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The apparent diffusion coefficients (ADCs) of a series of mark-
ers concentrated in the extracellular space of normal rat brain
were measured to evaluate, by inference, the ADC of water in
the extracellular space. The markers (mannitol, phenylphos-
phonate, and polyethylene glycols) are defined as “compart-
ment selective” because tissue culture experiments demon-
strate some leakage into the intracellular space, making them
less “compartment specific” than commonly believed. These
primarily extracellular markers have ADCs similar to those of
intracellular metabolites of comparable hydrodynamic radius,
suggesting that water ADC values in the intra- and extracellular
spaces are similar. If this is the case, then it is unlikely that a net
shift of water from the extra- to the intracellular space contrib-
utes significantly to the reduction in water ADC detected fol-
lowing brain injury. Rather, this reduction is more likely due
primarily to a reduction of the ADC of intracellular water asso-
ciated with injury. Magn Reson Med 45:801–810, 2001.
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Diffusion-weighted imaging (DWI), in which contrast is
based on the water apparent diffusion coefficient (ADC), is
widely recognized as a useful tool for early detection of
brain injury. Its utility in this setting arises from the ob-
servation that water ADC decreases rapidly following
many forms of acute central nervous system (CNS) injury,
including stroke (1), seizure (2), excitotoxic injury (3),
trauma (4), hypoglycemia (5), and spreading depression
(6). Despite the widespread clinical use of DWI, the patho-
physiological mechanism(s) fundamental to changes in the
water ADC remains poorly understood.

Water motion in biological tissue is complex. The ADC
is a quantification of incoherent molecular displacement
which is sensitive to a wide range of incoherent micro-
scopic motions, including passive Brownian thermal dif-

fusion, active transport processes, and macroscopic mo-
tions which may include perivascular pulsation, cerebro-
spinal fluid (CSF) perfusion, and bulk brain motion.
Further, water motion may be hindered or restricted by
macromolecular binding, barriers such as cell membranes
and the cytoskeletal matrix, and high protein concentra-
tions. To complicate matters even more, the CNS water
signal, and hence water ADC measurement, arises from
molecules exchanging between the intracellular space
(ICS) and the extracellular space (ECS), with water in each
compartment possibly subject to different motions and
barriers to motion. Following brain injury, active transport
processes, intra- and extracellular volume fractions, inter-
compartment exchange rates, and other factors may
change in association with an overall decrease in total
water ADC. Due to the complex and unknown factors
contributing to water motion in tissue, the descriptor “ap-
parent” is applied to the diffusion coefficient determined
by the pulsed-field-gradient method as the MR experimen-
tal rate constant characterizing this motion.

The most frequently cited hypothesis explaining the
reduction of brain water ADC following injury invokes the
net migration of assumed fast-diffusing extracellular water
into the ICS, an environment of assumed slow-diffusing
molecules, following cell swelling associated with brain
injury (1,7–10). A net migration of a small fraction of total
brain water (10%) from the ECS to the ICS with cell swell-
ing could explain the 35–50% ADC decrease commonly
observed following cell injury only if apparent diffusion
were markedly faster in the ECS than in the ICS, a condi-
tion that has not been proven experimentally.

One approach to evaluating mechanisms of water ADC
changes is to measure ADCs of metabolically inert endog-
enous and exogenous molecular species (markers) that can
be confined to either the ICS or ECS. Measurements of
compartment-specific marker ADCs allow inferential de-
tection of the motional characteristics of water in each
compartment. Comparison of water motion in the ICS and
ECS can be made if the markers in the two compartments
are similar in size (i.e., hydrodynamic radius). Further,
marker ADCs can be measured before and after brain in-
jury and their changes taken to reflect similar changes in
the motional properties of water in the two compartments.

Recently, we obtained extracellular and intracellular
compartment-specific 19F ADC data from rat brain that
suggest the assumption of fast extracellular apparent dif-
fusion and slow intracellular apparent diffusion is incor-
rect. The ADCs of intracellular and extracellular
2-[19F]luoro-2-deoxyglucose-6-phosphate (2FDG-6P) were
similar, suggesting that the ADCs of water in both com-
partments are also similar (11). Further, the motion in both
compartments decreased significantly and to a similar de-
gree following global ischemia. These changes imply that a
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net migration of water from the ECS to the ICS would have
little or no effect on the total brain water ADC.

Because the findings of the 19FDG-6P study are in dis-
agreement with a commonly cited hypothesis, ADC mea-
surements are presented herein of several compartment-
selective markers that are 1H MR-active. To the best of our
knowledge, no other in vivo MR ADC data representative
of the extracellular space have been reported. Low mo-
lecular weight (LMW) markers used for extracellular-
selective ADC measurements were exogenous mannitol,
polyethylene glycol of average molecular weight 200 (PEG-
200), and phenylphosphonate (PPA). Mannitol and PPA
were chosen because they have often been used as markers
of the ECS (12,13). High molecular weight (HMW) ex-
tracellular markers were PEG-1000, PEG-2000, and PEG-
4600. All markers were directly administered by slow
intraventricular infusion. The ADC values for these mark-
ers are reported for normal rat brain. Values following
global ischemia are not reported for these markers as was
done in a preliminary report (14) because they have been
found to have relatively poor compartment specificity fol-
lowing injury (as determined in tissue culture prepara-
tions by measurement of intracellular concentration fol-
lowing an extracellular challenge, as described below).
Nevertheless, the ADC values of these markers from unin-
jured brain provide unique information for comparison of
intra- and extracellular ADC values.

An alternative hypothesis to explain the similar reduc-
tion in ADC values for intra- and extracellular markers
detected in the 19FDG-6P study is that the decrease is due
to a diminution of brain bulk motion, which should affect
both compartments identically (15,16). For example, such
a decrease in bulk motion might take place following
global ischemia as a result of the loss of arterial pulsation
which accompanies cardiac arrest. To evaluate this possi-
bility, changes in the ADC of PEG-4600 (an HMW marker
whose ADC should be dominated by bulk motion) were
made before and after global ischemia.

Finally, in conjunction with the ADC measurements of
the exogenously administered extracellular markers, ADC
measurements of an endogenous LMW marker in the in-
tracellular compartment, N-acetyl aspartate (NAA), are re-
ported. These measurements were made both before and
after global as well as focal ischemia. They confirm find-
ings published by others (17,18).

MATERIALS AND METHODS

Tissue Culture Preparation and Compartment-Selectivity
Assays

Tissue culture experiments were done to evaluate the com-
partment specificity of the various extracellular marker
compounds because data from the literature regarding this
specificity are sparse. Mixed neocortical cultures contain-
ing similar numbers of neurons and glia were prepared
from fetal mice at 14–17 days gestation as previously
described (19). Approximately 2.5 3 105 cells per culture
well (15 mm diameter) were maintained in the presence of
nutrient medium (Eagle’s minimal essential medium,
20 mM glucose, 2 mM glutamine, and 10% horse serum) at
37°C in a humidified incubator containing 5% CO2 and

atmospheric O2. Cell cultures were used for experiments
14–16 days after plating.

Each well in a plate of cells was incubated for 4 h in
400 mL of nutrient medium containing 10–50 mM marker
(Aldrich, Milwaukee, WI) in a humidified incubator at 5%
CO2 and atmospheric O2. Each row of four wells contained
a different marker for a total of six markers and 24 wells
per plate. The incubation duration was chosen to reflect
the time experienced between marker injection and MRS
testing in the animal experiments. Marker concentrations
bathing cells were chosen based on calculations of con-
centrations in rat CSF. A second plate was pre-equilibrated
on ice and incubated for 5 min in identical medium con-
ditions in room atmosphere. Low temperature will halt
most active transport processes and when coupled with a
short incubation period allows for a measurement of mem-
brane binding. After marker exposure and incubation,
each well of cells was washed four times with 1.25 ml of
nutrient medium (absent marker). Cells were lysed with
300 mL of 0.2% sodium dodecyl sulfate (SDS) in D2O per
well. Lysate solutions were collected and stored at 4°C.

NMR Analysis of Tissue Culture Samples

After 1–2 weeks storage, lysate samples were transferred to
5-mm Shigemi NMR tube inserts for quantification of
marker concentrations. High-resolution NMR experiments
were performed on an 11.75-T Varian Unity system using
a simple pulse and collect sequence with water presatura-
tion. Each experiment used TR ;4T1 (measured by inver-
sion recovery in lysate samples) and 128 transients. The
D2O lysate solvent provided the NMR signal for field ho-
mogeneity shimming and deuterium field/frequency lock.
Receiver frequency tuning and impedance matching, as
indicated by the reflected power of the RF coils, were
similar for all samples. External reference spectra were
collected from at least three concentrations of each marker
in D2O under the same conditions and during the same
day as lysate spectra. These reference data were used to
generate a signal intensity vs. marker concentration curve
from which marker concentration in lysate spectra was
calculated.

Animal Preparation

Animals were prepared and markers infused into the ex-
tracellular space in a similar fashion for each marker.
Sprague Dawley rats (290–330 g) were anesthetized with a
loading dose of 35 mg/kg pentobarbital ip. Supplemental
doses of 6 mg/kg pentobarbital were given at half-hour
intervals or as needed. Each animal was placed in a ste-
reotaxic head frame (Kopf, Tujunga, CA) for infusion. Two
holes, each 1.5 mm in diameter, were drilled into the skull.
Two stainless steel 30-gauge needles were stereotaxically
placed in the lateral ventricles at coordinates of 61.4 mm
lateral to bregma, 0.9 mm posterior from bregma, and
3.5 mm deep from the dura (11). A total of 100–125 ml of
0.15–1.5 M marker in saline was infused into each lateral
ventricle simultaneously (i.e., 50–63 ml in each ventricle)
over the course of approximately 1 hr.

Following infusion, the femoral vein was catheterized
and the trachea was cannulated. A fiber-optic thermal
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probe (Luxtron, Santa Clara, CA) was inserted into the
nasal cavity of the animal and the temperature maintained
at 36–38°C throughout the MR experiment with a circu-
lating water cushion and/or warm air flow. Intranasal tem-
perature measurement agrees with intracerebral tempera-
ture measurement to within 1°C (unpublished data). Dur-
ing the MR experiment, the animal was mechanically
ventilated with 2–3% (v/v) halothane in 100% O2 using a
rodent respirator (Model 55-2226; Harvard Apparatus, Do-
ver, MA). A toothbar head restraint was employed to re-
duce motion artifacts.

Three to five repetitive ADC measurements were made
with each live rat starting 3–4 hr (for mannitol and PPA) or
4–6 hr (for PEGs) after the conclusion of the intraventric-
ular infusion. The timing was chosen based on previous
experience to allow the infusates to distribute throughout
the interstitial (extracellular) space. For the global isch-
emia model, rats were sacrificed by pentobarbital overdose
(160 mg/kg, iv) while in the magnet and three to eight
additional repetitive ADC measurements were made. Rat
brain temperature after death was maintained at 37°C, as
described above. Water ADC measurements were inter-
leaved with each marker ADC measurement. A single com-
bined marker and water ADC measurement required 5 min
for PEGs and 10 min for mannitol/NAA and PPA.

In a subset of animals, NAA ADC measurements were
made after focal ischemic brain injury induced by perma-
nent intraluminal occlusion of the right middle cerebral
artery (MCA). This was done to confirm previous studies
indicating that the ADC values of intracellular metabolites
are reduced following injury. Measurements of ADC
started ;5–10 min following the MCA occlusion and con-
tinued for ;2 hr. The initial five ADC measurements were
made on the hemisphere ipsilateral to the stroke followed
by interleaved ADC measurements of contralateral and
ipsilateral hemispheres. Water ADC measurements were
made between each NAA ADC measurement. A single set
of NAA and water ADC measurements required 10 min.

MR Experiments In Vivo

In vivo MR experiments were performed on a 4.7-T, 33-cm
diameter clear bore Oxford Instruments magnet equipped
with an 18-G/cm, actively-shielded, Oxford Instruments
magnetic field gradient set and a Varian UNITYINOVA con-
sole. Sample excitation and signal detection were per-
formed with a 3-cm quadrature rat head coil of birdcage
design.

Measurements employed a modified PRESS volume lo-
calization sequence with 33 CHESS water suppression
(3-DRYPRESS) (20). Diffusion sensitizing gradients were
placed symmetrically about both p pulses (Fig. 1). Voxel
shimming achieved linewidths of 12–18 Hz (0.06–0.09
ppm). Marker ADCs were measured with a typical voxel
dimension of 6 3 8 3 5 mm3 for global ischemia and 3 3
4 3 5 mm3 for focal ischemia. Table 1 summarizes the
diffusion sequence parameters. In general, the maximum b
value for each marker was chosen to approximate one
e-fold attenuation of signal amplitude for normal rat brain.
The spectra averaged at each b value were collected in an
interleaved fashion. Water ADCs from the same voxels
were also determined (b 5 4, 504, 974 s/mm2), with two
transients averaged at each b value.

Free Diffusion Coefficients (Dfree)

The free diffusion coefficients of the compartment markers
in aqueous solution (5–20 mM) were measured at 37°C
using the Stejskal-Tanner diffusion sequence (21). The
values obtained were used for calculation of hydrody-
namic radius (RHD) and tortuosity (l) as described below.
Six to eight b values were employed with a delay between
acquisitions of ;4T1 and 8 or 16 transients averaged at
each b value. Other diffusion measurement sequence pa-
rameters were similar to those used in vivo, as described
above.

Data Analysis

Tissue Culture Data

Marker resonance amplitudes were quantified by frequen-
cy-domain resonance integrations of only well-resolved
signals. Lysate marker signal amplitudes were fit to stan-
dard curves made from external reference integrations to
generate lysate marker concentrations. Lysates collected
from cells under conditions expected to allow minimal
membrane transport allowed for quantification of marker-
membrane binding. After dilution factors were considered
and membrane binding components were subtracted, in-
tracellular marker concentrations were calculated assum-
ing an intracellular volume of 3.3 pL/cell (11) and 2.5 3
105 cells/well (22).

In Vivo 1H Diffusion Data

The 1H spin echo signal amplitude data were modeled by
the Stejskal-Tanner equation (21) using nonlinear least-
square fitting to the expression:

FIG. 1. Schematic representation of a PRESS volume-localized dif-
fusion-spectroscopy pulse sequence employing CHESS water sup-
pression. The three CHESS elements utilize gaussian-shaped RF
pulses followed by crusher gradients (gray rectangles). The excita-
tion and refocusing sinc pulses are applied during slice-selection
gradient events (open rectangles). The diffusion-sensitizing mag-
netic field gradients (black rectangles) are placed symmetrically
about each of the two p pulses. Crusher gradients (hatched rect-
angles) also accompany each of the p pulses. The b values are
increased by simultaneously increasing the gradient amplitudes
along all three axes. The symbol d represents the duration of each
diffusion-sensitizing gradient pulse and D represents the time be-
tween application of these gradient pulses. The diffusion time during
which the ADC measurement is sensitive to motion is the same for
all six main diffusion-sensitizing events. Timings and amplitudes are
not drawn to scale.
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Si 5 S0exp~2bi z ADC!, [1]

where Si is the signal amplitude at the ith b value and So

is the echo signal amplitude with b 5 0. If, as in the
original experiments by Stejskal and Tanner, only diffu-
sion-sensitizing gradients are employed, the parameter bi

is given by:

bi 5 g2Gi
2d2~D 2 d/3! [2]

where g is the magnetogyric ratio, Gi is the diffusion gra-
dient amplitude, d is the duration of each gradient pulse,
and D is the time between application of the two gradient
pulses. The quantity (D 2 d/3) is often referred to as the
diffusion time (tdiff) and defines the time scale during
which the ADC measurement is sensitive to motion. In
pulse sequences in which other gradients exist (i.e., imag-
ing), cross-term contributions to b values due to interac-
tions between voxel-selection gradients and diffusion gra-
dients should be taken into account (23,24). The exact
expression employed was:

bi 5 g2~2aGs
2 1 6cGd,i

2 1 2dGc
2 1 2eGd,iGs

1 2fGd,iGc 1 2gGsGc! [3a]

where

a 5 ds
2~Ds 2 ds/3! [3b]

c 5 dd
2~Dd 2 dd/3! [3c]

d 5 dc
2~Dc 2 dc/3! [3d]

e 5 2dddsDs [3e]

f 5 2dddcDc [3f]

g 5 2dcdsDs, [3g]

and the subscripts s, d, and c refer to the slice-selection,
diffusion, and crusher gradient events, respectively. The

factor of 6 in front of the second term in Eq. [3a] reflects the
six pairs of diffusion-encoding gradients (two pairs on
each of three principal axes) as shown in Fig. 1. The factor
of 2 in front of the first and third terms reflects the contri-
bution to b values from the slice-selective gradients and
crusher, respectively. The fourth, fifth, and sixth terms are
the cross-terms among the diffusion, slice-selective, and
crusher gradients. Note that only the cross-term interac-
tions between gradients on the same axis were taken into
account. In this study, the cross-term contributions arose
mainly from the interaction between diffusion gradients
and crusher gradients around the p pulses. With the pa-
rameters employed here, cross-terms contributed a maxi-
mum of ;8% of the b value.

Statistical analyses were performed using repeated
(measures of) ANOVA, ANOVA, or Student’s t-test.

RESULTS

Extracellular Compartment Selectivity of 1H MRS-Visible
Markers

In vitro tissue culture experiments were performed to mea-
sure the extracellular compartment selectivity of markers
in a model of normal (i.e., noninfarcted) CNS. Markers
bound to cell membranes contributed 44%, 69%, 21%,
39%, 27%, and ,2% to mannitol, PEG-200, PEG-1000,
PEG-2000, PEG-4600, and PPA concentrations, respec-
tively, in cell lysates. Table 2 shows the intracellular con-
centrations of markers present in cells when challenged
with extracellular marker-enriched medium. After 4 hr of
incubation, markers were selective for the extracellular
space (ECS) over the intracellular space (ICS) at concen-
tration ratios of 3–10 to 1. Table 2 includes the calculated
content ratios of markers in vivo. This calculation is based
on the intra- to extracellular concentration ratios deter-
mined in the tissue culture experiments, the degree of
nonspecific binding measured in the tissue culture exper-
iments, and the assumption of an 80/20 volume ratio for
the intracellular/extracellular volumes in rat brain. These
numbers represent an estimate of the proportion of signal
arising from each of the three compartments (intracellular,
extracellular, membrane-bound) in the in vivo experi-
ments.

Table 1
Diffusion Sequence Parameters (TR 5 1500)a

Marker TE D d tdiff b (s/mm2) ntb

PPA 60 22 6.0 20.0 1, 1543, 3060 128
PEG-200 70 23 8.1 20.3 11, 3763, 7367 64
PEG-1000 70 23 8.1 20.3 11, 6341, 12477 64
PEG-2000 70 23 7.0 20.7 20, 6259, 11772 64
PEG-4600 70 23 9.0 20.0 12, 8895, 17553 64
Mannitolc 60 22 6.0 20.0 1, 1543, 3060 128
Waterc 60 22 6.0 20.0 4, 504, 974 2
NAAc 60 22 6.0 20.0 1, 1543, 3060 128
NAAd 60 14 7.0 11.7 4, 1596, 3134 128

aAll times are given in units of milliseconds.
bnt is number of transients averaged per b value.
cADC measurements acquired in the same seven rats. Water ADC measurements were interleaved with those of mannitol and NAA. NAA
and water ADC measurements were performed before and after global ischemia.
dADC measurements were performed before and after focal ischemia.
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Tissue culture experiments were also performed to mea-
sure the extracellular compartment selectivity of markers
in conditions of oxygen and glucose deprivation (OGD), a
model of ischemic injury. With nearly all markers studied,
intracellular concentrations rose after ischemic injury
(data not shown).

ADC Measurements of Markers In Vivo

To verify the accuracy of ADCs measured using PRESS
volume localization, an in vitro control experiment was
done in which datasets for measurements of Dfree were
collected using both nonlocalized diffusion measurement
pulse sequences and PRESS. The values obtained using
the two methods were virtually identical (data not shown).
With regard to the in vivo studies, representative 1H dif-
fusion-weighted spectra of normal rat brain are shown in
Fig. 2. Following mannitol infusion, resonances at 3.8 ppm
and 2.0 ppm are those of mannitol and NAA, respectively.
Following PEG-200 infusion, resonances at 3.8 ppm and

2 ppm are those of PEG-200 and NAA, respectively. Table
3 displays a summary of the diffusion characteristics for
these markers. Mean ADCs generated from 12 (mannitol
and NAA) or 18 (PEG-4600) b values were virtually iden-
tical to measurements using three b values (data not
shown) and were well modeled by monoexponential func-
tions in preliminary experiments. In vivo ADCs for LMW
markers were (0.137–0.22) 3 1023 mm2/s. ADCs for HMW
markers were (0.063–0.091) 3 1023 mm2/s. Table
3 includes calculated values for RHD and l. Values for l
were corrected for nonspecific tissue binding. This was
done using the expressions:

ADCin vivo 5 fmbADCmb 1 ~1 2 fmb!ADCcorrected [4]

and

lcorrected 5 ÎDfree/ADCcorrected [5]

where fmb and ADCmb represent the fraction of marker
nonspecifically bound to membrane (Table 2) and the ADC
value for cell membrane components [taken as 0.02 3 1023

mm2/s (25)], respectively. ADCin vivo is the ADC value for
the marker measured in brain.

The change in ADC during global or focal ischemia for
NAA is shown in Table 4, together with ADC changes
during global ischemia of two other ICS markers, 2FDG-6P
and Cs1. NAA and 2FDG-6P have ADCs in normal CNS
that are similar to those of the ECS markers of comparable
RHD described in Table 3. The ADCs of the ICS markers fall
following death (P , 0.01, ANOVA) and remain un-
changed for up to 0.5–1 hr. After global ischemia, the ADC
of NAA decreases 25%. After focal ischemia, the ADC of
NAA decreases to a lesser extent (17%). The drop after
focal ischemia develops quickly (;5-10 min) with no fur-
ther significant decrease observed as late as 2 hr after
injury. Note that the ADC of the largest marker, PEG-4600,
dropped from (0.063 6 0.002) 3 1023 mm2/s to (0.042 6
0.003) 3 1023 mm2/s after global ischemia.

DISCUSSION

Marker Characteristics

In this study, changes in the ADC values of markers were
used to infer the motional characteristics of the extra- and

Table 2
Extracellular Marker Compartment Specificity

Marker

Tissue culture data Calculated in vivo distribution*

Extracellular
concentration

(mM)

Intracellular
concentration
(mM) 6 SD

Nonspecific
membrane
binding (%)

Extracellular
fraction (%)

Intracellular
fraction (%)

PPA 50 16.8 6 1.2 1 42 57
mannitol 50 11.4 6 3.5 27 38 35
PEG-200 50 6.4 6 2.8 43 38 19
PEG-1000 20 6.1 6 0.2 13 39 48
PEG-2000 10 1.2 6 0.3 17 57 26
PEG-4600 10 0.86 6 0.10 9 68 23

*Calculation based on a volume ratio of 80/20 between the intra- and extracellular compartments.

FIG. 2. 1H MR of compartment-selective markers. Left: A coronal
image of a rat brain showing a typical region of interest (ROI) used
in obtaining diffusion-weighted spectra in normal and globally isch-
emic CNS. Right: A series of representative diffusion-weighted,
volume-localized 1H spectra from normal rat brain. A 1–2 Hz line
broadening time domain exponential apodizing filter has been ap-
plied. The spin-echo amplitudes attenuate with increasing b values
as expected. Assignments: mannitol at 3.8 ppm, PEG-200 at 3.8,
choline at 3.2 ppm, Cr/PCr at 3.0 ppm, and NAA at 2.0 ppm.
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intracellular spaces. An ideal “compartment-specific”
marker would be completely confined to the compartment
of interest (in this case, the extracellular space). Markers
were chosen for this study because they have been used in
other studies as compartment-specific indicators, but the
tissue culture experiments reported here indicate that
many commonly used markers of the extracellular com-
partment experience more leakage into the intracellular
space than is commonly believed. Nonetheless, signal aris-
ing from the extracellular space comprised 40–70% of
total signal for the markers employed in this study (assum-
ing that the ECS comprises approximately 20% of the rat
CNS volume). This is a percentage substantially higher
than the 20% typical of water. Therefore, we describe our
inert markers as “compartment-selective,” a grouping we
consider distinct from that of a marker such as 2FDG-6P,
which we have shown to be compartment-specific. For
comparison, tissue culture experiments indicated that
90% of the total in vivo rat marker signal arose from
2FDG-6P in the ECS (11).

The assumption that mixed cortical tissue culture ob-
tained from fetal mice is a reasonable model for adult
rodent brain is implicit in this discussion. This particular
system was chosen because it is well-characterized. Mem-
brane permeability characteristics are likely to be similar
between the tissue culture system employed and rat brain
(19).

An ideal marker would also have no nonspecific mem-
brane binding. The markers used in this study had mem-
brane binding ranging from 1–43% of total signal. As a
result of this binding, an attempt was made to correct the

calculated tortuosities. Whether this nonspecific binding
is due to interaction of the marker with charged molecules
on the membrane surface or incorporation of the marker
into the lipid bilayer itself cannot be determined from this
study. Again for comparison, 2FDG-6P had membrane
binding of 12% (11).

Finally, an ideal marker would be present in low enough
concentration that it is not osmotically active. The com-
pounds used for this study likely had some degree of
osmotic activity, which would serve to draw water into the
extracellular space. The addition of water to the extracel-
lular space would be expected to reduce the measured
tortuosity there. However, markers infused at lower con-
centrations (PEG-2000, PEG-4600) gave lower tortuosities
rather than higher, indicating that this effect is likely
small.

With regard to the measurement method used, the ex-
tracellular ADCs measured here may include contribu-
tions from marker contained in the relatively unrestricted
cerebroventricular space. The PRESS voxel for normal
CNS included the lateral ventricles, but all ventricular
volumes together likely constitute only about 7% of extra-
cellular water volume in rat brain (26). ADCs measured
from smaller voxels avoiding the lateral ventricles confirm
that any ADC contribution from the cerebroventricular
space is minor. The signal from the smaller voxels suffered
a lower SNR per unit acquisition time, but ADCs were
unchanged from those of the larger voxels used here (data
not shown). The subarachnoid spaces surrounding the
brain were not included in the CNS PRESS voxel.

Table 3
In Vivo Diffusion Parameters for Markers

Marker MW
Dfree

a

(1023 mm2/s)
RHD

b

(Å)
ADCin vivo (1023 mm2/s)

mean 6 SD (n)
Tortuosityc

(l)
Corrected tortuosityd

(lcorrected)

PPA 158 0.68 4.8 0.22 6 0.01 (4) 1.76 1.75
Mannitol 182 0.90 3.6 0.20 6 0.01 (4) 2.12 1.83
PEG-200 200 0.74 4.4 0.137 6 0.004 (4) 2.32 1.81
PEG-1000 1000 0.33 10.0 0.091 6 0.002 (7) 1.90 1.80
PEG-2000 2000 0.14 23.5 0.077 6 0.002 (5) 1.35 1.26
PEG-4600 4600 0.12 27.4 0.063 6 0.002 (5) 1.38 1.34

aDfree was calculated in dilute aqueous solution at 37°C.
bHydrodynamic radius (RHD) was calculated from Dfree using the Stokes-Einstein equation RHD 5 kT/6phDfree.
cTortuosity (l) is defined as =Dfree/ADC.
dTortuosity corrected for the bound fraction of marker. See text for details.

Table 4
Water and Intracellular Marker Apparent Diffusion in Normal and Ischemic CNS

Marker MW
Dfree

(1023 mm2/s)
RHD (Å)

ADC (1023 mm2/s) %
Decrease

l

Normal (n) Ischemic Live Dead

NAA 175 0.93 3.5 0.16 6 0.01 (7)a 0.12 6 0.02 25 2.4 2.8
0.18 6 0.03 (5)b 0.15 6 0.03 17 2.3 2.5

2FDG-6Pc 260 0.70 4.7 0.16 6 0.03 (7)a 0.10 6 0.02 38 2.1 2.6
Cs1d 133 2.7 1.2 0.91 6 0.05 (5)a 0.64 6 0.02 30 1.7 2.1
Water 18 3.0 1.1 0.80 6 0.02 (7)a 0.50 6 0.02 38 1.9 2.4

aGlobal ischemia.
bFocal ischemia. “Normal” refers to the contralateral hemisphere during ipsilateral MCA occlusion.
cData from Ref. 11.
dData from Ref. 36. Measured Dfree was 1.9 3 1023 mm2/s (22°C). The Dfree value reported here was corrected for temperature.
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Extracellular Tortuosity

The values for tortuosity in the extracellular space deter-
mined using the smaller markers (mannitol, PPA, PEG-
200, PEG-1000) range from 1.75–1.83. This is somewhat
higher than most literature values, which are on the order
of 1.5–1.6 (27). When comparing the values for l obtained
in this study to others, it is instructive to compare the
methodologies used.

One difference between the MR method used here and
those used in other studies lies in the distance scale over
which the measurement is made. The root-mean-squared
(RMS) displacement of a molecule in one dimension as
typically measured using the pulse-field-gradient method
(for example, along the x-axis), is given by:

^x2&1/2 5 Î2ADC~D 2 d/3! 5 Î2ADCtdiff [6]

where tdiff is the diffusion time. Assuming isotropic mo-
tion, the RMS displacement in three dimensions is given
by:

^r2&1/2 5 Î6ADCtdiff . [7]

The diffusion time for the MR experiments described here
is 20 ms, giving an RMS displacement for the LMW mark-
ers on the order of 4–5 mm. Other methods for measuring
diffusion entail greater mean square displacements. Typi-
cal radiotracer studies involve distances on the order of
mm. Tetramethylammonium and integrative optical imag-
ing studies involve distances on the order of hundreds of
mm. Yet the 4-mm displacement of the MR measurement is
still considerably greater than the average spacing between
cell membranes in the interstitial space, which is on the
order of 10–30 nm (28). Thus, the markers (or water) have
frequent encounters with cell membranes which would
hinder their diffusion, even during the MR experiment.

The difference in distance scale should have an effect on
the values for l only if there are barriers to cell motion that
are inhomogeneous over distances of at least tens of mm.
Whether or not such inhomogeneity exists is not clear. It
has been suggested that markers may move relatively great
distances within the perivascular spaces and perivascular
pulsation-driven transport in the brain extracellular space
has been demonstrated in many laboratories (29–31). Ar-
teries and veins are enclosed in a fluid-filled perivascular
space continuous with the subarachnoid space. Capillaries
lack such a surrounding space. Rennels et al. (30) observed
that the distribution of horseradish peroxidase (HRP) after
intraventricular infusion is too rapid to be explained by
simple diffusion. Within 6 min of injection of the 44-kDa
enzyme into the subarachnoid space, the periarteriole
space was labeled. Within a few hours, both the periarte-
riole and the perivenule spaces were labeled. Time-lapse
profiles of the HRP distribution suggest that HRP move-
ment is directional (from subarachnoid space to periarte-
riole space to capillary basal lamina to perivenule space).
The authors propose that this movement is powered by
perivascular pulsation. Assuming that this is the case, it is
possible that relatively few of the marker molecules would
sample this space during the MR experiment because of
the smaller RMS displacements during such studies rela-

tive to the distance between noncapillary vessels with
perivascular spaces. This would tend to give higher values
for l in the MR experiment.

Another potential explanation for the slightly higher
values for l in this study lies in the compartment speci-
ficity. Our “extracellular” markers are not confined com-
pletely to the extracellular space, but are contained in the
intracellular space as well. While some authors believe
that l values are similar for the two spaces (32), it is
conceivable that l for the intracellular space is somewhat
higher than for extracellular. If this is the case, l for mark-
ers which enter the intracellular space would be somewhat
higher than l for markers which are confined to the extra-
cellular space. Arguing against this, the degree of intracel-
lular leakage does not correlate with l in this study. PPA
and PEG-200 have the highest and lowest extracellular
fractions, respectively (Table 2), yet they have virtually
identical values for lcorrected (Table 3). Thus, this effect is
likely to be a minor one.

To the best of our knowledge, no other in vivo ADCs
representative of the extracellular space employing MR
have been reported by other laboratories. Thus, cross-lab-
oratory comparison is not available. However, the values
for l reported here are somewhat lower than those previ-
ously reported by our laboratory for extracellular 2FDG-6P
determined by 19F MRS (11), which gave an ADCin vivo of
0.144 3 1023 mm2/s, l of 2.2, and lcorrected of 2.1 (with
12% nonspecific membrane binding). The present study
was, in large part, motivated by a desire to explore the
extracellular space with markers differing chemically from
2FDG-6-P and the reason for the discrepancy in l values
may lie in the chemical properties of the markers. 2FDG-
6-P contains a negatively charged phosphate group which
could interact with positive charges on cell membranes.
This is relatively improbable because the charges on cell
membranes are likely to be negative (33).

The two larger MW markers, PEG-2000 and PEG-4600,
give l values of approximately 1.3. These values are lower
than those for the lower molecular weight markers re-
ported in this study (1.75–1.83) and given in the literature
[1.5–1.6 (27)]. It is unlikely that the difference is related to
compartment specificity, as the intracellular/extracellular
ratios for these markers are similar to those of the other
markers. There are several other possible explanations for
this finding. One relates to possible perfusion of markers
through the extracellular space (as opposed to the perivas-
cular space). If extracellular fluid perfusion exists and is
relatively slow, displacement due to perfusion would be-
come more noticeable or dominant for markers which have
low values for Dfree and are small enough to fit easily
through the ECS. Such markers would give lower values
for Dfree/ADC, or l. Another possible explanation lies in
the conformation assumed by PEG molecules or their ef-
fect on water viscosity. The higher molecular weight forms
tend to assume a random coil form which may fit through
the tortuous extracellular space more efficiently (34). Fur-
ther, the addition of relatively low concentrations of
higher molecular weight PEG to water reduces the fric-
tional resistance to water flow (35). Which, if any, of these
explanations is true cannot be determined from the
present study.
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Intracellular Motion

Our data on the diffusion of NAA give an intracellular
tortuosity of approximately 2.3. This value is in reasonable
agreement with that for intracellular 2FDG-6-P of 2.1 (11)
but is somewhat higher than that for intracellular 133Cs1,
which is 1.7 (36). This discrepancy may again lie in the
chemical properties of the marker molecules. 133Cs1 has a
somewhat loosely associated hydration shell in aqueous
solution as well as a relatively high Dfree because it does
not hydrogen bond as strongly as other cations such as
Na1. It is conceivable that the intracellular l for 133Cs1

represents a lower limit for water in the intracellular space
if 133Cs1 tends to stay in solution rather than bind to more
slowly-moving intracellular constituents.

ADC Change Following Brain Injury

It is widely accepted that brain water ADC values fall
following a variety of forms of brain injury. The mecha-
nism underlying this change, however, remains the subject
of active debate. The most commonly cited hypothesis is
that the change in ADC is due to a net shift of water from
the “fast-diffusing” extracellular space to the “slow-diffus-
ing” intracellular space as a consequence of cell swelling.
If the ADC is viewed as a weighted average of the ADCs of
water in the intracellular and extracellular spaces, the
average is weighted more to intracellular diffusion and, as
a result, the measured ADC decreases. One of the assump-
tions underlying this volume-shift hypothesis is that dif-
fusion is significantly “slower” in the intracellular space
than extracellular. Put another way, the intracellular tor-
tuosity is significantly higher than extracellular. For this
mechanism to explain the ;30% decrease in ADC associ-
ated with brain injury, ADC values for water in the extra-
cellular space would need be close to those of free water.
This is clearly not the case, as values for l in the extracel-
lular space are significantly greater than unity. Further,
values for l in the two spaces may be quite similar (32).
Thus, we feel this hypothesis is probably incorrect.

Another mechanism which may contribute to the ADC
decrease associated with brain injury is a reduction of bulk
brain displacement. Such a macroscopic motion may be
associated with respiratory movement and/or brain pulsa-
tion (perhaps driven by cardiac pulsation) and would be
expected to contribute a similar absolute amount to the
ADC of any molecule, independent of size. For a given
compartment, such as the ECS, one may express the ap-
parent diffusion coefficient as the sum of the rate constants
reflecting each independent displacement mechanism:

ADCECS
total 5 ADCECS

bulk motion 1 ADCECS
Brownian 1 ADCECS

perivascular perfusion

1 ADCECS
CSF perfusion 1 · · · [8]

where each ADC describes the displacement mechanism
in its superscript. The large hydrodynamic radius of PEG-
4600 minimizes ADCECS

Brownian and other size-dependent
displacement mechanisms. Thus, of all the markers em-
ployed herein its total ADC is most likely to be dominated
by bulk brain motion. The decrease of the PEG-4600 ADC
following global ischemia is (0.021 6 0.004) 3 1023

mm2/s. This decrease suggests that the loss of bulk brain

motion in rat contributes no more than 7% to the water
ADC decrease of 0.30 3 1023 mm2/s following injury.

An alternative hypothesis is that there is a decrease in
intracellular motion (intracellular water ADC) associated
with cell injury and this leads to the observed overall
decrease in water ADC. This is supported by studies on
intracellular NAA (17,18), 133Cs1 (36), and 2FDG-6-P (11),
which indicate that their ADC values—and, by inference,
that of intracellular water—decrease following injury. Our
NAA data confirm these findings.

It should be noted, however, that the ADC of 2FDG-6-P
in the extracellular space also decreases in association
with those forms of injury involving cell swelling (11),
suggesting that the ADC of water in this compartment
decreases as well. Thus, the available evidence indicates
that the water ADC decreases in both spaces following
injury, although the fraction of water in the extracellular
space is less than one-fourth that of intracellular water.
Based on the relative volume fractions of water in the two
spaces, the decrease in intracellular water ADC would be
expected to dominate the observed overall decrease in
water ADC. If this is correct, a decrease in intracellular
motion, possibly associated with metabolic stress or en-
ergy failure, might explain the ADC decrease. The precise
mechanism by which intracellular motion changes is un-
known. Possibilities include reduced cytoplasmic stream-
ing or changes in effective “viscosity.” One means by
which “viscosity” might change is due to breakdown of
large macromolecules into smaller species, although
whether this would cause an increase or decrease in water
ADC depends on the nature of the interaction between the
water molecules and macromolecules and their break-
down products. It is also possible that local pH changes
lead to protein conformation changes which, in turn, de-
crease viscosity.

One final possible mechanism relates to changes in ex-
tracellular volume. In the effective medium theory, Latour
et al. (37) propose that the overall water ADC can be
dominated by extracellular motion under certain circum-
stances. In this case, cell swelling without changes in free
diffusion values (i.e., diffusion values in each compart-
ment in the absence of cell membranes) for either the
intracellular or extracellular compartment would be suffi-
cient to cause a decrease in overall water ADC. This model
has yet to be proven or disproven in intact brain.

Implications for Biexponential Fitting of Water ADC Data

Efforts have been made to use biexponential fitting of
water diffusion spin echo amplitude signal attenuation
curves to determine water compartmental ADCs in vitro
and in vivo. Niendorf et al. (38), in a study of normal rat
brain, obtained ADCs (and content fractions) of 0.88 3
1023 mm2/s (83%) and 0.17 3 1023 mm2/s (17%). The
estimated water content fractions in normal rat brain, as
noted by the authors, are the reverse of the expected 80:20
intracellular-to-extracellular volume ratio (if the smaller
ADC is assumed to be that of intracellular water). How-
ever, the ADC of 0.88 3 1023 mm2/s is similar to that of
intracellular 133Cs1 (36). Thus, it is possible that their
value of 0.88 3 1023 mm2/s represents intracellular water.
This interpretation would lead to the expected compart-
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ment volume fractions. Our data of compartment markers
suggest that intra- and extracellular water ADCs are simi-
lar. Thus, it would be challenging to resolve them directly
by biexponential fitting. Additionally, this approach is
only valid for compartments that exhibit minimal ex-
change during the diffusion time unless a full compart-
mental exchange model is employed (39).

CONCLUSIONS

The markers employed are less compartment-specific than
generally believed and, hence, we refer to them as “com-
partment-selective.” The l values for the extracellular
space measured in this study bracket those measured by
other methods, with some markers giving values for l that
are higher and some giving values that are lower than
alternative methods. The reason for this variability may lie
in differences in the chemical structure/conformation of
the individual markers and/or the mechanism(s) by which
molecules move through the perivascular extracellular
space. Overall, l values for the extracellular space are
substantially greater than unity, implying significant re-
striction to water motion in the extracellular space. As a
result, we propose that the primary mechanism by which
overall ADC decreases in association with brain injury is a
decrease in the intracellular water ADC.
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