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Diffusion measurements were performed on water and N-acetyl INTRODUCTION
aspartate (NAA) molecules in excised brain tissue using a wide
range of b-values (up to 28.3 1 106 and 35.8 1 106 s cm02 for Water diffusion, as deduced from diffusion-weighted MRI
water and NAA, respectively) . The attenuation of the signals of (DWI) (1–3) , is used in the characterization of several
water and NAA due to diffusion was measured at fixed diffusion

neurological disorders (4–15) . The ability of DWI to dis-times (tD). These measurements, in which the echo time (TE) was
criminate between different pathophysiological states andset to 70 ms, were repeated for several diffusion times ranging from
its high sensitivity to early ischemic events in brain tissue35 to 305 ms. Signal attenuations were fitted to mono-, bi-, and
prompted experimental and theoretical studies on water dif-triexponential functions to obtain the apparent diffusion coeffi-

cients (ADCs) of these molecules at each diffusion time. From fusion in biological tissues (16–27) . Many of these studies
these experiments the following observations and conclusions were were aimed at revealing the cause of the reduction in the
made: (1) Signal attenuation of water and NAA due to diffusion ADC after an ischemic event (8, 9, 16–26) . Cytotoxic
over the entire range of b values examined is not monoexponential edema (4, 16) , temperature decrease (17) , changes in mem-
and the extracted ADCs depend on the diffusion time; (2) In the

brane permeability (18) , and increased tortuosity of the ex-case of water the experimental data are best fitted by a triexponen-
tracellular space (19, 20) were claimed to be the main con-tial function, while for b values up to 1 1 106 s cm02 , a biexponen-
tributors to the above observation, suggesting that water dif-tial function seems to reproduce the experimental data as well as
fusion in brain tissue depends, inter alia, on the geometrythe triexponential function; (3) If only the low range of b values

are fitted (up to 0.5 1 106 s cm02 ) signal attenuation of water is and the structural characteristics of brain tissue.
monoexponential and insensitive to tD; (4) Water ADCs decreased In principal, the interpretation of NMR signal attenuation
with the increase in tD but the relative population of the fast diffus- due to diffusion in biological tissues is by no means simple.
ing component increases such that at a tD of 305 ms there is nearly This is due to the fact that NMR diffusion experiments are
a single population; (5) The major fast diffusion component of the

in fact sensitive to the diffusion path of the diffusing spinswater shows only very limited restriction; (6) NAA signal attenua-
(28) . It is also known that from the diffusion path, or moretion is biexponential and analysis of the low b-value range gives
accurately from the root mean square (rms) displacement,only monoexponential decay, but the obtained ADC is sensitive to

the diffusion time; (7) The ADCs obtained from fitting the data (
√
»x 2
… ) , one can derive the diffusion coefficient using the

with a biexponential function decrease as diffusion time increases; Einstein equation [1],
(8) The relative population of the slow-diffusing component de-
creases with increasing tD; (9) Both the fast and the slow diffusing √

»x 2
… Å

√
2DtD [1]components of NAA show a considerable restriction by what seems

to be a nonpermeable barrier from which two compartments, one
of 7–8 mm and one of Ç1 mm, were calculated using the Einstein where

√
»x 2
… is the root mean square path of the investigated

equation. It is suggested that the two compartments represent the molecule during the diffusion time, D is the diffusion coef-
NAA in cell bodies and in the intra-axonal space. The effect of the ficient, and tD is the diffusion time. It should be noted that
range of the b value used in the diffusion experiments on the

this equation is applicable only if one assumes a Gaussianresults is discussed and used to reconcile some of the apparent
distribution, the existence of one population, and no back-discrepancies obtained in different experiments concerning water
ground gradients.diffusion in brain tissue. The potential of NAA diffusion experi-

ments to probe cellular structure is discussed. q 1998 Academic Press In biological tissues we cannot, a priori, assume a
Gaussian distribution and thus the Einstein equation may fail
(28) . In such tissues the diffusion of the molecule may be
restricted. Consequently the mean displacement may depend1 To whom correspondence should be addressed. Fax: 972-3-6409293.

E-mail: ycohen@ccsg.tau.ac.il. on the diffusion time and on the number and type of obstacles
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70 ASSAF AND COHEN

that prevail in the sample (28). Therefore, the term of ‘‘ap- 106 and 35.8 1 106 s cm02 for water and NAA, respec-
tively) . We have used a large number of data points fromparent diffusion coefficient’’ (ADC) is accepted to describe

diffusion in biological systems. In reality, the interpretation which we observe a nonmonoexponential decay of the sig-
nals of both NAA and water. We also examined the changesof the NMR signal attenuation due to diffusion in biological

tissue is even more complex because of the possibility of in the diffusion coefficients as a function of the diffusion
time. Our data clearly show that in the low b values range,having more than one population. If the different populations

differ in their diffusion coefficients and relaxation times, sig- the decay of the water signal is monoexponential and inde-
pendent of tD, while analysis of the entire b value rangenal attenuation becomes a function of the diffusion coeffi-

cients and of a variety of experimental parameters. shows nonmonoexponential signal attenuation which is de-
pendent on the diffusion time. For NAA the low b valueThe fact that signal attenuation in NMR diffusion experi-

ments depends on the diffusion path complicates the inter- range gives a monoexponential decay which depends on tD

while the entire b value range could be fitted only by apretation of the data on one hand but, on the other hand,
provides a mean of studying structural characteristics of the biexponential function. It was found that NAA shows a more

pronounced restricted diffusion than water. Our results implybiological sample under investigation. This is extremely im-
portant in studying biological samples since NMR diffusion that diffusion measurements of NAA may give additional

information concerning cell size and may serve as a bettertechniques are the only noninvasive techniques which permit
the monitoring of diffusion on micrometer scale. reporter than water regarding the intracellular milieu and the

cell structure.In recent years most diffusion studies of biological tissues
in general and of brain tissue in particular have been per-
formed by monitoring water diffusion because of the high MATERIALS AND METHODS
signal to noise ratio (SNR) of the water signal in tissue (1–

Tissue Preparation28) . Indeed, over the last six years only, hundreds of papers
have been published dealing with water diffusion in brain, Experiments were performed on excised brain tissue taken
most of which dealt with changes in ADC due to stroke (3– from Sprague–Dawley rats (n Å 18) weighting between
9, 16–22) . Despite the potential of obtaining tissue micro- 120 and 150 g. The rats were euthanized with a bolus of
structure from NMR diffusion experiments, it seems that ethyl carbamate (4 g/kg). The brains were washed with
extracting structural information from water diffusion is dif- deuterated saline to remove blood and blood vessels. The
ficult, inter alia, since water appears in all the compartments residual deuterated saline served as a lock signal. The brain
and exchanges relatively quickly between them. sample which included the two hemispheres was introduced

One way to obtain additional structural information about into a 5 mm NMR tube in a random way with no specific
brain tissue is to study the diffusion characteristics of intra- alignment. The removal of the brains and the adjustment of
cellular metabolites despite the unfavorable SNR as com- other experimental parameters (shimming and pulses length)
pared to water. The most suitable candidate for this purpose took around 20–30 min. The time which elapsed from ani-
in the 1H-NMR brain spectrum is the peak at 2.023 ppm mal euthanization until the end of the experiment was no
attributed to N-acetyl aspartate (NAA). NAA has a rela- longer than 4 h.
tively large and sharp peak in the 1H water-suppressed brain
spectrum and its relatively high concentration (Ç7–8 mmole NMR Experiments
(33, 34)) gives adequate SNR within a reasonable amount

Diffusion experiments were acquired on an 11.7T narrow-of time. In addition, NAA is present only in the intracellular
bore, ARX spectrometer (Bruker, Karlsruhe, Germany) us-space of neurons and in the in vivo state the cell membrane
ing a commercial 5-mm inverse probe equipped with a setrepresents an impermeable barrier for NAA molecules. Nev-
of self-shielded, z-gradient coils. Gradient pulses were gen-ertheless, only a few studies have been performed on the
erated using a B-AFPA 10 linear amplifier and a BGU unitdiffusion of NAA or other metabolites (35–40) . Most of
was used for preemphasis.the studies concerning the diffusion of NAA in brain tissue

Water diffusion experiments (n Å 3) were obtained usinghave been performed using a single diffusion time and by
the stimulated echo diffusion sequence (29) . Echo selectionacquiring only a few data points with relatively low b values
was achieved by the conventional phase cycling program,(36–41) . The effect of the diffusion time on NAA diffusion

was reported only in a single study and for monoexponential
p /2– t1–g– t2– p /2–TM– p /2– t2–g– t1–Acq. [I]decay (42, 43) . Therefore, we decided to concentrate on

studying the diffusion characteristics of NAA in the brain
and to compare them with those of brain water. In our experiments t1 and t2 were set to 10 ms to avoid any

residual eddy currents even at high gradient strength and theOur NMR diffusion experiments were performed on ex-
cised brain tissues using very high b values (up to 28.3 1 duration of the pulsed gradient (g) was set to 15 ms, resulting
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71NON-MONO-EXPONENTIAL SIGNAL ATTENUATION BY DIFFUSION

in a TE of 70 ms. The pulsed gradient strength was incre- parameters did not change drastically throughout. Therefore,
we acquired the same diffusion experiments over 3.5 h bymented from 0 to 24 gauss cm01 (24 gradient steps) for each

TM value which was varied between 5 and 275 ms giving a keeping all parameters constant (TE was 70 ms, TM was 5
ms, and diffusion time was 35 ms). Indeed, the measureddiffusion time ( tD) between 35 and 305 ms. The maximal b

values in these experiments were 3.2 1 106 and 28.3 1 106 parameters changed insignificantly throughout the duration
of the experiment (see result section). Nevertheless, to avoids cm02 for the diffusion times of 35 and 305 ms, respectively.

In the brain water experiments a capillary of tert-butanol systematic errors due to tissue disintegration, experiments
with short and long TM values were collected randomly forwas inserted to verify spectrometer and gradient stability.

We also examined the effect of background gradients both water and NAA. In all diffusion experiments the recov-
ery time was 3 s and the temperature in all NMR experiments(g0) . In the presence of background gradients, the signal

attenuation due to diffusion depends on three general terms, was 298 { 0.1 K.
Since tert-butanol has a larger diffusion coefficient thannamely g 2 , gg0 , and g 2

0 . The gg0 term can cause significant
that of the slow component of the NAA, we also measured,miscalculations of the b value, but by adding two sets of
in separate experiments, the effect of the diffusion time ondiffusion experiments, in which the diffusion sensitizing
oil diffusion in order to verify the stability of our measure-pulse gradients (g) are given in opposite polarity, it is possi-
ments of the slow-diffusing component while using the entireble to cancel the effect of gg0 (44). Therefore, we performed
b value range used in the NAA diffusion experiments.a set of such experiments in order to estimate the influence,

if any, of background gradients on our measurements. In
addition, the values of T2 and T1 (n Å 3) were measured ADC Calculation
for water using the CPMG and the inversion recovery pulse
sequences, respectively. T1 relaxation times were extracted ADCs were calculated by fitting the attenuation of the
from fully relaxed spectra obtained with a repetition time experimental signal to the expression
(TR) of 30 s. For the T2 measurements TR was set to 5 s
(and four dummy scans were used to achieve steady state) .

I /I0 Å ∑
n

An exp[0g 2d 2g 2(D 0 d /3)Dn]NAA diffusion experiments (n Å 3) were also collected
using the stimulated echo diffusion sequence (29) with water

Å ∑
n

An exp(0bDn) [2]suppression (a 100 ms low power pulse on the water fre-
quency). In these experiments t1 , t2 , and TM had the same
values as specified above. The pulsed gradients duration was

where I and I0 are the signal intensities in the presence and15 ms and their strength was incremented between 0 and 27
absence of diffusion sensitizing gradients, An is the relativegauss cm01 ( in 14 steps) . TM was incremented between 5
weighting of each fitted population, g is the gyromagneticand 275 ms, resulting in diffusion times of 35 and 305 ms,
ratio, g is the pulsed gradient strength, d is the pulsed gradi-respectively. The maximal b values in these experiments
ent duration, D 0 d /3 is the effective diffusion time, andwere 4.1 1 106 and 35.8 1 106 s cm02 for the diffusion
Dn is the apparent diffusion coefficient of each fitted popula-times of 35 and 305 ms, respectively.
tion. The data were fitted using the LM (Levenberg–Mar-The effect of background gradients on the diffusion of
quardt) nonlinear least-squares routine provided by MicrocalNAA was evaluated as described above (44) and the T2 and
Origin (Microcal Software Inc., Northampton, MA). TheT1 (n Å 3) of NAA were measured using the CPMG and
attenuation of the tert-butanol and the oil signals was per-inversion recovery sequences, respectively, with water sup-
fectly fitted by a monoexponential decay, while the signalpression. Here again TR was set to 30 s for the T1 measure-
attenuations of water and NAA were fitted to mono-, bi-,ments and to 5 s for the T2 experiments (with four dummy
and triexponential decays. The NAA signal attenuation wasscans) .
best fitted to a biexponential decay and the water signalWe also examined the effect of the TE on the ADCs of
attenuation was best fitted by a triexponential decay function.brain water and NAA. The TE should have no effect on the

The intensity of the water and NAA peaks was obtainedADC in the absence of background gradients and assuming
from the phase sensitive signals by evaluating their intensitythat there is only one population. In these experiments t1

using an automated peak height determination procedure.was varied between 10 and 75 ms, resulting in TEs between
Generally, no significant line broadening was observed. In70 and 200 ms. This experiments were measured using two
a few cases only, at high b-values, we observed a saddlevalues of TM, 5 and 95 ms, resulting in diffusion times of
line broadening at the shortest diffusion time.35 and 125 ms, respectively.

The T1 and T2 data for both water and NAA were alsoSince we were studying brain tissue in vitro, the changes
fitted to mono-, bi-, and triexponential decays. Only theof the water and the NAA diffusion characteristics during

the experiments were evaluated to ensure that the measured values of the best fit in each case are reported.

AID JMR 1313 / 6j28$$$202 02-20-98 12:50:18 magas



72 ASSAF AND COHEN

RESULTS

Diffusion Characteristics of Brain Water

Diffusion experiments on brain water were all carried out
in the presence of a capillary of tert-butanol as an external
standard. As expected, the signal attenuation of the tert-
butanol gave a monoexponential decay and a plot of ln(I /
I0) against the entire b value range gave a straight line
(r 2 ¢ 0.9999) from which a diffusion coefficient of
0.309({0.003) 1 1005 cm2s01 was calculated. This value
is in good agreement with the value reported in the literature
(40) and was found to be, as expected, insensitive to the
diffusion time. A plot of ln(I /I0) as a function of b values
for the oil, which is characterized by slow diffusion, also
gave a straight line (r 2 ¢ 0.999) which was insensitive
to the diffusion time. We have calculated a self-diffusion
coefficient of 0.030({0.003) 1 1005 cm2s01 for the oil.
These experiments were aimed to test gradient stability up
to the highest b value used in the current study.

Although a plot of ln(I /I0) against b values of tert-butanol
and oil gave straight lines, the very same plot for brain water
deviated considerably from linearity suggesting a multi-ex-
ponential decay. Interestingly, the dependency of ln(I /I0)
on the b values for brain water changes with the diffusion
time (D 0 d /3) , although no such dependency has been
observed for the tert-butanol and oil signals as shown in
Fig. 1A. It is important to note that the deviation of ln(I /
I0) of brain water from linearity is not apparent for b values
smaller than 0.5 1 106 s cm02 . This deviation from linearity
observed at high b values is larger for shorter diffusion times
than that observed for longer diffusion times (Fig. 1) . Fig.
1B is a zoom of the data presented in Fig. 1A for b values
in the range from 0 to 1 1 106 s cm02 . The zooming of the
data clearly demonstrates that the dependency of the results
on the diffusion time is not apparent over this range of b
values. Figure 2 shows the fit of the experimental data, ob-
tained at diffusion times of 35 and 305 ms, to mono-, bi-,

FIG. 1. Normalized signal attenuation (ln(I /I0)) of tert-butanol, oil,
and triexponential decay functions according to Eq. [2] . It and brain water signals (n Å 3) for four different diffusion times (D 0 d /
is clear that the monoexponential decay fails to reproduce 3) as a function of the b value. (A) b values up to 18 1 106 s cm02 and

(B) same data for b values up to 1 1 106 s cm02 . The data show that thethe experimental data and that there is already much better
attenuation of the signal intensity of the tert-butanol and oil are monoexpo-agreement between the experimental data and the biexponen-
nential and are insensitive to the diffusion time, while that of brain watertial decay fit. However, the triexponential decay fit gives
is not monoexponential and depend on the diffusion time. The data for the

further improvement in the agreement between the experi- different four diffusion times of tert-butanol are all superimposed. The
mental and the fitted data as compared to the biexponential deviation from linearity decreases as the diffusion time increases. Interest-

ingly, the zooming of the data shown in (B) demonstrates that for b-valuesfit. Interestingly, based on in vivo and in vitro 2H double
up to 1 1 106 s cm02 the results are insensitive to the diffusion time. Thesequantum filter NMR spectroscopy, the existence of at least
graphs show that up to b values of 0.4–0.5 1 106 s cm02 the decay isthree water populations was suggested (45, 46) .
nearly monoexponential.

Figures 3A and 3B show the changes in the ADCs of
brain water obtained by the bi- and triexponential fits as a
function of the diffusion times and the calculated diffusion populations as a function of the diffusion times for the bi-

and triexponential fitting, respectively. Table 1 depicts thecoefficient of tert-butanol. Figures 4A and 4B show the
changes in the relative fraction of each of the fitted water apparent diffusion coefficients (ADCs) and the relative pop-
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73NON-MONO-EXPONENTIAL SIGNAL ATTENUATION BY DIFFUSION

ulations as a function of the diffusion times as obtained from
fitting the experimental data to mono-, bi-, and triexponential
functions according to Eq. [2] . From Table 1 and Figs. 3
and 4 one can see that the extracted ADCs decrease with
increased diffusion time. This decrease is accompanied by
changes in the relative populations of each component. How-
ever, close inspection of the data in Table 1 reveals the
following additional results: (1) Data fit in the low b values

FIG. 3. The ADCs (n Å 3) obtained from the (A) biexponential and (B)
triexponential fitting functions as a function of the diffusion time. These graphs
clearly demonstrate that the ADCs decrease with the increase in diffusion time.
The solid lines are arbitrary and are used just to guide the eye.

range (b ° 5 1 105 s cm02) , usually used in diffusion
weighted MRI, results in a single ADC of 0.26({0.02) 1
1005 cm2s01 , a value which was found to be insensitive to
the diffusion time. (2) The ADCs obtained from biexponen-
tial fitting were found to be sensitive to the diffusion time.
The ADC of the fast diffusing component decreases from
0.44({0.01) 1 1005 to 0.27({0.01) 1 1005 cm2s01 when
the diffusion time increases from 35 to 305 ms, and its

FIG. 2. Normalized signal attenuation (I /I0) (on a logarithmic scale) relative fraction increases from 83({1) to 98({1)%. The
of brain water signal (n Å 3) as a function of the b value along with the slow component shows a more dramatic decrease in its ADC,
mono-, bi-, and triexponential fits for (A) the shortest (35 ms) and (B) from 0.058({0.003) 1 1005 to 0.008({0.001) 1 1005

the longest (305 ms) diffusion times used in the diffusion experiments.
cm2s01 , and its fraction decreases from 17({1) to 2({1)%The graphs clearly indicate that the triexponential decay function reproduces
when the diffusion time increases from 35 to 305 ms. Thesethe experimental data better than the bi- and monoexponential fits; the

monoexponential fit is the worst. results imply that at a diffusion time of 305 ms only one
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74 ASSAF AND COHEN

intermediate component decreases more monotonically from
0.30({0.01) 1 1005 cm2s01 at a diffusion time of 35 ms
to 0.068({0.006) 1 1005 cm2s01 at a diffusion time of 305
ms while its relative population decreases from 54({4) to
10({1)%. The slow diffusing component shows a similar
trend as its ADC drops gradually from 0.042({0.001) 1
1005 cm2s01 at a diffusion time of 35 ms to 0.004({0.0004)
1 1005 cm2s01 at a diffusion time of 305 ms, while its
relative population decreases from 12({4) to 1({0.1)%.
When the diffusion time is 305 ms it seems that the dominant
population is the one that has the highest ADC.

To test for the existence of restricted diffusion we plotted
the diffusion distance as calculated by the Einstein equation
(Eq. [1]) versus the square root of the diffusion time as
shown in Figs. 5A and 5B. In Fig. 5A, which depict the
data obtained from the biexponential fitting, although a clear
restriction is observed for the slow diffusing components
only a very limited restriction, if any, is observed for the
large fast diffusing component. The tert-butanol, however,
shows no restriction, as shown by the straight line that can
be drawn between the experimental points and the origins.
The data in Fig. 5B, deduced from the triexponential fit,
demonstrate that there is some deviation from linearity in
the dependency of the mean diffusion path on the square
root of the diffusion time even for the fast diffusing compo-
nent. The other two components show a much more signifi-
cant deviation from linearity, indicating a much more pro-
nounced restriction.

Because we are dealing with an in vitro sample, we had
to examine the changes in the measured parameters over the
experimental time to assess changes due to sample disinte-
gration. This was done by repeating the same experiment
over 3.5 h. It was found that the ADC of the fast diffusing

FIG. 4. The changes in the relative population of each of the ADCs (n component increases at a rate of 0.005 1 1005 cm2s01 per
Å 3) as a function of the diffusion time: (A) ADC populations obtained hour while the intermediate and slow diffusion coefficients
from the biexponential fit and (B) ADC populations obtained from the

decrease at rates of 0.002 1 1005 and 0.003 1 1005 cm2s01
triexponential fit. Here it is clear that the diffusion time has a dramatic

per hour, respectively. The changes of the population frac-effect on the relative population of each ADC. The solid line are arbitrary
and are used just to guide the eye. tions over the duration of the experiment were found to be

much smaller than those observed when the diffusion time
was changed. The fraction of the fast diffusing population
increased by 3.5% per hour while the intermediate and slowcomponent prevails in practice. (3) The ADCs obtained from

the triexponential fitting were also found to be sensitive to populations decreased by 2.5% per hour and 1% per hour,
respectively. It should be noted that the changes observedthe diffusion time. In this case the fast diffusion component

of the water first shows a fast decline in its ADC from for the ADC of the fast diffusing component actually show
the opposite trend as compared to the changes observed with0.90({0.08) 1 1005 to 0.45({0.01) 1 1005 cm2s01 while

its relative population increases from 34({4) to 75({2)% the increase in the diffusion time.
Since several populations were observed in the diffusionwhen the diffusion time is increased from 35 to 125 ms. At

the longer diffusion times the ADC of the fast diffusing experiments we have also measured the T1 and T2 of the
brain water. The T1 was found to have a monoexponentialcomponent declines slowly from 0.45({0.01) 1 1005

cm2s01 at diffusion time of 125 ms to 0.38({0.01) 1 1005 decay from which a value of 2.1({0.1)s (n Å 3) was calcu-
lated. The T2 was found to be biexponential and the twocm2s01 at diffusion time of 305 ms while its relative fraction

increased to 89({1)% at a diffusion time of 305 ms. In values obtained were a T2 (fast) of 11({9) ms with a rela-
tive population of 20({9)% and a T2 (slow) of 46({7) mscontrast to the fast diffusing component, the ADC of the
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75NON-MONO-EXPONENTIAL SIGNAL ATTENUATION BY DIFFUSION

TABLE 1
The Effect of the Diffusion Time (D-d/3) on the Diffusion Coefficients of tert-Butanol and Oil and on the ADC of Brain Water

as Obtained by Fitting the Experimental Data to Mono-,a Bi-, and Triexponential Decay Functions

Brain water
tert-Butanol Oil

D-d/3 D1 (11005) A1 D2 (11005) A2 D3 (11005) A3 D (11005) D (11005)
(ms) fit cm2 s01 (%) cm2 s01 (%) cm2 s01 (%) cm2 s01 cm2 s01

35 mono 0.27 { 0.01 — — — — — 0.312 { 0.001 0.033
bi 0.44 { 0.01 83 { 1 0.058 { 0.003 17 { 1 — — — —
tri 0.90 { 0.08 34 { 4 0.30 { 0.01 54 { 4 0.042 { 0.001 12 { 4 — —

65 mono 0.27 { 0.01 — — — — — 0.301 { 0.001 —
bi 0.35 { 0.01 91 { 1 0.034 { 0.002 9 { 1 — — — —
tri 0.63 { 0.03 54 { 3 0.210 { 0.007 41 { 3 0.020 { 0.001 5.0 { 0.2 — —

95 mono 0.26 { 0.01 — — — — — 0.304 { 0.001 —
bi 0.34 { 0.01 92 { 1 0.037 { 0.003 8 { 1 — — — —
tri 0.49 { 0.02 71 { 2 0.141 { 0.008 26 { 2 0.010 { 0.001 3.0 { 0.2 — —

125 mono 0.27 { 0.01 — — — — — 0.303 { 0.001 0.028
bi 0.32 { 0.01 94 { 1 0.022 { 0.003 6 { 1 — — — —
tri 0.45 { 0.01 75 { 2 0.132 { 0.008 23 { 2 0.010 { 0.001 2.0 { 0.2 — —

185 mono 0.27 { 0.02 — — — — — 0.301 { 0.001 —
bi 0.31 { 0.01 96 { 1 0.015 { 0.001 4 { 1 — — — —
tri 0.43 { 0.01 78 { 3 0.12 { 0.01 20 { 3 0.010 { 0.001 2.0 { 0.2 — —

245 mono 0.28 { 0.02 — — — — — 0.300 { 0.001 —
bi 0.28 { 0.01 97 { 1 0.014 { 0.001 3 { 1 — — — —
tri 0.38 { 0.02 87 { 2 0.081 { 0.009 12 { 2 0.006 { 0.001 1.0 { 0.1 — —

305 mono 0.26 { 0.02 — — — — — 0.300 { 0.001 0.030
bi 0.27 { 0.01 98 { 1 0.008 { 0.001 2 { 1 — — — —
tri 0.38 { 0.02 89 { 1 0.068 { 0.006 10 { 1 0.0041 { 0.0004 1.0 { 0.1 — —

a Linear region up to b values of 0.5 1 1006 s cm02.

having a relative population of 80({9)% (see Table 2). estingly, in the NAA case the deviation from linearity seems
Changing the TE had no effect on the results obtained from to increase as the diffusion time increases. This trend is
the diffusion experiments as can be seen from the data in opposite the trend observed for brain water, but follows the
Table 3. Experiments performed to assess the relative contri- trend recently reported for water in isolated optic nerve (32) .
bution of background gradients show that background gradi- Analysis of the attenuation of ln(I /I0) for b values in the
ents are, as expected, relatively unimportant (data not range from 0 to 0.5 1 106 cm2s01 (Fig. 7B) affords straight
shown). lines indicative of monoexponential decay. Interestingly,

when we analyze only the low b value range, the extracted
Diffusion Characteristics of N-Acetyl Aspartate in Brain ADC of NAA is only slightly lower than those reported

Tissue recently for the in vivo state (41) . This is to be expected
since our diffusion experiments were performed at 257C, aLike the diffusion of brain water, the NAA diffusion
temperature which is lower than that of the in vivo state.shows a multiexponential behavior which could be fitted by
However, the ADC values obtained from the signal attenua-a biexponential function. Figure 6 shows three series of spec-
tion in this b values range do depend on the diffusion time.tra of NAA diffusion experiments at three different diffusion
Figures 8A and 8B show the decay of I /I0 (on a logarithmictimes (35, 125, and 305 ms) in which the pulsed gradient
scale) as a function of the b value for tD values of 35 andstrength was adjusted so that the resulting b values would
305 ms along with a mono- and a biexponential fit clearlybe the same in each of the increments of the three series of
showing that the entire data set cannot be fitted by a monoex-spectra. The fact that the signal attenuation in these three
ponential function. Table 4 depicts the changes in the ADCsstackplots is different suggests that the ADCs do depend on
and their relative populations as obtained from the mono-the diffusion time. Figure 7A shows the plot of ln(I /I0) as
and biexponential fits as a function of the diffusion time.a function of b values (n Å 3) for three diffusion times (35,
The monoexponential fit was calculated using a low b value65, and 125 ms) and demonstrates that the signal attenuation

is multiexponential and depends on the diffusion time. Inter- range (b ° 0.5 1 106 s cm02) . Figures 9A and 9B are

AID JMR 1313 / 6j28$$$203 02-20-98 12:50:18 magas



76 ASSAF AND COHEN

that the fast diffusing component increases from a relative
population of 24({2) to 53({1)%, while its slow compo-
nent decreases from 76({2) to 47({1)%. The ADC of the
slow diffusing component of NAA at long diffusion times
is close to the limit of the measurement capability of our
system; therefore the relative error in these values is rela-
tively high.

As stated in the case of water, a plot of the diffusion
distance versus the square root of the diffusion time may
suggest the existence of restricted diffusion. From such a
plot for NAA (Fig. 10), it is clear that both the slow and the
fast diffusing components are highly restricted. The diffusion
distance of the slow diffusing component seems to reach an
asymptotic value at relatively short diffusion times.

The changes in NAA diffusion characteristics due to tissue
disintegration was studied over a period of four hours. In
this experiment we found that the ADC of the fast diffusing
component increases at a rate of 0.008 1 1005 cm2s01 per
hour while its population increases at a rate of 0.8% per hour.
The slow component was practically constant and shows a
very minor decrease in its ADC of 0.002 1 1005 cm2s01

per hour while its population decreased at a rate of 0.8%
per hour. This means that the changes in the ADCs and the
relative populations of the two components are much smaller
than those observed at different diffusion times.

As different NAA components are observed in the diffu-
sion experiments, the relaxation times of the NAA peaks
were studied. This was done in order to estimate the effect
of T1 , if any, on the diffusion measurements and in order,
at a second stage, to try to correlate diffusion and relaxation
effects. Since we studied the diffusion characteristics of our
sample as a function of the diffusion time by changing the
TM values of the stimulated echo sequence, we have mea-
sured the T1 to verify if by changing the TM from 35 to 305FIG. 5. The ‘‘restriction test’’ for different diffusing components of

brain water (nÅ 3) as obtained by (A) biexponential fit and (B) triexponen- ms one has to correct the relative fraction for T1 effect. In
tial fit, along with that of tert-butanol. The plot of the diffusion distance as the relaxation time experiments of the NAA peaks, we have
a function of the square root of the diffusion time (

√
tD) should give a found two T1 populations while the T2 of the NAA peak

straight line that passes through the origin if no restriction occurs. The lack revealed three components as depicted in Table 2. The T1of any restriction is apparent for the tert-butanol, as expected. From these
(fast) was found to be 0.41({0.01) s (n Å 3) with a relativegraphs it is clear that the fast diffusing component of brain water also
fractional population of 28({4)% while the T1 (slow) wasexhibits only very limited restriction. Beside the tert-butanol lines all other

lines are arbitrary lines used just to guide the eye. found to be 1.42({0.06) s with a relative population of
72({4)%. The T2 decay of the NAA peak gave three popu-

graphical representations of the drastic changes in the NAA
TABLE 2ADCs and their relative fractions (populations) as a function

Relaxation Times of Brain Water and NAA at 257Cof the diffusion time. The ADC of the fast diffusing compo-
nent of the NAA decreases from 0.31({0.03) 1 1005

Water (n Å 3) NAA (n Å 3)
cm2s01 at a diffusion time of 35 ms to 0.077({0.008) 1
1005 cm2s01 at a diffusion time of 305 ms, a fourfold reduc- T1 2.1 { 0.1 s fast 0.41 { 0.01 s (28 { 4%)

slow 1.42 { 0.06 s (72 { 4%)tion. The slow diffusion component decreases from
T2 fast fast11 { 9 ms (20 { 9%) 19 { 3 ms (27 { 3%)0.027({0.001) 1 1005 cm2s01 at a diffusion time of 35 ms

slow 46 { 7 ms (80 { 9%) int. 241 { 24 ms (40 { 5%)to 0.002({0.0002) 1 1005 cm2s01 at a diffusion time of
slow 686 { 56 ms (33 { 3%)

305 ms, a reduction by a factor of 15. These data also show
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TABLE 3
TE Effect of Water and NAA ADCs

Watera,b NAAa,b

TE D1 (11005) D2 (11005) D3 (11005) D1 (11005) D2 (11005)
(ms) cm2 s01 cm2 s01 cm2 s01 cm2 s01 cm2 s01

70 1.4 (19%) 0.34 (65%) 0.045 (16%) 0.22 (35%) 0.015 (65%)
120 1.8 (18%) 0.34 (65%) 0.048 (16%) 0.41 (20%) 0.020 (80%)
150 — — — 0.45 (15%) 0.021 (85%)
200 — — — 0.50 (11%) 0.026 (89%)

a The diffusion time (D-d/3) in these experiments was set to 35 ms.
b Experiments performed with diffusion time 95 ms gave the same effect (data not shown).

lations having T2 of 19({3) ms (27 { 3%), 241({24) ms time. Most of the diffusion MRS and MRI studies performed
(40 { 5%) and 686({56) ms (33 { 3%) (Fig. 11). The on in vivo brain water in recent years showed only monoex-
effect of the TE on the results obtained from the diffusion ponential decay of the brain water signal due to diffusion
experiments for the NAA peak is reported in Table 3. These (3–10) . However, several studies performed using short
data clearly demonstrate that in longer TEs the relative popu- diffusion times (21, 22, 31) and a recent publication, pub-
lations of the slow diffusing component increases indicating lished during the preparation of this manuscript, clearly
that the slow diffusing component have a longer TE than the showed a biexponential decay of water signal due to diffu-
fast diffusing component. The effect of TE on the diffusion sion in in vivo brain and in several pathologies (47) . In
characteristics of NAA was evaluated for tD of 35 ms (Table the aforementioned study, the experiments were performed
3) and 95 ms (data not shown). The same effect of TE was using relatively high b values (up to 1 1 106 s cm02) on
seen in the two sets of experiments. several experimental models in vivo and most experiments

were performed using a single diffusion time. Interestingly,
DISCUSSION in this recent study when the diffusion time was varied no

effect was observed (47) although the theoretical model that
Diffusion Characteristics of Brain Water they have used (48) does predict that the diffusion time

should have an effect on the results. Some studies on theThe results demonstrate that the attenuation of the signal
effect of the diffusion time on the ADC of animal brainsof brain water due to diffusion is not monoexponential and

that this multiexponential decay depends on the diffusion have come to the conclusion that the diffusion time has no

FIG. 6. Attenuation of the signal of NAA as a function of b value for three diffusion times. The increments of the pulsed gradient strength were
adjusted in the three experiments in order to obtain equal b values for each row of the three experiments. The different attenuation profiles obtained,
despite the fact that the same b values were used in the different experiments suggests that different ADCs are likely to be obtained in each experiment
which may indicate the presence of restricted diffusion.
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ported by the different groups. However, we feel that many
of these discrepancies are only apparent and result from the
slight differences in the systems studied, but more impor-
tantly, from the different parameters used in the different
studies. The brain is a complex system and, as explained in
the Introduction, the attenuation of the NMR signal due to
diffusion is not proportional to the diffusion coefficient but
rather to the mean diffusion path. Therefore it is reasonable
that in brain tissue, which can be classified as a milieu of
restricted geometry, parameters such as the diffusion time
or b values should have an effect on the measured apparent
diffusion coefficient (ADC).

FIG. 7. Normalized signal attenuation (ln(I /I0)) of NAA in brain tissue
(n Å 3) for three different diffusion times (D 0 d /3) as a function of the
b value: (A) b values up to 18 1 106 s cm02 and (B) the same data for b
values up to 0.5 1 106 s cm02 . The data show that the decay is not
monoexponential and depends on the diffusion time. The deviation from
linearity increases with the increase in diffusion time. This trend is in fact
opposite to that observed for brain water (see Fig. 1) but concurs with the
recent report concerning water in isolated excised optic nerve (32) . The
data in the lower b value range support monoexponential decay. However,
in these cases the ADC do depend on the diffusion time. The longer the tD

the smaller is the obtained ADC (numerical data are reported in Table 4).

FIG. 8. Normalized NAA signal attenuation (n Å 3) (on a logarithmiceffect whatsoever on the brains ADC (30) . Yet, the Leibfritz
scale) as a function of b value along with the mono- and biexponential fitsgroup provided evidence for some restriction of water in in
of the experimental data for (A) the shortest (35 ms) and (B) the longest

vivo brains (21, 22, 31) and in brain cells (49) while other (305 ms) diffusion times used in our diffusion experiments. The data dem-
reported such restriction in nerves (32) . It seems, therefore, onstrate that a much better fit of the experimental data is obtained by the

biexponential fitting function.that there is a discrepancy between the different studies re-
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TABLE 4
The Effect of the Diffusion Time (D-d/3) on the ADC of NAA as Obtained by Fitting the Experimental Data

to Mono-a and Biexponential Decay Functions

D-d/3 D1 (11005) A1 D2 (11005) A2

(ms) fit cm2 s01 (%) cm2 s01 (%)

35 mono 0.089 { 0.003 — — —
bi 0.31 { 0.03 24 { 2 0.027 { 0.001 76 { 2

65 mono 0.072 { 0.004 — — —
bi 0.19 { 0.01 37 { 1 0.011 { 0.001 63 { 1

95 mono 0.086 { 0.003 — — —
bi 0.17 { 0.01 40 { 1 0.0076 { 0.0003 60 { 1

125 mono 0.060 { 0.003 — — —
bi 0.13 { 0.01 44 { 1 0.0050 { 0.0004 56 { 1

185 mono 0.048 { 0.003 — — —
bi 0.110 { 0.008 45 { 1 0.0031 { 0.0002 55 { 1

245 mono 0.043 { 0.002 — — —
bi 0.105 { 0.006 46 { 1 0.0023 { 0.0002 54 { 1

305 mono 0.040 { 0.002 — — —
bi 0.077 { 0.008 53 { 1 0.0019 { 0.0002 47 { 1

a Linear region up to b values of 0.5 1 1006 s cm02.

In order to discuss these apparent discrepancies one has there is hardly any difference even when screening a wide
range of diffusion times (between 35 and 305 ms). Only atto look at the results in more detail and analyze them by

taking into consideration the parameters with which they b-values above 2–3 1 106 s cm02 while covering a large
range of diffusion times the effect of tD is apparent (see Fig.were obtained. To exemplify this point we report here the

result obtained from our data using the different ranges of 1 and Table 1). Interestingly, the change in the attenuation
ln(I /I0) as a function of the diffusion time in our experi-b values (see Table 1 and Figs. 1A and 1B). If we take into

consideration experimental points obtained for b values up ments shows the same trend as the theoretical model intro-
duced by Karger et al. (48) to which accepted physiologicalto 0.4–0.5 1 106 s cm02 only (the upper limit of the b

values normally used in diffusion weighted MRI), one can values where incorporated (see Fig. 9 in Ref. 47) . However,
the experimental results in Ref. 47 failed to reproduce thissee that only monoexponential decay is observed. The ADC

obtained is insensitive to the diffusion time and is about dependency. In Ref. 47 where diffusion times in the range
of 8.4 to 60 ms were used, the authors pointed out that in0.26({0.02) 1 1005 cm2s01 . This value is well within the

range previously reported for water in ischemic brain tissue order to be able to see the effect of the diffusion time better,
larger range of diffusion times should be studied as we have(3–10) . Our value is more toward the lower end of the

reported range but it should be noted that our measurements done in the current study.
Now that several populations have been identified in thewere performed at 257C, a temperature which is lower than

the in vivo cases studied previously. diffusion experiments, it is tempting to try to assign the
different populations to physiological populations known toComparing the bi- and triexponential fits of the experi-

mental data (Table 1, Figs. 2A and 2B) raises an additional exist in brain tissue. In order to better correlate physiological
populations with the apparent populations in the diffusioninteresting point. Up to b values of 1–2 1 106 s cm02 both

the bi- and triexponential fits seems to be very similar and experiments, it is crucial to study also the relaxation charac-
teristics of the sample. We have found only one T1 valuepractically the biexponential fit gives very good agreement

with the experimental results. The superiority of the triexpo- (2.1 { 0.1 s) and two T2 values for the water signal as
shown in Table 2. Since only one T1 value was found andnential fit as compared to the biexponential fit is apparent

only at b values larger than 2–3 1 106 s cm02 . Interestingly, since it is much greater than all the TM values used in the
different diffusion experiments, it seems that the effect ofRef. (47) , in which a clear biexponential decay was ob-

served, was performed using a b value of 1 1 106 s cm02 T1 on the relative populations found in the diffusion experi-
ments acquired at different TM is insignificant. So the change(see for example Figs. 3a and 3b in Ref. (47) , in comparison

to Fig. 1B). Regarding the fact that we observe a dependency in the relative population found in the diffusion experiments
cannot be attributed to the different T1 of the different waterof brain ADCs on the diffusion times, it should be noted

that up to b values of 1 1 106 s cm02 , according to our data, populations.
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Assignment of the two diffusion components found in
brain tissue to the two major physiological compartments,
namely the intracellular and the extracellular spaces, seems
plausible at first glance. In the case of the biexponential fit
we found that the population ratio is around 4, which is in
good agreement with the relative populations of these two
physiological compartments. However, it should be noted
that the component whose fraction amounts to 80% of the
total population and thus should be assigned to the intracellu-
lar space is the one that has the high ADC. As it is agreed
that the ADC of the intracellular water is much lower than
that of the water in the extracellular space, such an assign-
ment seems problematic. It is interesting to note that in the
other study in which biexponential decay was observed (47) ,
there was also no agreement between the relative populations
found in the diffusion experiments and the relative sizes of
the intra- and extracellular spaces. One plausible explanation
for the fact that the sizes of the compartments extracted from
the diffusion experiments do not match the sizes of known
physiological compartments may be exchange between those
compartments which is not taken into account by Eq. [2] .

An additional important result is that with the change in
tD one observes changes in the relative populations of the
different diffusing components. Interestingly, at long diffu-
sion times (305 ms) there is, in fact, nearly only a single
population. This may imply that at long diffusion times
(305 ms) a large fraction of the water molecules have the

FIG. 9. The effect of the diffusion time (D 0 d /3) on the (A) ADCs
and (B) relative populations of NAA (n Å 3) as obtained from the biexpo-
nential fit. It is clear that both ADCs decrease with the increase in tD and
their relative populations nearly equalize at long diffusion times. The solid
lines are arbitrary and are used just to guide the eye.

The CPMG experiments revealed two different T2 values.
The minimal TE used in the current diffusion experiments
is 70 ms, which is longer than five times the T2 of the fast
relaxing component. Therefore, this component should have
an insignificant effect on the signal in our diffusion experi-
ments. Therefore, in practice, the signal which contributes
to our diffusion experiments has only one T2 . If this is correct

FIG. 10. The ‘‘restriction test’’ for the two diffusion components ofone should expect, the TE to have no effect on the diffusion
NAA (n Å 3). The diffusion distance as a function of the square root ofresults, in the absence of background gradients. The results
tD deviates from linearity for both diffusing components. These deviationsof diffusion experiments in which only the TE has been
are much more dramatic than those of brain water and even the fast diffusing

changed are depicted in Table 3. As expected, the change component shows a significant restriction. The diffusion paths of the fast
in the TE had no effect on the relative populations as deduced and slow diffusing components are around 6–7 and 1–1.5 mm, respectively.

The solid lines are arbitrary and are used just to guide the eye.from the diffusion experiments.
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water molecules are present in all the compartments and
can exchange among them relatively quickly, rigid delinea-
tion and differentiation between the different compartments
using diffusion of water molecules is difficult. Therefore,
one plausible explanation may be that at tD of 35 ms we
are in the intermediate exchange mode while at tD of 305
ms we are approaching the fast exchange mode. To verify
further the relative importance of exchange, the experimen-
tal decay curves were compared to simulated decay curves
obtained from the two-sites exchange model of Krager (48 )
as shown in Fig. 12. Interestingly, it has been found that

FIG. 11. The T2 data (n Å 3) of NAA in excised brain tissue obtained
from the CPMG experiment along with the mono-, bi-, and triexponential
fitting functions. Very good agreement is obtained between the experimental
data and the triexponential fitting function (the numerical results are re-
ported in Table 2).

time to exchange between the compartments, thus canceling
the clear distinction between the intra- and extracellular
spaces. This is corroborated by a recent study from the
Leibfritz group that estimated that the exchange time of
water across the membrane is on the order of 25 ms (50) ,
meaning that at a diffusion time of 305 ms water molecule
exchange between the compartments approaches the fast
exchange limit behavior (only one averaged population)
(50 ) . Therefore, one should refer to apparent populations
or apparent fractions when the marker is a molecule that
can exchange between compartments. This may also provide
a possible explanation for the disagreement between the
relative populations found in the diffusion experiments and
the real physiological population of each compartment. In
addition, it should be noted that the different compartments FIG. 12. Comparison between the experimental diffusion decay curves

of water in brain tissue (n Å 3) and the simulated curves obtained frommay be characterized by different T2 values. If the T2 of
the Krager two sites exchange model for two diffusion times: (A) diffusionthe intracellular space is shorter than that of the extracellular
time (D0 d /3) of 65 ms and (B) diffusion time of 125 ms. The simulationsspace and since there is a significant T2-weighting in most
were performed using the following parameters: DA Å 2 1 1005 cm2 s01 ,

diffusion experiments it is possible that some of the dis- fA Å 0.2, DB Å 0.01 1 1005 cm2 s01 , fB Å 0.8, d Å 15 ms, G variable
agreements are due to T2 effect. This is extremely important from 0 to 24 gauss cm01 , tA Å 0.25tB, and diffusion times of 65 and 125

ms for Figs. 12A and 12B, respectively. The different half life times (t)in the present study as the shortest TE used due to gradient
used in the simulations are indicated on the specific curves. Figure 12Bsystem capability was 70 ms. A better correlation between
shows that the data used to simulate the experimental results obtained forthe populations extracted from the diffusion experiments
diffusion time 65 ms are very different from the experimental results ob-

and known physiological and structural compartments is tained at diffusion time 125 ms. This result suggests that the two sites
expected when the diffusion experiments will be acquired exchange model cannot account for all the experimental results, implying

that some other factors (other than exchange) are also important.using very short diffusion times and very short TE. Since
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there is no single set of parameters which could fit the entire we had to negate was that the signal at 2.023 ppm attributed
experimental data. The parameters which seem to fit the to NAA contained a contribution from other components
experimental curve at tD of 65 ms (Fig. 12A) are not suitable such as lipids or other N-acetyl groups attached to larger
for fitting the experimental decay curve obtained at tD of molecules which are characterized by slow diffusion. Since
125 ms (Fig. 12B), indicating that exchange alone cannot the experiments were performed on a 11.7 T magnet the
totally explain the experimental results. We have found the contribution of N-acetyl aspartylglutamate (NAAG) ap-
half-life of water in brain tissue to be on the order of 20 pearing at 2.05 ppm (34) could be ruled out as its absorption
ms, a result which is very similar to that of recent reports is well separated from that of NAA and no changes in the
by the Leibfritz group (50) . These simulations clearly indi- chemical shift of the peak were observed when the b value
cate that exchange is important but cannot account alone was increased. Additionally, it is well known that NAAG
for the entire set of experimental results. concentration in the rat brain is low and the slow component

This implies also that most of the water molecules should found in the diffusion experiments amounts to 75% of the
exhibit little restriction and the plot of the diffusion distance total NAA pool (34) .
as a function of

√
tD should indicate the presence of a semi- In order to verify that the slow diffusing components are

permeable barrier. This is indeed the case, at least for the not due to larger molecules with the same chemical shift,
large and fast diffusing components, as seen in Figs. 5A we measured the ADCs of the two components as a function
and 5B. These graphs show that the fast diffusing compo- of TE. Assuming that the slow diffusing component arises
nents do not reach an asymptotic value and in fact after a from larger molecules, one can expect that this component
minor deviation from linearity, at the longer diffusion times will be characterized by a short T2 . Accordingly, an increase
the diffusion distance is a linear function of

√
tD , implying in the TE should bring about a reduction in the relative

no restriction. Therefore, it seems that when structural in- population of the slow diffusing component. However, the
formation is requested one should try to monitor the diffu- opposite trend is observed (Table 4) and increasing the TE
sion characteristics of other molecules which have nonuni- only brought about an increase in the relative population of
form distribution among the different compartments and the slow diffusing component of the NAA peak. These re-
which do not exchange among them. One such obvious sults suggest that the fast and slow diffusing components of
candidate for reporting about the intracellular space in brain the signal at 2.023 ppm are more likely to represent two
tissue is NAA. different populations of NAA.

NAA is a metabolite known to be present only in the
Diffusion Characteristics of NAA in Brain Tissue intracellular space of neurons (51) and as such one should

expect only one diffusing component. However, the resultsVery few diffusion experiments have been performed on
clearly indicate the existence of two diffusing componentsbrain metabolites (36–43) and the effect of the diffusion
of nearly the same size. Since NAA is distributed in thetime on the diffusion of brain NAA has been reported only
intracellular space only, the assignment of each of the diffus-for the single exponential decay of NAA (42, 43) .
ing components to physiological populations is not straight-The present study show that the signal attenuation of NAA
forward. In order to do this we first had to measure the T1due to diffusion is biexponential and depends heavily on
and T2 relaxation times of the NAA peak in order to estimatethe diffusion time. Additionally the following characteristics
their relative effect on our diffusion measurements. Thishave been observed: (1) The ADCs of the NAA decrease
enabled us to estimate the T1 effects when changing tD (byconsiderably with increased of tD. (2) In the low b value
changing TM) and to estimate the visibility of the differentrange (up to 0.5 1 106 s cm02) the decay is monoexponen-
populations in our diffusion experiments (see Table 2).tial, but the ADC obtained does decrease with the increase

In the T2 experiments three main populations were identi-in tD (Fig. 7B). This observation is in contrast to water
fied, as shown in Fig. 11. The one having a T2 of 19 {diffusion, in which the ADC obtained from the monoexpo-
3 ms (27 { 3%) contributes very little to our diffusionnential fit ( in the range of low b values) was insensitive to
experiments, in which the shortest TE was set to 70 ms.tD. (3) The ADC obtained from the range of low b values is
Therefore we are left with the other two T2 components,in good agreement with those reported in recent publications
namely those having T2 values of 241 { 24 ms (40 { 5%)(38, 41) . (4) The deviation of the signal attenuation of NAA
and 686 { 56 ms (33 { 3%). Since we identified a slowfrom linearity shows the opposite trend to that of brain water.
and a fast diffusing component it is tempting to associateIn the case of NAA the deviation from linearity increases
them with the fast and slow relaxing components, respec-with the increase in the diffusion time (see Fig. 7A).
tively. A T2 of a specific population can only be equal to orOne of the surprising results is that we found two different
less than its T1 . The two T1 values obtained were 410 { 10populations of NAA. The larger of these two is the slow

component, which has a very low ADC. One possibility that and 1420 { 60 ms. Therefore, the T1 of the slow diffusing
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component which has the longer T2 ( i.e., 686 { 56 ms) volume within the axons is comparable to and even larger
than that in the cell bodies of the neurons because they areshould be the longer one, i.e., 1420 { 60 ms.

In order to further verify this point and estimate the effect much longer. Therefore it seems plausible to assign the two
diffusing components to the two physiological compart-of the T1 relaxation time on the populations extracted from

the diffusion experiments acquired at different tD, we per- ments, i.e., NAA molecules in the soma and intra-axonal
spaces.formed two experiments using the sequence

CONCLUSIONSp– t0– p /2– t1–g– t2– p /2–TM– p /2– t2–g– t1–Acq,

[II] We have demonstrated that the decay of the signals of
water and NAA due to diffusion in brain tissue is not mo-
noexponential but depends on the diffusion time when highwhere t0 was set to 300 ms and 1000 ms, which are the

null points of the two T1 values obtained from the inversion b values are used. More importantly, we have demonstrated
that different results are obtained from the same data set atrecovery experiments. If one ADC is associated with a cer-

tain T1 , one should observe a drastic change in the relative different ranges of b values. In the range of low b values (b
° 0.5 1 106 s cm02) , which is the range routinely used inpopulation obtained in the diffusion experiments using se-

quence II when t0 is set to T1rln 2 of one component. diffusion weighted MRI, a monoexponential decay which is
insensitive to the diffusion time is obtained for brain water.Interestingly, when t0 was set to 1.0 s there was a drastic

decrease in the signal-to-noise ratio (SNR); however, the For b values up to 1–2 1 106 s cm02 a biexponential decay
is observed. Only when larger b values are used is the superi-same ADCs were obtained without significant effect on their

relative populations. For t0 Å 300 ms there was only a small ority of fitting the experimental data with a triexponential
function apparent. In these cases the ADCs obtained do de-decrease in SNR and here again nearly no effect on the

relative populations of the two ADCs was observed. This pend on the diffusion times and seem to indicate the presence
of restricted diffusion when the major fast diffusing compo-may suggest that both the fast and slow diffusing compo-

nents have similar T1 ( i.e., 1420 ms), a fact that implies nent shows only limited restriction. Therefore it is important
to report the entire set of parameters used to obtain the datathat T1 effects during the change of TM from 5 to 275 ms

should be minimal. (such as effective b values range, diffusion time, diffusion
gradients duration, and TE) when one reports ADC valuesAs stated, the ADCs of both components of the NAA

decrease considerably with the increase in tD. The ADC of of brain tissue obtained by NMR measurements. This will
allow the results to be put into the context of previous resultsthe fast component of the NAA decreases by a factor of 6

while the ADC of the slow component decreases by more and increase our ability to reconcile apparent contradictory
results. Nevertheless, the assignment of the different diffus-than an order of magnitude. The deviation from linearity of

ln(I /I0) as a function of tD shows a trend opposite to that ing components to known physiological compartments is not
straightforward, partially because of exchange.of brain water but follows the trend reported very recently

for water in isolated optic nerve (32) . Both the slow and fast Surprisingly, NAA signal decay due to diffusion was
found to be biexponential and here again it seems that atdiffusing components show a marked restriction, as shown in

Fig. 10. Interestingly, here it seems that the two barriers low b values (0.5 1 106 s cm02) a monoexponential decay
is observed as reported recently (38, 41) . As expected, thehave a relatively low permeability and the plateau of the

diffusion path suggests the existence of two main compart- ADCs of NAA are much more sensitive to the diffusion
time and seem to exhibit restricted diffusion. As such, NAAments, one having a size of about 6–7 mm microns and

another on the order of 1 to 2 mm. Based on these observa- in our system and under the conditions used seem to have
two main compartments, one having a size of 6–7 mm (withtions we tend to speculate that the two populations of NAA

are NAA molecules in cell bodies and in fibers (axons) , fast diffusion and a short T2) and the other on the order of
1–2 mm (slow diffusion and a long T2) , which may tenta-which are known to have a diameter of approximately 1 mm

in rat brains (51–52) . The slow diffusion component, which tively be assigned to neuronal cell bodies and axons, respec-
tively. Although NAA diffusion is more difficult to obtainseems to be restricted in a compartment having a size of

around 1 mm, is also characterized by a long T2 and com- it seems to be a better reporter, at least with regard to the
neuronal intracellular space, as compared to brain water,prises 75% of the NAA pool (at TE of 70 ms without correc-

tion for T2 relaxation). It has recently been demonstrated which appears in all compartments and exchanges quickly
among them. It should be noted that simulations of the NAAthat water in the intra-axonal space of sciatic nerve has the

longest T2 as compared to its other compartments (53) . At diffusion data using the Krager’s two sites exchange model
(48) have shown that even with very long half-life (t Éfirst it seems surprising that the slow diffusing component

is the larger one; however, it should be noted that the average 1000 ms) there is no agreement between the simulations and
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8. A. L. Busza, K. L. Allen, M. D. King, N. van Bruggen, S. R. Williams,the experimental data. This result indicates that the exchange
and D. G. Gadian, Stroke 23, 1602–1612 (1992).is much slower than in the case of water and consequently

9. T. Back, M. Hoehn-Berlage, K. Kohno, and K.-A. Hossmann, Strokehas only a limited effect on the results extracted from NAA
25, 494–500 (1994).

diffusion experiments (54) .
10. K.-A. Hossmann and M. Hoehn-Berlage, Cerebrovasc. Brain

Therefore, we believe that these results show that diffu- Metab. Rev. 7, 187–217 (1995).
sion characteristics of NAA as a function of tD have the 11. C. C. Hanstock, A. I. Faden, M. R. Bendall, and R. Vink, Stroke 25,
potential to report the intracellular geometry. In vitro NAA 843–848 (1994).
diffusion measurements as a function of tD on excised nerves, 12. J. Ito, A. Marmarou, P. Barzo, P. Fatouros, and F. Corwin, J. Neuro-
which are known to have a much more defined geometry, surg. 84, 97–103 (1996).
are under way. 13. Y. Assaf, E. Beit-Yannai, E. Shohami, E. Berman, and Y. Cohen,

Magn. Reson. Imaging 15, 77–85, 1997.Although the results obtained in this study were obtained
14. M. Eis, T. Els, and M. Hoehn-Berlage, Magn. Reson. Med. 34, 835–for in vitro brain tissue their relevance to the in vivo state

844 (1995).is supported by the similarity of our results to the in vivo
15. L. L. Latour, Y. Hasegawa, J. E. Formato, M. Fisher, and C. H.results reported recently when we analyzed our data using

Sotak, Magn. Reson. Med. 32, 189–198 (1994).the b-value range used in Ref. (47) . In addition, we have
16. H. Benveniste, L. W. Hedlund, and G. A. Johnson, Stroke 23, 746–demonstrated that the parameters measured change only very

754 (1992).
little during the experimental time due to tissue disintegra-

17. Y. Hasegawa, L. L. Latour, C. H. Sotak, B. J. Dardzinski, and M.
tion. Although it is not clear if triexponential decay will be Fisher, J. Cereb. Blood Flow Metab. 14, 383–390 (1994).
observed in vivo it should be noted that a recent in vivo 2H 18. J. A. Helpern, R. J. Ordidge, and R. A. Knight, in ‘‘11th Annual
DQF study on brain water does corroborate the existence of Meeting of the Society of Magnetic Resonance in Medicine,’’ p.

1201 (1992). [Abstract ]three water populations (45, 46) . We agree that in vitro
19. H. B. Verheul, R. Balazs, J. W. Berkelbach van der Sprenkel,experiments should provide a basic platform to give clini-

C. A. F. Tulleken, K. Nicolay, K. S. Tamminga, and M. van Lookerencally measured ADCs more physical and even physiological
Campagne, NMR Biomed. 7, 96–100 (1994).meaning (32) . In vitro experiments allow acquisition of a

20. A. van der Toorn, E. Sykova, R. M. Dijkhuizen, I. Vorisek, L. Var-much larger data set with much higher quality, on the basis
gova, E. Skobisova, M. van Lookeren Campagne, T. Reese, and

of which the basic phenomena can be discussed. Based on K. Nicolay, Magn. Reson. Med. 36, 52–60 (1996).
this knowledge, selected in vivo experiments should be per- 21. D. G. Norris, T. Niendorf, M. Hoehn-Berlage, K. Kohno, E. J.
formed. Currently we are using NAA diffusion weighted Schneider, P. Hainz, M. Hropot, and D. Leibfritz, Magn. Reson.

Imaging 12, 1175–1182 (1994).spectroscopy to characterize the intracellular space of neu-
22. D. G. Norris, T. Niendorf, and D. Leibfritz, NMR Biomed. 7, 304–rons in vivo both in the normal and in different pathophysio-

310 (1994).logical states.
23. C. Beaulieu and P. S. Allen, Magn. Reson. Med. 31, 394–400
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