, =~ 10%™") have a substantial influence on the measured
rates and the spin group sizes (all of which are therefore
only apparent).

To investigate the effects of these exchange processes it
was necessary to resolve the composite recovery functions
into components to obtain the experimental (apparent)
rates and spin group sizes. However, such an analysis can
be ambiguous at high fields if the standard h-h pulse
sequence is the only sequence used. Therefore three
sequences (h-h, s-h and s-s) were used in the present study.
The value of A~ can be determined using any one of these
three but to obtain the value for A* either the selective s-h
or s-s excitation must be used. The results obtained from
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FIGURE 3 An example of the spin-grouping analysis of a T, experiment
of H, = 10 G: (a) the decay function F(z, r), (the FID window was set at
t = 16 ps); (b) the window dependence of the relaxation times; and (c) the
reconstructed FID shapes for the corresponding components.

these measurements are further supported by the results of
spin grouping analysis in the rotating frame. In particular,
the rather ambiguous determination of the spin group at
high fields with T, ~ 450 ms and M, ~ 17% is corroborated
by the spin group in the rotating frame with T, ~ 300 ms
and M, = 17% of the total magnetization.

As was mentioned earlier in the text, the spin grouping
analysis of high and low field NMR data for mouse muscle
tissue strongly indicates the presence of four spin groups.

SOBOL ET AL.

To investigate this problem with the exchange analysis we
had to make several assumptions.

First, we identified tentatively the spin group with M, ~
17%, T, ~ 450 ms and T, =~ 300 ms at H, = 10 G as the
spin group of the lipids in muscle tissue. The size of this
spin group is somewhat larger on average than the reported
amount of lipid in mouse muscle tissue which is ~10%
(14). However, the lipid percentage was independently
checked with a relaxation time experiment at 200 MHz
and 295 K using the h-h 180°-7-90° sequence and the FT
technique. Two lines were observed. The smaller one
(M, = 11 = 3%) was shifted upfield by 3.9 ppm from the
larger one. The measured spin-lattice relaxation times
were 1030 + 20 ms for the bigger peak and 505 + 20 ms for
the smaller one. This observation supports very strongly
the tentative interpretation above (15-17). It is proposed
also that in the muscle tissue the lipid proton spin group is
essentially isolated from the water protons and from the
protons on large molecules. This is supported by the values
of the observed lipid 7| and T, as well as by their ratio
T,/T\, = 1.9. For this reason the lipid spin group was
excluded from the exchange analysis. Only three spin
compartments, a spin group associated with the bulk
water, a spin group associated with the bound water, and a
spin group associated with the solid-like macromolecular
protons (the moderator) were analyzed for the effect of
exchange. The data used in this analysis are the measured
apparent values, where the apparent magnetization frac-
tions were renormalized to 100% after the exclusion of the
lipid spin group (for this reason the label “No lipid”
appears above the second magnetization columns in Tables
I and II).

To derive the inherent (or true) relaxation times from
these experimental data the three-compartment exchange
model, which was introduced in section Il was used. On the
basis of experimental clues (in particular the magnetiza-
tion of liquid and solid protons in the T, components with
shortest relaxation time, Table II) it was assumed that the
sizes of the “bound water” spin group and the “solid” spin
group are equal. This left the values of only two parameters
unknown: the “true” size of the solid proton magnetization
fraction, p,, and the chemical exchange rate, k,, from the
“bound water” to the “bulk water.” These parameters
were varied iteratively until the best agreement between
the modeled values of the apparent quantities (relaxation
times and magnetization fractions) and the results of the
spin-grouping analysis was reached. Using this procedure
the following characterization of the three proton compart-
ments was arrived at:

—the solid proton spin group is 10.5% of the total spin
mass and has a T, of 25 us;

—the bound water spin group is 10.5% and has a T,
of ~ 1 ms;

—the above two proton spin groups are strongly coupled
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TABLE 11
NORMAL MOUSE MUSCLE TISSUE: PROTON NMR RELAXATION IN THE ROTATING FRAME

Measured apparent values Inherent
H r " Modeled apparent values (true) values
1 2 T, [} T. M, PG, P.C. (derived by modeling)
Total No lipid§ T, M,
G ms ms % % ms % ms ms
10 1+05 300 = 50 179 2
4x1* 100 + 4 726+ 3 88.5+3 100+20 818=+10 808+47 1.0+6 330 = 156 79|
10+6 1.0+ 6
1+0.5 3208 48 £2 58+2 32+08 77 +1 —-18+09 95=«6 35+ 1.0t 10.51
0.025 = 0.003 4.7+2 57+2 9.5+6 95+6 3.5+ 1.0t 10.5**
5 1+05 270 = 10 163 2
4+ 1* 77 £ 2 753+ 3 899 +3 77«10 81.0+6 803 3 0.7+3 173 + 37 9|
07+3 07+3
1+£0.5 22102 39«2 47 +2 22+0.2 85«3 -13+03 98=:3 24 +02f 1051
0.025 = 0.003 45+2 54 +2 98+3 98 +3 24 +0.2F 10.5**
1 1+0.5 190 = 2 922
4+ 1* 50 = 1 8453 898 +3 50«5 808 +9 8023 066 78.4 + 8.5 79
066 06+ 6
1+05 205 362 38+2 2+05 86«3 -12+£05 98=+3 2.1 + 0.6 10.5
0.025 = 0.003 26+2 6.4+ 2 983 98 +3 2.1+06 10.5

*Apparent T, determined by the inhomogeneity of the magnetic field.
$Common relaxation rates of the solid and bound water protons.

§ M, corrected for the local field effect.

[|“Free” or bulk water protons.

1“Bound” water protons.

**Solid” protons.

by spin flips into a magnetization reservoir “a” of the size
21%;

—the bulk water protons form a magnetization reservoir
“b” of the size 79% having an effective TFof ~ 4 ms.

The chemical exchange rate, which provides the optimal fit
for all the experimental results, is found to be k, = 29 +
957!,

An example of the modeling procedure for the T,
experiment at H, = 10 G is presented in Fig. 4. In Fig. 4 a
the inherent relaxation rates R, and R, are plotted vs. the
exchange rate k, with fixed values of the apparent rates A*
and A\~ (taken from the spin-grouping analysis of the
experimental data). In Fig. 4 b the magnetization compo-
nents p,C:, p,C; are plotted. The vertical line in both
figures represents the optimal value of the exchange rate
k,. To evaluate the exchange regime for the relaxation
processes in muscle the inherent relaxation rates obtained
in the previous step were used to plot the apparent rates A*
and A\~ vs. the exchange rate k, (Fig. 4 ¢). The correspond-
ing magnetization components are shown in Fig. 4 d. The
true k, of 29 s~!, its value indicated by the vertical line in
all figures, shows that in the T, experiments the rate of
chemical exchange is only moderate compared with the
inherent 77,' values. However, the same exchange rate is
much faster than 7. The inherent values of the relaxation
times and magnetization fractions, derived from the mod-
eling, are listed in Tables [ and II. The inherent value of a
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T, for the common ‘“bound water—solid moderator”
compartment is equal to about 2 ms. In order to justify the
assumption leading to Eq. 14 we have to assume, therefore,
that the exchange rate k, between the “bound water”
protons and the “solid” protons is of the order of 500 s™' or
faster. This estimation is in accord with the value of 160 +
250 s~ reported for the exchange rate in frozen mouse
muscle tissue (18). There this fast exchange process was
only seen between the “solid” proton group and the “bound
water” proton group.

The results of exchange analysis are presented in Tables
I and II, in addition the experimental results of spin
grouping are also quoted. The experimental errors were
estimated during the spin-grouping analysis. The errors
include the statistical fluctuations due to the noise on top of
the measured signal as well as the scatter introduced by the
analysis itself (error propagation). The errors for modeled
values were estimated using the standard deviations calcu-
lated with experimental errors for the apparent values. All
modeled values agree very reasonably with the experimen-
tal data (apparent values). However, the smaller inherent
relaxation rate has always the largest error. This is the
imminent feature of the error propagation in the exchange
analysis. This error propagation is determined by the
analytical properties of the formulas used and cannot be
improved upon at a given experimental error.

It should be noted that although the magnetization
associated with the “solid moderator™ proton spin group
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FIGURE 4 The results of the spin-exchange modeling for a T,, experiment at H, = 10 G. The following values are plotted vs. the exchange
rate k,: (a) the inherent relaxation rates R,, R, for fixed apparent rates A*, \"; and (b) the corresponding apparent magnetization components.
(¢) the apparent relaxation rates \*, A~ for fixed inherent rates R,, Ry; and (d) the corresponding apparent magnetization components. The
vertical line indicates the value of the exchange rate k, = 29 s, which satisfies optimally the exchange analysis at high and low fields (Tables

L II).

corresponds to 8.8% of the total magnetization (when' the
lipid magnetization is included) it actually corresponds to a
much larger percentage of the mass of muscle tissue. This
is because the spin density of water is ~1.7 times larger
than that of proteins.

The major reservoir of the spin magnetization in the
sample is formed by the “bulk” water proton group. Its
inherent relaxation time is 1,045 + 1,450 ms at high fields
and it is dispersive at low fields (330 + 156 ms at H; = 10
G, 78.4 + 8.5 ms at 1 G). Since the error of the above
results of the exchange analysis is unusually high, a unique
description of the dynamics of bulk water molecules cannot
be proposed. For bulk water with fast and isotropic molecu-
lar reorientation and diffusion it is expected that T, =
T,, = T, as all molecular processes are much faster than
the Larmor frequency (rw, <« 1). However, the T, data
show some H, field dependence and the relaxation times in
the rotating frame are significantly shorter than T,. The
observed T, dispersion of the bulk water shows clearly that
part of this proton group is substantially moderated in spite
of the fact that it is not within the reach of the large local
fields that surround the solid moderators.
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The “solid”-“bound water” group is characterized by
substantially shorter T, and T, values with considerable
dispersion. This is in accord with the rather short T, (~1
ms) of the “bound water” spin group. It should be recalled
that in tissue the bulk water T, is ~50 ms (10). All of the
observed relaxation processes indicate severe moderation
of bound water dynamics by the solid moderator (2, 3, 19—
22). In particular one may expect the occurrence of strong
anisotropic modes due to the “trapping™ of water mole-
cules on the surface of the moderator.

An exact discussion of the molecular dynamics of bound
water molecules is unfortunately not possible, as the only
reliable relation for the inherent relaxation times of bound
water and solid moderator molecules is given by Eq. 14.
This reads for T, at 40 MHz (in units of ms)

11 11
TREY Y (16)
Assuming that T, is much longer than T\, the lower limit
for T, is estimated to be 256 ms. If the solid moderator also
contributes to the observed T, the T,, would become
longer. However, it is almost certain that T, < T\,.
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For T\, at 10 G and 40 MHz we get from Eq. 14 (in
units of ms)

11 11

1
- 17
35727, 12T, an

The lower limit for T, is 1.8 ms and a similar discussion
applies.

Since T, for the solid protons is 25 + 3 us, while T, for
the bound water protons is ~1 ms, the assumptions that
T\, < T\sand T),, < T, are well justified. It follows that
the dynamics of the “bound” water proton spin group plays
a key role in the relaxation behavior of the muscle tissue at
high (A7) and low (A;) fields (3, 20-29).

CONCLUSIONS

The presented study consists of four steps. In the experi-
mental part of the application of various combinations of
selective and nonselective pulses for 7| as well as T,
determination provide a broad and rather accurate experi-
mental basis for further analysis. In particular, T, experi-
ments using h-h, s-h and s-s pulse sequences give explicit
information about the exchange, which is otherwise hid-
den. The spin grouping method of analysis enables the
extraction of experimental parameters with reliable corre-
lations between the various sets of data. The information
obtained from this procedure about the magnetization
fractions and their relaxation rates makes it possible to
further analyze these results for the effect of exchange.
Using this approach it was found that the exchange rate
between the bulk and the bound water protons is 29 + 9
s~!. This rather significant exchange rate has not been
determined as accurately for a tissue before. In the last step
the discussion of the molecular dynamics of protons in
different spin compartments is presented. This discussion
is quite limited as a result of the complexity of the system
studied. However, it was still possible to arrive at a few
conclusions.

In mouse muscle tissue the “bulk water” spin group
forms a major reservoir. The proton motion in this group is
considerably slower than in pure water, yet fast enough to
average out most of the interactions between water mole-
cules. For this reason the bulk water spin group, although
the largest in the tissue, represents only a minor proton spin
relaxation sink. On the other hand, the so called “bound
water” spin group, which is much smaller than the “bulk
water” group, plays a major role in determining the NMR
relaxation in tissues. The motion of water molecules in this
spin group is most likely anisotropic with a distribution of
correlation times due to the great variety of environments
on the macromolecular surfaces which are covered by the
water molecules. As it has been proposed earlier the
“tumbling” of water molecules or slow diffusion within the
hydration shell in conjunction with the unknown distribu-
tion of bound water environments governs both the spin-
spin relaxation as well as the spin-lattice relaxation time in
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the rotating frame while the spin-lattice relaxation time in
the laboratory frame is caused by fast reorientation around
the hydrogen bonds formed between the water molecules
and the macromolecular host (2, 3). The “solid spin”
group, which is approximately equal in size to the “bound
water” spin group, does not appear to make a significant
contribution to the relaxation processes since the protons in
this group undergo much slower motion. The solid how-
ever, physically supports the “bound water” and moderates
its dynamics. This in turn brings about bound water
dispersive properties at high and low fields.

In conclusion the presented four step correlation
approach provides the inherent relaxation parameters.
With these parameters more realistic modelling of molecu-
lar processes governing NMR relaxation phenomena in
tissues is possible. A systematic study of other mouse
tissues is underway in Waterloo.
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