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Apparent diffusion coefficients (D?) of individual metabolites can be studied in vivo
by diffusion NMR spectroscopy using an echo sequence sensitized to molecular motion.
The methods are based on the echo attenuation due to phase dispersion resulting from
incoherent displacement during the diffusion time. As the displacement of metabolites
by diffusion in vivo can be affected by compartment size, temperature, adsorption pro-
cesses, etc., the presented methods are potentially useful in studying such phenomena in
vivo. Here, the methods are applied to phosphocreatine in the rat quadriceps muscle. It
is demonstrated that the displacement of phosphocreatine resembles free diffusion for
short diffusion times but becomes limited as a result of boundaries due to compartmenta-
tion for longer diffusion times. The limit of the displacement indicates an apparent aver-
age size of 44 um of the compartment in the direction of the diffusion gradient. As the
gradient was applied approximately parallel (angle < 25°) to the muscle fiber, this result
indicates that phosphocreatine moves freely in the cytosol but is limited by the bound-
aries of the muscle cells. Error analyses are performed with regard to motion artifacts and
gradient performance. The methods were tested extensively for distilled water and free
metabolites. @ 1990 Academic Press, Inc.

INTRODUCTION

From the early days of NMR it was realized that the intensity of spin echoes
(primary, secondary, as well as stimulated) is influenced by diffusion effects (/). In
fact, early 7, measurements using a single spin echo were hampered by the field gradi-
ents over the sample (2). It was also realized that the self-diffusion of molecules could
be measured using a spin-echo sequence in the presence of a continuous field gradient
(2). This so-called diffusion spectroscopy can be defined as echo spectroscopy sensi-
tized to molecular motion using field gradients whose effects cancel for immobile
spins but lead to incoherent phase shifts (and thus echo attenuation) for diffusing
spins. The technique improved with the use of pulsed field gradients ( 3) so that low
diffusion coefficients were obtained with better accuracy. The advent of Fourier-
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transform techniques made it possible to study simultaneously the diffusion of
different molecules in solution (4).

The echo attenuation in diffusion spectroscopy is directly related to the root-mean-
square displacement of the molecule under study. Whereas in vitro this displacement
depends on Brownian motion (in the absence of flow), the situation in vivo is more
complicated. Apart from the pure diffusion effects, many factors may influence the
displacement, e.g., local flow, boundaries of compartments which limit displace-
ments, immobilization due to adsorption processes, transport processes, etc. There-
fore, in vivo diffusion studies may contribute to the basic understanding of these phe-
nomena. Similar principles as described in this paper have been applied recently to
NMR imaging (5-8) and *'P and 'H NMR spectroscopy of excised tissue (9-13).
Here, the first in vivo diffusion spectroscopy measurements are reported for phospho-
creatine in rat leg muscle. Effects of compartmentation are demonstrated and ana-
lyzed. The accuracy of the methods will be discussed, in particular with respect to
motion artifacts and gradient performance.

THEORY

The conventional primary spin-echo and stimulated spin-echo experiments can be
easily modified for diffusion spectroscopy (Sequences 1a and 1b in Fig. 1). Gal and
Ga2 are the “diffusion gradients™ (see below). These gradient pulses also serve to
disperse transverse magnetization originating from the last rf pulse in both sequences.
Sequence la was proposed by Stejskal and Tanner (3). The diffusion Experiment 1b
( 14) is particularly interesting as the spins relax only with their characteristic relax-
ation time 7 during the time TM. This aspect makes Sequence 1b very useful for in
vivo studies, where T) is often much shorter than T,. Thus, the latter sequence per-
mits the use of relatively long diffusion times without giving up large signal losses due
to transverse relaxation processes ( /4). The small gradient pulse Gb in the TM period
is not a diffusion gradient but is used to disperse any other (nonstimulated) echo that
could be formed in a sequence of three rf pulses. It should be noted that gradient Gb
has no effect on the diffusion measurement as the spins of interest are not in the
transverse plane at the time of Gb. In addition, Gb is generally applied orthogonally
to the diffusion gradients. Two additional aspects of Experiment 1b should be consid-
ered here. First, the spins eventually leading to the stimulated echo will be aligned
along the z-axis by the second rf pulse. This magnetization is half of the total magne-
tization, only if complete dephasing has occurred during the first TE/2 period. In
order to compare equal starting spin populations for the diffusion experiments,
proper dephasing should be ensured even at the lowest gradient (Gal and Ga2 ) inten-
sities. Second, in spectroscopic studies of coupled spins multiple quantum transitions
are possible with a stimulated echo sequence. Contrary to transverse magnetization
and higher order multiple quantum coherences, the zero-quantum contributions
will not be dispersed by gradient Gb. The contribution of these effects on the final
echo intensity should be analyzed on the basis of the spin systems and coupling con-
stants.

The diffusion gradients Gal and Ga2 (Fig. 1) are varied in the diffusion measure-
ments. For a spin at position I, at time ¢,, the effect of the square pulse Gal is a phase
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change ¢(1,) = vG1,5, where G is the strength of Gal, § its duration, and 7 is the
gyromagnetic ratio. The phase is reversed by the # pulse in Experiment la (as well
as by the combination of the two last 7 /2 pulses in Experiment 1b). Ga2 (=G) will
result in a phase change ¢(1,) = yGI,é at time t,. Thus, for immobile spins (I, = I,)
the effects of Gal and Ga2 cancel and the echo is attenuated only by relaxation pro-
cesses. For moving spins the effects of the gradient pair no longer cancel (I, # 1)
and a phase change will occur. For an ensemble of incoherently moving spins (e.g.,
diffusion ) this will cause a phase dispersion. The resulting echo attenuation has been
described by Stejskal and Tanner ( 3) in the case of pure diffusion.

S_ ~v*G{sA(a-5/3)D; 1
e . i
So

Here, S is the signal intensity in the presence of the gradients and S, is the signal
intensity without the gradients (but including the relaxation effects). Gj is the gradi-
ent strength in the I direction (=Gal = Ga2). Dy is the component of the diffusion
coefhicient in the I direction. A is the time between the start of the two gradient pulses.
The root-mean-square displacement

12
of the spins in the I direction may be expressed as
V—Y.; = V2 Dyt g, [2]

where £, 1s the diffusion time. For Experiments 1a and 1b of Fig. 1 the diffusion time
is (A — 8/3). To measure D; the gradient strength G; was varied (at least six different
values were chosen) at constant diffusion time and the resulting echo attenuation
measured. Then, In(S/S,) was fitted against G} according to Eq. [1] (cf. Figs. 2 and
3). The term “displacement” will refer to root-mean-square displacement through-
out this paper.

MATERIALS AND METHODS

The studies were performed with a 4.7-T GE CSI NMR instrument equipped with
a prototype of self-shielded gradients with gradient strength up to 2 G/mm on each
axis. Temperature was adjusted using a chamber surrounded by a water blanket. The
temperature was measured at four places close to the sample using a fluoroptic ther-
mometer (Luxtron). For in vivo measurements the rectal temperature of the rat was
measured as well as the skin temperature at three places close to the region of interest
(accuracy + 1°C). Rectal temperature was kept constant at 37°C. Rectal and skin
temperatures were identical to within 2°C.

The experiments were performed using home-made solenoid coils tuned to the
3P or 1H NMR frequency. Radius and width of the 'H rf coil were 8 and 10 mm,
respectively. A plastic sphere (7; = 3 mm) filled with distilled water was placed in the
center for '"H NMR measurements. Radius and width of the *'P rf coil were both 12
mm. For the in vitro experiments a plastic sphere { #; = 8 mm ) was placed in the center
of the solenoid. A solution was prepared containing 20 m M adenosine triphosphate
(ATP), 20 m M phosphocreatine (PCr), 20 m M phosphate (P;), and 20 m M phos-



470 MOONEN ET AL.

a n/2 n b (x/2)y (2}, (x2)y
<l i ” | I I -
-~ e
-~ »
TE/2 T2 -— TE/2
™
Gat Ga2 Gb
) Gat Egggg Ga2
Gradient hoeresers
Gradient fe555d
- X%
5 -~
—————  —_» 3

A -+ A —

FiG. 1. Pulse sequences for diffusion spectroscopy. Sequence (a) is the primary spin echo. Sequence (b)
is the stimulated spin echo. Acquisition period starts on top of the echo. Gal and Ga2 are the “diffusion
gradients” (see text). Gb serves to disperse all other echoes formed in this sequence. 8 is the duration of
the diffusion gradient. A is the time between the start of the two diffusion gradients.

phoethanolamine (PE) in distilled water (pH 7.0). For in vivo experiments the left
hind leg of a Sprague—Dawley rat was inserted in the *'P rf coil. The leg was positioned
with gauze. The rat was stabilized against a plastic holder. This experimental setup
was chosen to avoid any variation in coil loading and rf inhomogeneity during cardiac
or respiratory cycle. Anesthesia was achieved using isoflurane (1%) and a nitrous
oxide to oxygen ratio of 7/ 3. Shimming was performed by maximizing the integrated
1P signal in an echo experiment. *'P linewidths in phantom and rat quadriceps mus-
cle were about 3 and 20 Hz, respectively.

RESULTS AND DISCUSSION
In Vitro Experiments

Sequences la and 1b (Fig. 1) were used for a series of tests on accuracy and repro-
ducibility of diffusion spectroscopy measurements using different gradient duration
times & and diffusion times (A — §/3). The results for distilled water at 21°C are
similar using Sequence la or 1b. The data obtained with the primary echo are sum-
marized in Table 1. It can be seen that all values compare favorably with the literature
value of 2.09 X 107> mm? s! at this temperature (interpolated from data of Ref.
(15)). This indicates that the experimental NMR setup allows accurate determina-
tions of diffusion constants over a wide range of diffusion time and gradient dura-
tions. The accuracy and possible artifacts will be discussed below.

31p diffusion NMR spectroscopy was applied to determine the diffusion constants
of some metabolites in vitro. Figure 2a shows a stacked plot of progressive attenuation
due to diffusion as a function of the diffusion gradient strength using Sequence 1b on
a phantom containing phosphorylated compounds usually present in in vivo 3'P
NMR spectra (see Material and Methods). The resonance linewidths are indepen-
dent of the amplitude of the diffusion gradients indicating negligible residual gradient
effects during the acquisition time. Figure 2b shows a plot of In(S/S,) as a function
of the square of the gradient strength together with the computed linefit according to
Eq. [1]. The regression coeflicient p was >0.995 for all resonances. For reasons of
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FIG. 2. (a) Progressive attenuation of *!P stimulated echo intensity upon increasing gradient strength in
a phantom sample at 37°C; TE = 100 ms and TM = 500 ms. The strength of the diffusion gradients (Gal
and Ga2) was increased in steps of 0.03 G/mm. The TM gradient (Gb) was 0.2 G/mm during 4 ms.
Resonances are marked as follows: PE, phosphoethanolamine; P;, inorganic phosphate; PCr, phosphocre-
atine; y-ATP, o-ATP, and 8-ATP, v, «, and 8 phosphate of adenosinetriphosphate. Note that no echo
signal losses due to multiple quantum transitions occur at TE = 100 ms (i.e., the second rf pulse occurs at
J~!''=50 ms). (b) Natural logarithm of the ratio 5/.S; versus square of gradient strength. The drawn lines
are the computed line fits according to Eq. [1] (regression coeflicient > 0.995 for all resonances). The three
resonances of ATP all lead to a similar diffusion coeflicient (cf. Table 2), but only the 3-ATP resonance is
included in the figure for the sake of clarity.

clarity the values of only one ATP resonance are shown in Fig. 2b. The diffusion
coefficients are summarized in Table 2. As can be expected the calculation of the
diffusion coefficient of ATP using either v, «, or 3 phosphate resonance yields similar
results.

For the in vitro measurements the diffusion coefficient should be independent of
the diffusion time as no physical boundaries for a restricted diffusion exist. This is
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FIG. 3a. Progressive attenuation of *'P stimulated echo intensity upon increasing gradient strength for
phosphocreatine in the rat quadriceps muscle; TE = 100 ms and TM = 500 ms. All resonances except
phosphocreatine are decreased beyond detection due to T losses. The strength of the diffusion gradients
(Gal and Ga2) was increased as indicated on the right of the spectra. The TM gradient (Gb) was 0.2 G/
mm during 4 ms. No appreciable line broadening due to residual gradient effects occurred since fitting of
the phosphocreatine lineshape resulted in the following linewidths at half height: 20.3, 20.6, 20.1, 20.2,
20.8, and 20.7 Hz for the six spectra shown.

indeed found for water (Table 1) as well as all phosphorylated compounds (Table
2). It can be seen that the diffusion constants of the different phosphorylated com-
pounds show a correlation with molecular weight. However, it is interesting to note
that the relatively large molecule as ATP has a diffusion coefficient more than half
that of inorganic phosphate. Apparently, the effective size of the hydrated molecules
is rather similar at the ionic strength used. From Table 2 it is evident that the tempera-
ture has a drastic influence on the diffusion coeflicient. At 37°C the diffusion coeffi-
cient of all phosphorylated compounds becomes about 50% larger. This increase cor-
relates well with the increase in diffusion of pure water over this temperature change
(10, 16).
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FiG. 3b. Natural logarithm of the ratio S/.5, versus square of gradient strength. The drawn line is the
computed line fit according to Eq. [1] (regression coefficient = 0.99).
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FIG. 3c. Root-mean-square displacement of phosphocreatine in vivo as a function of the square root of
the diffusion time. If the displacement is due to unrestricted diffusion (no boundaries), the points should
follow a straight line through zero (cf. Eq. [2]). This is indicated for pure water (see data Table 1). The
drawn line is the computed line fit of the data to Eq. [2].

In Vivo Experiments

Figure 3a shows the results of an in vivo diffusion experiment on the hind leg of a
Sprague-Dawley rat. A stimulated echo sequence with TE of 100 ms and TM of 500
ms was used for this experiment. The rather long TE time resulted in large 7, losses
for all compounds except phosphocreatine. We will therefore concentrate on the
analysis of the diffusion of this compound iz vivo. Figure 3b shows a plot of In(S/
So) versus the square of the gradient strength indicating a satisfactory fit according
to Eq. [1]. It should be noted that one cannot assign a pure diffusion coefficient as

TABLE 1

Diffusion Coefficient of Distilled Water at 21°C as a Function
of the Diffusion Time (A — 6/3)

Diffusion time Gradient duration Diffusion constant®
L4 (mMS) 5 (ms) D107 mm?s™Y)

19 19 2.14

42 25 2.12
142 25 2.04
130 61 2.08
280 61 1.96
292 25 2.05

¢ As determined with Sequence 1a of Fig. 1. TE equals 2A in all ex-
periments. Estimated accuracy of the diffusion coefficient is within 5%.
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TABLE2

Diffusion Coefficient of Phosphorylated Metabolites at 23 and 37°C as a Function of the Diffusion Time,
Gradient Duration, and *'P Diffusion NMR Method Used

Diffusion constant D (in 107> mm?s™!)

At37°C At23°C
Resonance Expt. 1 Expt. 2 Expt. 3 Expt. a Expt. b
PE 0.93 0.94 0.93 0.56 0.60
P 1.02 1.00 1.06 0.70 0.70
PCr 0.81 0.78 0.84 0.50 0.54
y-ATP 0.58 0.60 0.58 0.39 0.39
a-ATP 0.56 0.60 0.62 0.39 0.35
B-ATP 0.56 0.56 0.52 0.40 0.39

Note. See Material and Methods for details of sample composition. The following sequence, diffusion
time, and gradient duration were used: Experiment 1, stimulated echo, 142 ms, 25 ms; Experiment 2,
stimulated echo, 542 ms, 25 ms; Experiment 3, primary echo, 120 ms, 60 ms; Experiment a, stimulated
echo, 96 ms, 11 ms; Experiment b, primary echo, 130 ms, 60 ms.

the sole basis of the effective mean-square displacement of phosphocreatine in vivo.
The effective displacement may be the result of binding to macromolecules or micro-
circulation inside the cell. Microcompartmentation may impose local boundaries to
the effective displacement. Therefore, we will call this i» vivo diffusion coefficient as
measured with NMR spectroscopy the apparent diffusion coeflicient (D?) following
the convention proposed for imaging of intravoxel incoherent motion (5). The re-
sults are summarized in Table 3. For short diffusion times the D? of phosphocreatine
in vivo is similar to the in vitro diffusion coeflicient indicating that, for short diffusion

TABLE 3

Apparent Diffusion Constant (D?) of Phosphocreatine in the Rat
Quadriceps Muscle as a Function of the Diffusion Time
and Gradient Duration

Diffusion time Gradient duration
tyir(ms) & (ms) D* (1073 mm®s7")
21 13 1.23°
42 25 0.737
52 25 0.80°
82 25 0.73¢
142 25 0.60°
342 25 0.53°
542 25 0.43%
742 25 0.33°

Note. Apparent diffusion coeflicients marked with p and s were ob-
tained with the primary echo and stimulated echo, respectively.
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times, the majority of phosphocreatine is freely moving in a microviscosity resem-
bling the macroscopic viscosity of pure water.

The relation of displacement and diffusion time is interesting because it may show
a transition from free toward restricted motion at a diffusion time corresponding
with a displacement approaching the compartment size (/7-19). The effects of such
compartmentation can be clearly seen in the displacement of phosphocreatine in vivo
(Fig. 3c) and in the D? values (Table 3). If no boundaries exist the displacement is
proportional to the square root of the diffusion time. The results for pure water are
added to Fig. 3¢ to demonstrate the straight line through zero according to Eq. [2].
For short diffusion times the displacement of phosphocreatine in vivo is independent
of the boundaries as the displacement is still much less than the compartment size.
From Fig. 3c it can be seen that the displacement is indeed linearly dependent on the
square root of the diffusion time until the displacement reaches a limit of 20-22 ym
indicating the effects of restricted motion. The average mean-square displacement in
a particular direction is half the size of the compartment in that direction assuming
equal spatial distribution of molecules in this compartment. Thus, the apparent com-
partment size is about 44 um in the direction of the gradient, which was approxi-
mately (<25° angle) parallel to the hind leg. This size correlates well with the length
of the muscle cells. All these results indicate that the majority of phosphocreatine
moves freely in the cytosol but is limited by the boundaries of the muscle cells.

It should be noted that the calculated displacement should be used only as a first
approximation of the actual compartment size, because the calculations of the mean-
square displacements (using Eq. [2]) are based on a Gaussian distribution of metabo-
lite displacement upon time (Brownian diffusion). In the case of restricted diffusion
deviations from the Gaussian distribution occur near the boundaries. As the actual
distribution (and thus the calculated size of the compartment) depends on the shape
of the compartment ( /9) the calculated size is only an “apparent compartment size.”
The actual size can be better approached when the geometry of the restricted volume
is well defined (19).

Another problem arises when molecules can “escape” from the restricted volume
according to permeability effects (11). This is especially true for water molecules.
The study of pure intracellular metabolites such as phosphocreatine eliminates this
source of error.

Artifacts in in Vivo Diffusion Spectroscopy

(1) Motion artifacts. Sequences la and 1b are “sensitized” to molecular displace-
ment and are therefore in principle sensitive to any motion. This is potentially a
serious problem as we are dealing with at least the motions due to the cardiac and
respiratory cycle, in addition to possible vibrations of the gradients translating to the
sample. Moreover, because the calculations of the diffusion constants are based on
displacements of less than 20 pm (see above) it is important to address these potential
problems carefully.

In this respect it is important to distinguish incoherent from coherent effects.
Diffusion results in an incoherent displacement, giving rise to a phase dispersion of
the spins, and finally to an echo attenuation. In contrast, any overall motion such
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as cardiac and respiratory motion or vibrations originating from the gradient coils
generally results in a coherent displacement of mass in the region of interest leading
to an overall phase change rather than a phase dispersion. The overall phase change
can be easily corrected. However, if subsequent scans are added asynchronous with
the motion, the changing phase due to the coherent motion leads to an apparent echo
attenuation after several scans (temporal incoherence). For phosphocreatine in vivo
this can be easily tested as the S/N was at least 10 in a single scan using diffusion
spectroscopy. The phase change in single scan experiments was monitored upon in-
creasing diffusion gradients Gal and Ga2 for different diffusion times and gradient
durations without any gating. No phase changes could be observed within the accu-
racy of the experiments. Moreover, the D* on the basis of single-scan experiments
was similar to the D? on the basis of multiple-scan experiments. This indicates that
the region of interest did not experience any coherent displacements of more than a
few micrometers. In addition, the motions resulting from cardiac and respiratory
cycle are expected to cause displacements and dephasings which increase upon in-
creasing diffusion times (the diffusion times used in this study are generally smaller
than the respiratory or cardiac cycie). In contrast, the in vivo results show a decrease
of D? even after relatively short diffusion times. Thus, we conclude that the in vivo
diffusion measurements reported here were not influenced by macroscopic motions,
although small amplitude (a few micrometers ) coherent motions cannot be excluded.

The in vitro studies show diffusion constants independent of the diffusion time.
The calculated diffusion coeflicient of water is in agreement with literature values
based on different methods. This rules out possible errors due to mechanical vibration
in the magnet /gradient system.

(2) Gradient effects. The experiments described here impose special specifications
on the gradient system. First, the residual gradient effects during the signal acquisition
have to be minimized. The following calculation may serve as an illustration. For in
vivo experiments using a diffusion time of 21 ms and a gradient duration of 13 ms,
the gradient strength leading to .S/.S, of 0.5 was about 1.4 G/mm. Since the sample
diameter was about 20 mm the gradient over the sample amounted to 28 G resulting
in a spread in Larmor precession frequency of about 48,000 Hz during the gradient
pulses. The magnetic field should again be homogeneous during the acquisition time.
In the example of phosphocreatine in vivo (linewidth at half height was 20-22 Hz),
an additional line broadening of 10% (about 2 Hz) due to residual gradient effects
may be acceptable for many applications. This means that such residual gradient
effects during the acquisition time (about 0.5 s ) should be less than or equal to 0.005%
of the maximum strength used. This may necessitate the use of self-shielded gradients
with efficient quenching of mechanical vibration and a highly stable power amplifier.
In order to minimize residual gradient effects it is advantageous that the diffusion
gradients are placed in the beginning of each TE/2 period (Fig. 1) followed by a
gradient stabilization period. In addition, the linewidth of the resonances under study
should be carefully monitored for all diffusion gradient strengths used. For the exam-
ple given above, using a gradient duration of 13 ms and a diffusion time of 21 ms
(TE = 50 ms), the resonance linewidth of phosphocreatine increased from 21 Hz
without diffusion gradients to 22.5 Hz with 1.4 G/mm for Gal and Ga2.

A second gradient problem is the exact equivalence of gradients Gal and Ga2.
Instabilities and residual gradient effects cause inequivalence of the two gradients and
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improper refocusing. The instabilities have to be minimized. The calculations above
may serve as an example for the requirements of stability. This may again necessitate
shielded gradients with a highly stable power amplifier. In addition, one of the gradi-
ents should be independently adjustable for optimal refocusing. This was not neces-
sary for the measurements reported here. It should be mentioned that the diffusion
experiments described here do not impose high demands on gradient rise and fall
times. One may actually consider lengthening the rise and fall time in order to mini-
mize residual gradient effects during the acquisition time.
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