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The apparent diffusion coefficient (ADC) of Na� was determined
in live rat brain. The brain extracellular-to-intracellular Na� con-
tent ratio is �8:2, which is the inverse of that for water in these
spaces. Consequently, the ADC of Na� is primarily affected by
motion in the extracellular space, and Na� can be viewed as a
reporter molecule for motion in that space. Likewise, water
ADC is dominated by intracellular motion. The brain Na� ADC
was 1.15 � 0.09 �m2/ms, which is 61% of the aqueous Na� free
diffusion coefficient (Dfree) at 37°C (1.9 �m2/ms), while the ADC
for brain water is 28% of the water Dfree at 37°C (3 �m2/ms). This
suggests that the ADC of molecular species within the extra-
cellular space is roughly twofold that within the intracellular
space. In postmortem brain, both Na� and water decrease to
17% of the respective Dfree values. These results are consistent
with Na� and water ADC values sharing the same biophysical
determinants in postmortem brain. The observed difference
between Na� and water ADC/Dfree ratios in living brain tissue
may be attributable to the extracellular environment hindering
molecular displacements twofold less than the intracellular
environment. Magn Reson Med 53:1040–1045, 2005. © 2005
Wiley-Liss, Inc.
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The rate constant governing water incoherent displace-
ment in tissue, the apparent diffusion coefficient (ADC),
decreases markedly following various injuries to brain tis-
sue (1–6). Although this phenomenon is exploited daily in
the clinical setting to detect injury via diffusion-weighted
images, the underlying biophysical mechanisms that cause
the water ADC to change are not comprehensively under-
stood. Characterization of water incoherent displacement
motion in the intra- and extracellular compartments fol-
lowing injury would provide an important advance toward
the elucidation of these mechanisms. Unfortunately, reso-
lution of the water MR signal in each of these two com-
partments in the CNS remains a difficult problem, al-
though progress toward this goal has been reported (7,8).

One strategy for making inferences about the motion of
the water in each of these compartments is to employ
endogenous or exogenous MR-active chemical species
(ions and molecules) that are present in the aqueous phase
of either or both spaces and that can be compartmentally
distinguished. The sodium ion is potentially one such
species. In the normally functioning central nervous sys-
tem, as in virtually all tissues, significant amounts of in-
tracellular and extracellular sodium ion are present, and
the concentration gradient across the plasma membrane is
held fixed. The sodium ion concentration is roughly
140 mM (9) and 10 mM (10) in the extracellular and
intracellular spaces, respectively. Since the extracellular
space comprises about 20% of brain volume (9), there are
about 3.5 times more sodium ions in the extracellular
compartment than there are in the intracellular compart-
ment. Thus, roughly 80% of the 23Na MR signal (assuming
similar T1 and T2 relaxation times in both compartments)
is from the extracellular space, making the sodium ion an
endogenous, compartment selective (although not entirely
compartment specific) marker of the extracellular space.
For this reason, we have developed a method for deter-
mining the ADC of total tissue sodium (“bulk” sodium) in
rat brain.

Many technical challenges must be overcome to perform
in vivo diffusion measurements of tissue sodium ions by
23Na MR. First, 23Na has a magnetogyric ratio, �, that is
about one fourth that of the 1H nuclide. As a result (vide
infra), much stronger (�16�) diffusion encoding magnetic
field gradients are required relative to those employed for
1H MR water diffusion measurements. Second, the brain
bulk sodium ion concentration is about 40 mM, much less
than the �80 M 1H concentration of tissue water. Thus, to
achieve an acceptable signal-to-noise ratio for quantifying
the MR signal amplitude, the average of many signal tran-
sients is needed. Third, 23Na is a quadrupolar nucleus,
resulting in a short transverse relaxation time constant, T2,
of about 34 ms. (A second T2 component, related to the
presence of multiple quantum coherences, has also been
observed and is characterized by a �5-ms T2. In the ex-
periments described below, this “fast component” has
fully decayed and does not comprise a significant fraction
of the signal.) These three factors require the echo time to
be minimized, the diffusion gradient strength to be maxi-
mized, and the repetition time of the experiment to be
short. These constraints on the MR experiment impose
considerable demands on the spectrometer.

Because of these technical challenges, Na� diffusion has
been studied using MR in only a small number of biologic
systems. Van der Veen et al. (11) measured Na� diffusion
in a sample containing red blood cells. By adjusting the
diffusion time of the MR diffusion experiment, the authors
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were able to assess the effect of restriction due to the cell
membrane upon the Na� ADC. Additionally, Sehy et al.
(12) have measured the intracellular Na� ADC within a
single Xenopus oocyte.

We have developed a technique for measuring Na� dif-
fusion in rat brain in situ. These measurements employ a
small, two-turn ellipsoidal surface radiofrequency trans-
mit/receive coil (1.4-cm major axis, 1.0-cm minor axis),
which sits directly on the rat’s skull immediately above
the brain. The coil’s region of interrogation determines two
dimensions of the region of interest. Slice-selective adia-
batic RF pulses and magnetic field gradients were used to
provide the third dimension of localization. The bulk
brain Na� ADC in vivo was found to be 1.15 � 0.09 �m2/
ms, which is 61% of the Na� diffusion coefficient (Dfree) in
temperature-matched dilute aqueous solution (13). In
comparison, the brain water ADC is 28% of Dfree. Upon
death, the ADC values for both Na� and water drop to 17%
of the respective Dfree values.

MATERIALS AND METHODS

Animal Preparation

All experimental procedures were performed in accor-
dance with NIH guidelines and Washington University
Institutional Animal Care and Use Committee regulations.
Male Sprague–Dawley rats, 250–400 g, were anesthetized
by intraperitoneal (i.p.) injection of 1.2 mL/100 g body wt
10% urethane solution. A booster of 0.6 mL/100 g body wt
of the same solution was administered 30 min later. To
minimize animal motion during the MR measurements, an
MR-compliant head restraint device consisting of ear bars
and a nose cone/bite bar was used. Heart rate and arterial
oxygenation were monitored with a pulse oximeter (Nonin
Medical, Plymouth, MN) attached to a hind paw. To main-
tain normal blood oxygenation levels under anesthesia,
100% O2 gas was blown into the nose cone. Body temper-
ature was maintained by circulating warm water through a
heating pad on which the animal rested. In vivo body core
temperature was monitored rectally with a fiber optic tem-
perature probe (Fiso, Sainte-Foy, Québec, Canada), and
brain temperature was monitored via 1H MRS (vide infra).
In postmortem studies, brain temperature was maintained
by blowing warm air over the head while continuing cir-
culation of warm water under the animal. A fiber optic
temperature probe was placed in the nasal cavity to esti-
mate brain temperature, as the spectroscopic measurement
was less reliable in postmortem brain because of an in-
crease in linewidth related to the presence of deoxyhemo-
globin. Animals for postmortem study were euthanized in
the magnet with a 1-mL bolus of 2 M KCl delivered via a
catheter in the femoral vein.

MR Experiments

Imaging and spectroscopy experiments employed an Ox-
ford Instruments, 40-cm diameter (clear bore), 4.7-T mag-
net equipped with Magnex 10-cm (inner diameter), ac-
tively shielded gradient coils capable of producing linear
magnetic field gradients of up to 60 G/cm with �200 �s
rise time. A Varian NMR Systems INOVA console con-
trolled the magnet and gradient systems. Experiments
were performed using a 4-cm, single-turn surface coil for

1H measurements and a two-turn ellipsoidal surface coil of
major and minor diameters of 1.4 and 1.0 cm, respectively,
for 23Na experiments. The 1H coil was placed along the
side of the animal’s head, and the sodium coil was placed
orthogonal to the 1H coil, directly above the brain. The
orthogonal arrangement of the coils minimized coupling
between them.

After each rat was placed in the magnet, a series of 1H MR
control experiments was performed. Multislice, gradient-
echo images, using a repetition time (TR) of 60 ms and an
echo time (TE) of 6.5 ms, were acquired to guide the selection
of a volume element for 1H and 23Na localized spectroscopy.
Localized 1H spectra were acquired using the localization by
adiabatic selective refocusing (LASER) pulse sequence (14).
Using a LASER sequence that is modified to include diffu-
sion-sensitizing gradients (15), the 1H2O ADC was measured
from 25 spectra obtained with the b-value parameter ranging
from 0.1 to 2.5 ms/�m2 in steps of 0.1 ms/�m2 for living rats
and 0.2 to 5.0 ms/�m2 in steps of 0.2 ms/�m2 for postmortem
rats. The pulse sequence settings were TR � 1.76 s, TE �
75 ms, diffusion-sensitizing gradient pulse lengths of 5 ms,
and separation between the gradient pulses of 50.4 ms. The
chemical shift difference between the N-acetylaspartate
methyl 1H signal and the H2O singlet in these spectra was
used to measure the brain temperature using the method of
Corbett et al. (16).

For 23Na MR experiments, localization of the signal to
within the brain was accomplished along two dimensions
through the physical size of the RF coil. Localization along
the remaining spatial dimension, which corresponds to
the rat dorsal/ventral axis, was performed using the adia-
batic double spin echo experiment shown in Fig. 1 (14).
The volume element selected by this pulse sequence is
approximately cylindrical, with regions proximal to the
surface coil (such as cortex) contributing more to the MR
signal than distal regions (basal ganglia). The pulse se-
quence shown in Fig. 1 was used to measure the 23Na�

ADC and T2 relaxation time constant. An inversion pulse
was added to the beginning of the sequence to measure T1

relaxation time constant.
During 23Na� ADC measurements, the diffusion encoding

gradient pulses are constrained to be short, due to the short
23Na T2, and strong, due to the low 23Na magnetogyric ratio.
As a consequence, magnetic field gradients as large as

FIG. 1. The LASER pulse sequence modified with sine-shape gra-
dient warm-up prepulses and diffusion-weighting pulses. The pre-
pulses put the gradient system in a steady state, which enhances
the reproducibility of the pulses. The first RF pulse is an adiabatic
half-passage pulse, and the second two slice-selective RF pulses
are adiabatic full-passage pulses. The second adiabatic full-pas-
sage pulse is required to rewind the nonlinear phase of the magne-
tization induced by the first adiabatic full-passage pulse.
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50 G/cm were needed. Large amplitude pulsed field gradi-
ents induce physical vibrations and eddy currents, which are
both detrimental to ADC measurements. To minimize these
effects, the methods described by Price et al. (17) were
adopted. These include utilization of sine-modulated diffu-
sion-sensitizing gradient pulse shapes and “steady-state” gra-
dient prepulses. Pulse sequence timings for the Na� ADC
measurements of living (dead) rats were TR � 230 (250) ms,
TE � 32.2 (41.1) ms, � � 10.5 (15.0) ms, and 	 � 14.9 (19.9)
ms. Amplitudes of MRS signals were obtained from 10 spec-
tra acquired with diffusion-sensitizing gradients ranging
from 5 to 50 G/cm, in steps of 5 G/cm. A typical set of
resulting b-values (vide infra) ranged from 0.023 to 2.078 ms/
�m2 for living rats and from 0.060 to 5.787 ms/�m2 for rats
postmortem. The data were collected in an interleaved cyclic
manner, recording and storing a single transient for each of
the 10 b-values and then repeating this procedure 512 times.
The net signal transient recorded for each b-value was thus
averaged (added) over the entire 21-min total acquisition
period such that any systematic errors were averaged over all
of the b-values. This reduces errors in the estimation of the
ADC.

Estimation of MR signal amplitudes and subsequent
data processing steps were performed using the Bayesian
Analysis Package in Varian’s VNMR software (18). The
sum of signal transients at a given b-value was modeled as
an exponentially decaying sinusoid. The estimated ampli-
tudes of these sinusoids, taken at various diffusion encod-
ing gradient strengths, were then fit to the expression for
diffusion-attenuated, pulsed-gradient spin echoes given by
Stejskal and Tanner (19),

S(b) � S(0)e
b�ADC, [1]

where the b-value is given by (20)

b � �2 �
t � 0

T ��
t � 0

t

G(t�)dt��2

dt, [2]

in which � is the magnetogyric ratio of the nucleus being
measured, G(t�) is the magnetic field gradient strength at
time t�, and T is the length of the pulse sequence. In the
case of sine-modulated gradient pulses, Eq. [2] reduces to
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in which gi and �i represent the peak strength and length of
gradient i, and 	i is the intergradient spacing for gradient
pair i, as shown in Fig. 1.

To measure T1, an inversion-recovery experiment was
performed. The adiabatic half-passage sampling pulse fol-
lowed a 2- to 3-ms slice-selective adiabatic inversion pulse
at 10 variable delay times, TI, ranging from 0 to 180 ms.
Estimated amplitudes of the MR signals, obtained using
the Bayesian analysis, were modeled to the inversion re-
covery expression

S(TI) � S() � (S(0) 
 S())e
TI/T1. [4]

To measure the T2, TE was set to 10 different values ranging
from 10 to 136 ms by adjusting the length of the second echo
in the dual echo experiment. Relaxation time measurements
were acquired in 15–17 min using 256 transients per relax-
ation delay, and the data were fit to the expression

S(TE) � S(0)e 
TE/T2. [5]

In principle, multiple-quantum coherences could lead to
deviations of the experimental data from Eqs. [4] and [5];
however, no such deviations were observed. The lack of
evidence of multiple-quantum coherences is attributed to
three conditions: (1) The population of Na� experiencing
sufficiently slow reorientational dynamics to generate
such coherences (21,22) is small compared to the domi-
nant Na� population, which experiences rapid, isotropic
motion and experiences a symmetric solvation sphere. (2)
The preparation time is not optimal for the generation of
triple-quantum coherences in the selected experimental
conditions. (3) Because these measurements all employ
the adiabatic double spin echo experiment (TE � 32ms),
the fast-relaxing components of triple quantum coherences
will essentially have completely decayed before data ac-
quisition commences (23). Also in principle, biases in the
Na� nuclear orientations throughout the voxel could give
rise to residual quadrupolar couplings and generate mul-
tiple-quantum coherences (21,24). So far we have been
unable to observe even-ordered Na� coherences in rat
brain under optimized experimental conditions (unpub-
lished observations) and therefore these effects can be
neglected for the current experiments.

The above experiments were performed on the group of
rats using the following protocol: (i) Gradient echo 1H
images were acquired to select the voxel for 1H and 23Na
localized spectroscopy. (ii) Localized 1H spectra were ob-
tained for purposes of shimming the magnetic field within
the volume of interest and measuring the brain tempera-
ture. (iii) The ADC of H2O within the voxel was deter-
mined using localized 1H spectroscopy. (iv) The ADC, T2,
and T1 of Na� within the voxel were determined using
localized 23Na spectroscopy. (iv) A second localized 1H
spectrum was acquired to measure brain temperature.

Diffusion experiments were performed again 10 min
following animal sacrifice. This time allows the sodium
ion concentration to reach an equilibrium distribution
within intracellular and extracellular compartments after
death. Living and postmortem brain temperatures were
maintained within a 2°C SD of 37°C as monitored spectro-
scopically or with a fiber optic temperature probe placed
in the nasal cavity. While these methods are indirect and
somewhat imprecise estimates of brain temperature, the
effect of temperature changes on ADC values (�2.5% per
°C (13)) is small compared with the uncertainty in the ADC
estimates (�8%, vide infra). Thus, these approximations
of brain temperature are sufficient to demonstrate that
temperature variations did not play a significant role in the
observed ADC changes. Spectroscopic temperature mea-
surements were also performed before and after the in vivo
diffusion measurements, and T1 and T2 values were mea-
sured in living and postmortem rat brain.

1042 Goodman et al.



RESULTS

For each subject, multislice, T2
*-weighted, gradient-echo

1H images were used to select and display the volume of
interest within the brain. Figure 2 shows representative
coronal and sagittal views, respectively, from one rat. The
rectangles in Fig. 2 delineate the approximate boundary of
the target volume element for localized spectroscopy. Ex-
perimental verification that the observed 23Na MR signal
originates almost completely from within the intended
sample region is presented in Fig. 2. Two profiles of the
23Na MR signal are shown in the absence (thin line) and
presence (thick line) of slice-selecting gradient pulses. No-
tably, signal from Na� within the blood and muscle of the
scalp, which lie directly beneath the 23Na surface coil, is
completely suppressed by the localization scheme.

Table 1 summarizes the results. Within a typical volume
element of 0.8 mL, a mean signal-to-noise ratio obtained
for the signal with b � 0.023 ms/�m2 was 7. The near
equivalence of the longitudinal and transverse relaxation
times is consistent with Na� experiencing reorientational
dynamics within the rapid isotropic tumbling regime,
which is expected of solvated Na�. The average � average
uncertainty of the individual 23Na� ADC values is 1.15 �
0.09 �m2/ms (n � 18), with an interanimal SD of 0.13 �m2/
ms. Following death, the 23Na� ADC dropped to 0.33 �
0.07 �m2/ms (n � 7), with an interanimal SD of 0.06 �m2/
ms. The 23Na� T1 relaxation time constants for living and
postmortem rats were measured to be 40 � 4 and 35 �
5 ms, respectively. The, T2 relaxation time constants were

34 � 2 and 30 � 3 ms prior to and following sacrifice,
respectively. Figure 3 displays representative data ac-
quired from a living rat to calculate the ADC. In Fig. 3a,
23Na MR spectra are displayed for varying b-values. In Fig.
3b, the modeling of the MR signal amplitudes to Eq. [1] is
shown. The measured water ADC values of 0.83 and
0.51 �m2/ms for living and dead rats are in agreement with
previously published values (25).

DISCUSSION

Numerous theoretical discussions concerning the diffu-
sion of water in mammalian tissues invoke reference to
diffusion in the intracellular and extracellular spaces. Our
interest in the sodium diffusion measurement is to gain
insight, by inference, about the compartment specific dis-
placement motion of water. Compartment selective (or
specific) MR-active markers are useful in this regard be-
cause it is difficult to resolve the water MR signal from
intracellular and extracellular environments. For example,
Silva et al. (7) used intracerebroventricular infusions of

FIG. 2. Representative transaxial and sag-
ittal images of rat brain. The thin line in the
profile on the left represents data that result
from applying a readout gradient in the ver-
tical direction. The heavy line is the result of
the same experiment except with the slice-
select gradients turned on to localize the
region shown in white boxes.

Table 1
Summary of 1H2O Temperature and 23Na� Diffusion, T1,
and T2 MR Measurements

n Average
Average

error
Standard
deviation

S(b1)/noise 18 7 3
Alive

ADC (�m2/ms) 18 1.15 0.09 0.13
T1 (ms) 16 40 4 5
T2 (ms) 16 34 2 2

Dead
ADC (�m2/ms) 7 0.33 0.07 0.06
T1 (ms) 6 35 5 4
T2 (ms) 6 30 3 3

Note. Average 23Na MR time-domain signal-to-noise ratio at the first
(smallest) b-value measured and 23Na� ADC, T1, and T2 in rat brain
at 37 � 2°C are given. The second column contains the average of
the estimated error per measurement, and the third column repre-
sents the interanimal standard deviation of the measurements. The
signal-to-noise ratio was determined by dividing the estimated am-
plitude of the time domain signal at the first (lowest) b-value by the
standard deviation of the last 100 data points, representative of
noise, in the free induction decay.

FIG. 3. a. Ten unfiltered spectra taken at b-values of 0.023, 0.086,
0.190, 0.336, 0.523, 0.752, 1.021, 1.332, 1.685, and 2.078 ms/�m2.
b. Estimated amplitudes of the time-domain data as a function of
b-value, modeled (solid line) to a single exponential decay.
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compartment-specific contrast agents to reduce T2 in the
extracellular space. The diffusion MR signal was collected
at echo times long enough that none of the signal from the
extracellular space was expected to remain. This provided
a measure of water signal from the intracellular space.
Extracellular water ADC was then deduced from the dif-
ference between intracellular water ADC and the overall
(intracellular and extracellular) water ADC, using litera-
ture values for water content in each compartment.

In another example, our laboratory employed a series of
1H or 19F MR-active extracellular specific/selective mark-
ers to gain insight into the diffusion properties of this
compartment (25,26). Two obvious caveats with interpre-
tation of data from experiments of this type concern diffi-
culties in quantifying/validating the degree of compart-
ment specificity/selectivity in vivo and in accounting for
specific and nonspecific binding of a particular marker to
cellular membranes and other macromolecular entities.
While the former issue can be difficult to resolve with in
vivo systems in normal physiologic status, it is exacer-
bated with injured tissues (e.g., stroke) for which compart-
mental integrity may be compromised. The latter issue
makes inferential assessment of compartmental water dif-
fusion properties less firm, as the specific and nonspecific
binding of a particular marker (interpreted as a hindrance
and restriction to diffusion) is assuredly different from that
for water. Presumably, this problem is most prevalent with
low concentration markers for which the bound species
become an appreciable fraction of the observed molecules.

Sodium concentration in the extracellular space, which
composes roughly 20% of the brain tissue, is approxi-
mately 140 mM, while sodium concentration in the intra-
cellular space is roughly 10 mM. Therefore, roughly 80%
of the 23Na signal (without diffusion weighting and assum-
ing that relaxation times are similar in both spaces) is from
the high concentration of Na� residing in the extracellular
space. This is the reverse of the water compartmental
distribution, which is about 80% intracellular. Thus, sig-
nal from water and sodium primarily arises from the in-
tracellular and extracellular spaces, respectively, and both
water and sodium are sufficiently concentrated that puta-
tive specific and nonspecific binding sites affect only a
small fraction of the total population. Furthermore, at 37°C
both water and aqueous Na� have similar free diffusion
coefficients. We measured water and Na� Dfree in a phan-
tom at 37°C to be 3 and 1.9 �m2/ms, respectively. (This
agrees with published Na� Dfree measured at similar tem-
peratures (13)). Thus, water and Na� are rather equivalent
diffusion probes of local environment.

The root mean squared molecular displacement along
one dimension �x2�1/2 is related to the diffusion coefficient
through the Einstein equation

�x2�1/2 � �2�Dapp�tdiff, [6]

for which Dapp is the apparent “free” diffusion coefficient
(which differs from the true diffusion coefficient due to
hindrances in displacement, which can be treated as an
apparent viscosity). Substituting ADC for Dapp, we apply
the expression here to provide a rough estimate of Na�

displacements in tissue. For the sine-shape gradients used
in this experiment, tdiff � 	 
 �/4 (see the last term in Eq.

[3]). Given the experimental conditions described for this
study, �x2�1/2 for Na� is �5 �m. This value is sufficiently
large that a significant fraction of both intracellular and
extracellular sodium ions must encounter cell membranes.
Extracellular Na�, however, is never wholly confined to
any specific region as the extracellular space is a highly
tortuous but connected compartment. In contrast, assum-
ing that negligible sodium exchanges across the cell mem-
brane during tdiff, intracellular Na� displacement is re-
stricted to space within the cell.

Postmortem data suggest that Na� diffusion measure-
ments provide a reasonable representation of water diffu-
sion. Upon death, ion pump activity ceases. The fraction of
sodium that is pumped across the membrane during the
diffusion time is very small (well under 0.1% during the
diffusion times used (27)). Thus, cessation of pump activ-
ity alone should have no effect on the MR-measured ADC.
Cessation of pump activity causes the breakdown of ion
gradients and influx of extracellular Na� into cells. As a
result, Na� redistributes to equal concentrations in the
intracellular and extracellular compartments, placing
�80% of Na� in the intracellular space. This partitioning
is identical to that of water. Under these circumstances,
the brain Na� ADC is 0.33 � 0.06 �m2/ms, which is 17%
of Na� Dfree at body temperature. In a similar manner, the
water ADC after death is 17% of water Dfree. The identical
reductions in the Na� and water ADC values relative to the
corresponding Dfree values suggest that Na� is a faithful
surrogate for examining biophysical influences on the wa-
ter ADC in tissue and that the difference in ADC/Dfree

ratios observed between Na� and water in living brain are
due to differences in the biophysical properties of the
intracellular and extracellular spaces.

In living brain, Na� ADC is 61% the aqueous Na� free
diffusion coefficient at 37°C (1.15 versus 1.9 �m2/ms). The
corresponding reduction in brain water ADC compared to
free diffusion at 37°C is 28% (0.83 versus 3 �m2/ms). This
suggests that the extracellular compartment presents a less
hindered/restricted diffusion environment than does the
intracellular compartment. More specifically, by infer-
ence, we would expect the water ADC of the extracellular
space to be roughly twice that of the intracellular space.

This is consistent with the analysis of Silva et al. (7),
who reported compartment-specific water ADCs in rat
brain in vivo that differed by roughly a factor of 2, 0.7 and
1.6 �m2/ms, respectively, for intracellular and extracellu-
lar compartments. However, this prediction is quantita-
tively different from that of an earlier report from our lab,
for which the diffusion of exogenously administered 2-flu-
orodeoxyglucose-6-phosphate was found to be equivalent
in these two compartments. This difference may reflect the
marker-specific issues discussed above.

With regard to changes in Na� diffusion after the death
of the animal, physiologic changes besides the loss of ion
balance complicate extrapolation of these data to living
tissue. Changes in the diffusivities of intracellular-specific
compounds have been observed after death (15,26,28), and
similar changes likely take place in the extracellular space.
Therefore, while the observed convergence of the Na� and
water ADC/Dfree ratios in dead tissue validates that Na�

and water ADC values are similarly influenced by biophys-
ical structural and dynamic features, values obtained from
tissue postmortem do not mirror ADC values in living
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tissue. Thus, although the majority of Na� is in the intra-
cellular space after death, the ADC values cannot be taken
to reflect those of the intracellular space in living tissue.

CONCLUSION

A method for measuring the brain Na� ADC in living and
recently deceased rats has been developed. The Na� ADC/
Dfree ratio is 0.61, which is significantly higher than the
corresponding ratio of 0.28 measured for water. After death,
both the Na� and the water ADC/Dfree ratios decrease to the
same value of 0.17. The ratios measured in the dead rats
suggest that similar biophysical determinants govern Na�

and water ADC values under conditions for which Na� and
water share similar intra/extracellular partitioning. The dif-
ference between the ADC/Dfree ratios observed in the living
rats is attributed to differences in homeostatic intra/extracel-
lular partitioning for the two molecules, with diffusion in the
extracellular environment being approximately twofold less
hindered. Furthermore, if the ratio of extracellular/intracel-
lular ADC values in vivo is approximately 2, then a simple
volume shift of water to the intracellular space is not suffi-
cient to account for the �30–50% decrease in global tissue
water ADC following injury.
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27. Siesjö BK. Cellular work in the brain. brain energy metabolism. New
York: Wiley; 1978. p 39–40.

28. Neil JJ, Duong TQ, Ackerman JJH. Evaluation of intracellular diffusion
in normal and globally-ischemic rat brain via 133Cs NMR. Magn Reson
Med 1996;35:329–335.

Sodium Ion ADC in Living Rat Brain 1045


