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Abstract

The extracellular space (ECS) diffusion parameters influence the movement

of ions, neuroactive substances, hormones and metabolites in the nervous

tissue. They also affect extrasynaptic transmission, a mode of signal trans-

mission dependent solely on diffusion. This review compares in detail two

methods for studying diffusion in the brain: the real-time iontophoretic

tetramethylammonium method for ECS volume fraction and tortuosity

measurements and diffusion weighted-magnetic resonance imaging for

measuring the apparent diffusion coefficient of water. The results obtained

using both methods under physiological conditions (post-natal development,

ageing) or in pathologies (brain injury, ischaemia) and their similarities and

differences are discussed.

Keywords apparent diffusion coefficient, diffusion anisotropy, extracellu-

lar matrix, extracellular space, extrasynaptic transmission, tortuosity,

volume fraction.

The extracellular space (ECS) represents the microenvi-

ronment of nerve cells and is essential for the delivery of

oxygen and glucose from the vascular system to brain

cells (Nicholson 2001). This microenvironment also

serves as a communication channel (Nicholson &

Phillips 1979, Sykova 1992) for extrasynaptic trans-

mission among neurones, axons and glia (Fuxe &

Agnati 1991, Zoli et al. 1999, Nicholson & Sykova

1998, Sykova 2004a,b). This mode of communication is

essential for long-range information processing in

functions such as hunger, sleep, vigilance, depression,

chronic pain, synaptic plasticity and memory formation

(Sykova 1997, 2001). The functions of glial cells in the

nervous tissue are manifold, including the formation of

the blood–brain barrier, trophic support, developmental

functions, control of extracellular pH and ionic homeo-

stasis and the electrical insulation of axons. Whereas for

neurones signal transmission through the ECS is an

alternative mode of communication, for glial cells

diffusion in the ECS represents their only communica-

tion channel. This fact emphasizes the importance of the

ECS diffusion properties for signal reception by glia

and, especially, for neurone–glia interactions (Sykova

2005). Diffusion in the ECS is also important for

synaptic transmission and for neuronal excitability as

well. The ensheathing of synapses by glial processes and

by the extracellular matrix (ECM) can not only prevent

the spread of neurotransmitters away from a synapse,

thus affecting receptors on other synapses (a phenom-

enon known as synaptic crosstalk), but can also regulate

the speed and efficiency of neurotransmitter re-uptake.

Neurotransmitters are rapidly cleared from the area for

recycling by specialized membrane proteins in the pre-

or post-synaptic membrane. This re-uptake prevents

desensitization of the post-synaptic receptors and

ensures that succeeding action potentials will elicit the

same size of excitatory post-synaptic potential. The

diffusion parameters in the vicinity of the synaptic cleft

may play an important role in this process. The

perineuronal nets (Celio et al. 1998) that form diffusion

barriers around some neurones can affect their excit-

ability. Gurevicius et al. (2004) reported enhanced
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cortical and hippocampal neuronal excitability in mice

deficient in the extracellular matrix glycoprotein tenas-

cin-R. This proteoglycan is an important constituent of

the perineuronal nets surrounding parvalbumin-posi-

tive, inhibitory interneurones. Sykova (2005a) reported

that tenascin-R-deficient mice have a much smaller ECS

size than do control animals. The movement of

substances in the ECS is ensured by diffusion, and thus

it is important to study the diffusion properties of tissue.

The ECS volume in the nervous tissue and viscosity in

the ECS microenvironment change under physiological

as well as pathological conditions (Sykova 2004b),

affect the movement of substances in the ECS and can

contribute to disease progression or the deterioration of

cognitive abilities (Sykova et al. 2002, Sykova &

Nicholson 2008).

Extracellular space diffusion parameters: how

to quantify the properties of the extracellular

space?

Steady-state diffusion in a homogeneous medium is

described by Fick’s first law:

J ¼ �DrC; ð1Þ

where J is the diffusion flux, �C is the concentration

gradient and D is the diffusion coefficient, which is

proportional to the velocity of the diffusing particles. D

depends on the temperature and viscosity of the medium

and the size of the particles. The diffusion of com-

pounds in the brain ECS differs from diffusion in a

homogeneous, infinite medium. The cell membranes

and ECM molecules constitute a barrier to the move-

ment of ions and molecules, therefore diffusion in the

nervous tissue is restricted (Le Bihan & Basser 1995).

While in an infinite medium 100% of the space is

available for diffusion, diffusion in the ECS is limited by

its size. For a quantitative description of the size of the

ECS, the concept of the extracellular volume fraction (a)

was introduced (Nicholson & Phillips 1981):

a ¼ VECS

VTOT
; ð2Þ

where VECS is the volume of the ECS and VTOT is the total

tissue volume. Fick’s first law can be used to describe

diffusion in the ECS; however, a new parameter, D*, the

effective diffusion coefficient, has to be used:

J ¼ �D�rC: ð3Þ

The effective diffusion coefficient is also referred to

as the apparent diffusion coefficient (ADC) to empha-

size its difference from the diffusion coefficient found

in a homogeneous medium. Because of obstacles in

the diffusion pathway in the ECS, the displacement of

a particle for a given unit of time (and apparent

velocity) is smaller than in medium. Note that the real

velocity of a particle in the ECS (at the microscopic

level) is the same as in medium, but the pathway is

more complex, i.e. more tortuous. Therefore, the

effective diffusion coefficient in the ECS is always

smaller than the diffusion coefficient in medium. The

more obstacles in the ECS, the lower is the effective

diffusion coefficient. However, the effective diffusion

coefficient is not suitable for describing the diffusion

properties of the ECS because it is related not only to

the properties of the ECS, but also to the specific

molecule or ion under study – a molecule of different

size has a different diffusion coefficient. The concept

of tortuosity (k) was introduced to overcome this

problem:

k ¼
ffiffiffiffiffiffi
D

D�

r
: ð4Þ

Tortuosity has a simple geometrical interpretation: it

expresses the prolongation of the diffusion pathway

between two points in the ECS when compared to the

diffusion pathway between two points the same dis-

tance apart in a homogeneous medium (Fig. 1a,b). The

equation 4 tells us how to measure tortuosity; it is

sufficient to measure the diffusion coefficient of a

molecule or ion in the ESC and in medium. In theory,

tortuosity should be independent of the size of the

molecule; in the real world, this is true only for

molecules with a relative molecular weight up to

�10 000. For larger molecules, whose size is not

negligible when compared to the pore size of the ECS,

the calculated tortuosity can increase (Prokopova-

Kubinova et al. 2001) because only small molecules

can pass through the small pores, which reduces the

number of ‘short cuts’ in the ESC and thus prolongs the

diffusion pathway (Fig. 1c). However, the molecular

weights of most neuroactive substances are below this

approximate limit. The tortuosity calculated from the

effective diffusion coefficient in the ECS and the

diffusion coefficient in medium of a single compound

of small molecular weight can be used to assess the

diffusion of any lightweight molecule or ion in the ECS.

The diffusion coefficient and tortuosity are direction-

ally dependent, as implied by their tensor nature. To

fully describe the diffusion properties in a medium, six

independent components of the tensor have to be

known. In practice, the diffusion coefficient is measured

in many directions (at least in six), and the data are used

for tensor calculation. As it is complicated to present the

diffusion properties of the tissue as a tensor, the

concepts of mean diffusivity ( �D) and fractional anisot-

ropy (FA) were introduced:

�D ¼ D1 þD2 þD3

3
; ð5Þ
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FA¼
ffiffiffi
2

3

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D1� �D
� �2þ D2� �D

� �2þ D3� �D
� �2

D2
1þD2

2þD2
3

vuut ; ð6Þ

where D1, D2 and D3 are tensor eigenvalues. In the

uncomplicated case where �D ¼ D1 ¼ D2 ¼ D3; FA = 0

and the medium is isotropic in relation to diffusion.

In addition, there is one more parameter necessary

in order to fully describe the diffusion of ions and

molecules in the ECS. Cell membranes, which form

barriers to diffusion, can be semi-permeable and thus

diffusing compounds can disappear from the ECS by

entering into cells. Non-specific uptake (k¢) is used to

describe the speed of clearance of a compound from

the ECS.

Methods for measuring the extracellular space

parameters and diffusion in the brain

There are only a few methods that allow one to measure

the ECS diffusion parameters volume fraction and

tortuosity, and in fact there is only one method

available to measure all these parameters simulta-

neously. This is an electrophysiological method that

uses ion-selective microelectrodes to determine the

changes in the concentration of a detectable compound

after injecting it from a point source into the ECS

(Nicholson & Sykova 1998, Sykova & Nicholson

2008). Injection via a glass micropipette is done by a

pressure pulse or by iontophoresis. This method is

unique in its ability to determine the absolute values of a
and k simultaneously. Recently developed methods

using a fluorescent probe can measure only tortuosity.

The first such method detects changes in the emitted

light intensity and its distribution after the injection of a

compound labelled by a fluorescent probe (Tao 1999).

When using dextrans of different molecular weights,

this method is suitable for studying differences in the

diffusion of large molecules. The second optical method

employs the phenomenon called photobleaching, which

is the photochemical destruction of a fluorophore

(Binder et al. 2004). The fluorophore is destroyed in a

small area, which will appear under a fluorescent

microscope as a dark spot. The recovery of fluorescence

over time is governed by the diffusion coefficient of the

fluorescent molecules, which allows the calculation of

tortuosity. All the methods mentioned above can be

used for measurements in vitro as well as in vivo. Their

common disadvantage is their limited spatial resolution,

as the data cannot be acquired from distant areas at the

same time; their other drawback is the invasiveness of

the measurement procedure.

There are also methods that do not measure the ECS

diffusion parameters directly, but which determine a

(a) (b)

(c) (d)

Figure 1 Diffusion of substances in the brain. (a) Free diffusion in an unrestricted medium depends only on the diffusion coefficient

and temperature. (b) The cell membrane forms a semi-permeable barrier for diffusion in the extracellular space, and the diffusion of

molecules also depends on the size and geometry of the extracellular space. The diffusion of a molecule is slower than in free

medium, which is expressed by the concepts of the effective diffusion coefficient D* and tortuosity. (c) Tortuosity remains constant

for small molecules, but it can be increased for very large molecules, as not the entire extracellular space is available for their

diffusion. (d) Water is ubiquitous in the brain, therefore measurements of the apparent coefficient of water cover diffusion in

multiple compartments.
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parameter that can be correlated to extracellular

volume fraction or tortuosity. These include monitoring

the distribution of radioactively labelled material in the

tissue (Fenstermacher & Patlak 1977), conductivity

measurements (Okada et al. 1994), methods based on

light scattering in the tissue (Sykova et al. 2003) and

measurements of the ADC of water using diffusion-

weighted magnetic resonance (MR) (Vorisek et al.

2002, Sykova 2005a). This last method is the most

important because it is non-invasive, provides good

spatial resolution and the scanners that can be used for

these measurements are widely available. Together,

these advantages make MR an important tool for

studying diffusion parameters in the brain in clinical

research.

Because studies on diffusion in the central nervous

system have been primarily performed using one of two

methods, we will describe these in more detail and

compare them.

Real-time iontophoretic tetramethylammonium method

To measure ECS volume fraction (a) and ECS tortuosity

(k), the real-time iontophoretic method measures the

diffusion of a tracer compound (most commonly the

tetramethylammonium cation – TMA+) injected into the

ECS by a current pulse. TMA+ is released by iontopho-

resis from a microelectrode and its local concentration

measured by a TMA-selective microelectrode located

about 100–150 lm from the release site. To maintain

accurate spacing, both microelectrodes are glued

together in a fixed array (Fig. 2a). The concentration–

time profiles during and after an iontophoretic pulse

(TMA+ diffusion curves) are recorded and used to

determine a and k (Fig. 2b). In a non-steady state when

the concentration of a compound changes with respect

to time, diffusion obeys Fick’s second law:

@C

@t
¼ Dr2C; ð7Þ

where �2 is the Laplace operator. A modification of

equation 7 can be used to describe the dynamic

diffusion-dependent changes in the concentration of a

substance injected into the ECS of the brain (Nicholson

& Phillips 1981):

@C

@t
¼ q

a
þD�r2C; ð8Þ

where q is the source density. By solving equation 8, we

can obtain the time course of changes in TMA+ concen-

tration during and after an iontophoretic pulse. If r is the

distance between the tips of the source and ion-selective

microelectrodes, Q = In/F (mol s)1) is the iontophoresis

source term, where I is the current, typically 100 nA, n is

the transport number for TMA+ and a specific ionto-

phoresis electrode, and F is the Faraday constant, t is the

time after starting the iontophoretic pulse, and the time

interval (0, tp) is the duration of the iontophoretic pulse,

then the TMA+ concentration C is given by:

Cðr; tÞ ¼ Qk2

8pDar

 !
exp rk

ffiffiffiffi
k0

D

r !
erfc

rk

2
ffiffiffiffiffiffi
Dt
p þ

ffiffiffiffiffiffi
k0t
p� �"

þ exp �rk

ffiffiffiffi
k0

D

r !
erfc

rk

2
ffiffiffiffiffiffi
Dt
p �

ffiffiffiffiffiffi
k0t
p� �#

for t O tp ð9Þ

and

C0ðtÞ ¼ CðtÞ � Cðt � tpÞ for t>tp: ð10Þ

Note that despite the relative impermeability of cell

membranes to TMA+, non-specific uptake must be

taken into account in equations 9 and 10 in order to

obtain the correct results. The equation 9 describes the

increase in TMA+ concentration during a current source

pulse; equation 10 is complementary to equation 9 and

(a) (b)

Figure 2 Method for determining the extracellular space volume fraction a and tortuosity k in the brain in vivo. (a) Schematic

diagram of the experimental arrangement for diffusion measurements. Two microelectrodes, a double-barrelled TMA+-selective

microelectrode and a micropipette for TMA+ iontophoresis, are glued together to enable the measurement of TMA+ diffusion curves

(concentration vs. time profiles). (b) TMA+ diffusion curves were measured with the same microelectrode array in diluted agar and

in the mouse brain. Subsequently, the curves were used to calibrate the microelectrode and to calculate a and k.
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describes the decay in the TMA+ concentration after the

end of the current pulse. Diffusion curves (Fig. 2b) are

first recorded in 0.3% agar gel to calibrate the micro-

electrode array, i.e. to obtain the transport number n

(an iontophoresis electrode characteristic) and the array

spacing r. The transport number and array spacing can

be determined by solving equations 9 and 10 because by

definition, in agar the diffusion parameters are a = 1,

k = 1 and k¢ = 0. Subsequently, recordings are done in

the brain to obtain the ECS diffusion parameters a, k
and k¢. The calculations are done by fitting the diffusion

curves to equations 9 and 10.

Diffusion-weighted magnetic resonance

Magnetic resonance is based on the behaviour of nuclei

with an odd number of nucleons (e.g. 1H, 3He, 13C, 17O,
23Na, 31P) in a magnetic field. Such MR-sensitive nuclei

have spin and a related intrinsic magnetic moment. If a

sample containing, for example, hydrogen nuclei is

placed in a magnetic field, the spins of approximately

one-half of the sample nuclei will orient along the

magnetic field direction, while the rest will point against

the magnetic field direction. The number of spins that are

pointed along the magnetic field is slightly higher than

the number pointed in the opposite direction because of

the lower energy and thus the higher probability of the

aligned state. Although the imbalance is very small (a few

nuclei per million), it causes the macroscopic magneti-

zation momentum of the sample – net magnetization.

The magnetic vector of protons can be broken down into

two orthogonal components: a longitudinal component

(ML) and a transverse component (MT). At equilibrium,

when all spins are parallel to the external magnetic field,

the transverse component of magnetization is zero.

However, the spins of the nuclei in the magnetic field

can be deflected from their equilibrium by a radiofre-

quency pulse at a certain ‘resonance’ frequency, resulting

in changes in both longitudinal and transverse magne-

tization. The frequency (x) depends on the type of nuclei

and on the strength of the magnetic field (B). Larmor’s

equation quantifies this dependence:

x ¼ cB; ð11Þ

where c is the gyromagnetic ratio. When the spins are

deflected, they begin to return to equilibrium because of

the influence of magnetic inhomogeneities formed by

the spin–lattice interaction. The speed of the relaxation

of the longitudinal and transverse components of

magnetization can be described by T1 and T2 relaxation

times respectively.

ML ¼M0
L 1� exp

�t

T1

� �� �
ð12Þ

MT ¼M0
T exp

�t

T2

� �
ð13Þ

where t = 0 is the time of the radiofrequency pulse. As

the relaxation times are influenced by the lattice and

thus by material properties, the relaxation times can

distinguish among different tissue types (such as skin,

bones, cerebral cortex) and can offer a basis for imaging

techniques in biology. According to the type of relax-

ation time used for imaging, the images are called T1- or

T2-weighted. In practice, protons are generally used for

imaging because of the abundance of hydrogen in living

organisms. For diffusion-weighted MR imaging, in

addition to a homogenous magnetic field, a pulse of a

gradient magnetic field is applied. As the resonance

frequency and the precession of the proton spins are

dependent on the magnetic field, protons will precess at

different rates, resulting in a loss of coherence. Another

pulse of the gradient magnetic field in the same

direction, but opposite in magnitude, should restore

coherence. However, in the interim some protons

(hydrogen nuclei in movable water) will have changed

their position because of diffusion. These precede at a

frequency that does not perfectly match the second

gradient pulse, with the result that the loss of coherence

cannot be repaired completely, leading to signal loss.

The greater the spatial shift of water molecules (i.e. the

higher the diffusion coefficient), the greater is the signal

loss. The signal (S) decay according to the gradient field

strength can be expressed by the following equation:

S

S0
¼ exp �c2G2d2 D�d=3ð ÞD

� �
¼ exp �bDð Þ; ð14Þ

where S0 is the signal intensity before gradient magnetic

field application, G is the strength of the gradient

magnetic field pulse, d is the duration of the pulse and D
is the time interval between the first and second gradient

pulses. Usually, equation 14 is expressed in a simplified

form incorporating a b-factor, which provides informa-

tion about the strength of the diffusion-weighting. If a

tissue is measured repeatedly, each time with different

diffusion weighting, then the series of measurement can

be used for calculating the ADC of water (ADCW) by

fitting the data to equation 14.

The nature of ADCW is rather complicated. In

contrast to the diffusion of TMA+, which, if injected

into the ECS, stays and diffuses in the ECS, water is

present in both the extracellular and intracellular

compartments (Fig. 1d). In addition, the diffusion

properties in the cytoplasm could differ from those in

organelles or in axons. Therefore, ADCW expresses the

averaged contribution of the ADCs from multiple

compartments.
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Changes in diffusion parameters in health and disease

In the brain, the ECS volume fraction is a stable

parameter with a similar value (a � 0.2) in different

brain structures, even in different species (Rice et al.

1993, Perez-Pinzon et al. 1995, Prokopova-Kubinova

& Sykova 2000). The diffusion parameters change

during neuronal activity as a result of ionic shifts

through neuronal and glial membranes accompanied by

water transport (Sykova et al. 1992). Small regional

differences result in diffusion inhomogeniety (Fig. 4).

Using the TMA method, Svoboda & Sykova (1991)

detected a transient decrease in ECS volume fraction

(of 20–40%) in the spinal dorsal horns of rats after

repetitive electrical stimulation of the peripheral nerves.

Using diffusion-weighted MR, Darquie et al. (2001)

observed a transient decrease in the ADC of water

(ADCW) in the human visual cortex during activation

by a black and white 8-Hz-flickering checkerboard.

Functional MR imaging (fMRI) most often uses

changes in BOLD (blood-oxygen-level dependent) sig-

nals. In general, BOLD signal is well correlated with

changes in the blood flow; however, the exact rela-

tionship between the measured fMRI signal and the

underlying neural activity is unclear (Logothetis et al.

2001). In contrast, changes in ADCW can be related to

ECS volume changes (Darquie et al. 2001, Sotak

2004), and thus diffusion-weighted MR makes possible

the acquisition of activation maps from the human

brain, which are associated directly with neuronal

activation.

The ECS size also changes during brain development

and ageing (Fig. 3). In the brain cortex of rat pups at a

post-natal age of 3–6 days, the ECS volume fraction

was 0.43, at 10–12 days 0.27, and at 21–23 days 0.23,

while tortuosity remained constant (k = 1.5; Vorisek &

Sykova 1997a,b). Similarly, a significant decrease was

found during post-natal cortical development in the rat

by diffusion-weighted MR (Sizonenko et al. 2007). It is

obvious that a decrease in ADCW is related to a change

in the ECS size. However, if modified, tortuosity can

also influence ADCW. As well as in the grey matter, the

ECS volume fraction also decreases post-natally in

white matter. Tortuosity increases significantly in the

rat corpus callosum between the second and third post-

natal weeks when measured in the direction across the

nerve fibres (Vorisek & Sykova 1997b). In the incom-

pletely myelinated corpus callosum at post-natal day

4–9, diffusion in the ECS is isotropic. Myelin sheaths at

post-natal days 21–23 hinder diffusion across the axons

but have a negligible effect on diffusion along the axons.

ADCW is decreased during myelination as well, the

decrease being more pronounced in directions across the

axons (Chahboune et al. 2007). Increased tortuosity

contributes to a decrease in ADCW.

Because there is a preferential direction for diffusion

along the axons in white matter (decreased tortuosity),

the tensor measurement of ADCW and FA analysis can

be used to visualize the white matter tracts in the brain

and the spinal cord in health and disease. This

technique, termed tractography, can reveal develop-

mental abnormalities, changes associated with ageing,

neurodegenerative diseases, demyelinating diseases and

psychiatric diseases. Moreover, it can visualize ana-

tomic reorganization in ischaemic diseases or in the

vicinity of a tumour and can be used in pre-operative

(a) 

(b) 

50 µm

Figure 3 (a) Staining for the astrocyte marker, glial fibrillary

acidic protein (GFAP), shows a disruption of the radial orga-

nization of astrocytic processes in the dentate gyrus in aged

rats, more pronounced in inferior learners. Staining for two

components of the extracellular matrix, chondroitin sulphate

proteoglycan (CSPG) and fibronectin, reveals a large decrease

in the presence of these macromolecules in aged rat brains,

especially in the brains of inferior learners. (b) Diffusion curves

obtained in the dentate gyrus of aged inferior learners and

young adult rats (controls). The diffusion curves acquired

along three axes in different directions (x: medio-lateral,

y: rostro-caudal, z: dorso-ventral) did not differ greatly in aged

rats, demonstrating decreased diffusion anisotropy (i.e. the

tortuosity values did not differ) in aged inferior learners. In

addition, a smaller extracellular space volume fraction was

found in aged rats, when compared to controls.
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planning for epilepsy surgery. For a review of the

clinical applications of tractography, see Nucifora et al.

(2007). Measurements of diffusion anisotropy can even

be correlated with cognitive abilities. Sykova et al.

(2002) measured tortuosity along different axes in the

hippocampus of behaviourally tested aged rats. The rats

were separated into two groups on the basis of their

performance in a Morris water maze (Morris 1984).

The volume fraction was decreased in the hippocampus

of inferior learners. Measurements of tortuosity along

different axes (parallel to and perpendicular to the

astrocytic processes) revealed the loss of diffusion

anisotropy in the hippocampus of aged inferior learners.

This loss of anisotropy was manifested predominantly

by a significant decrease in tortuosity along the dorso-

ventral axis in inferior learners (k = 1.64) when com-

pared to both young adult rats and aged superior

learners (k = 1.74). The authors also found histological

correlates of the changes in diffusion anisotropy.

Staining for fibronectin and chondroitin-sulphate pro-

teoglycan revealed a loss of ECM molecules that form

perineuronal nets. Staining for the astrocyte marker

glial fibrillary acidic protein showed a disruption in the

radial organization of astrocytic processes in the inner

blade of the dentate gyrus in aged inferior learners

(Fig. 3). The loss of radial organization could affect

ECS diffusion anisotropy.

As demonstrated above, the ADC of water reflects

changes in both the ECS volume fraction and tortu-

osity; more specifically, ADCW correlates positively

with a and negatively with k. In acute ischaemia in

the rat cerebral cortex, a rapidly decreases from 0.22

to 0.05 and k simultaneously increases from 1.5 to

2.2 (Vorisek & Sykova 1997a,b). Both a and k
influence ADCW to change in the same direction,

resulting in a reduction of ADCW of 50% (Van Der

Toorn et al. 1996). There have been attempts to find

a dependence between ECS volume fraction and

tortuosity; in particular, Archie’s law has been exten-

sively discussed (Nicholson & Rice 1986, Lundbaek

& Hansen 1992, Latour et al. 1994). This relation

was derived empirically by Archie in 1942 to describe

the impedance properties of porous soils:

k2 ¼ ca�b; ð15Þ

where c and b are the empirical parameters. Archie’s law

can be used to describe the diffusion properties of the

ECS only in some limited cases (e.g. in ischaemia).

However, equation 15 is not well suited to explain

measurements in which a and k change independently

(Kume-Kick et al. 2002). Also, other studies devoted to,

e.g. post-natal development or X-radiation injury (Syk-

ova et al. 1996) reported the independent behaviour of

a and k. In a model of traumatic injury (Vorisek et al.

2002), the ECS volume fraction increased in the vicinity

of the wound from 0.21 to 0.27, and tortuosity

increased from 1.57 to 1.83. In the same area, ADCW

was not significantly different from control values as a

consequence of the opposing contributions of a and k to

ADCW. When the ECS volume fraction increases,

ADCW increases as well, but an increase in tortuosity

hinders the diffusion of water in the ECS and therefore

is related to a decrease in ADCW. Tortuosity sometimes

conforms to Archie’s law, but sometimes it changes

independently of alterations in the ECS volume fraction.

The probable cause of this phenomenon is the ambig-

uous origin of tortuosity: it has a geometrical compo-

nent, which reflects membrane obstacles to diffusion,

and a viscous component, which has its origin in large

macromolecules (the ECM) posing a hindrance for

(a) 

(b) 

Figure 4 (a) TMA+ measurements per-

formed in the primary somatosensory

cortex. Note that the extracellular space

(ECS) volume fraction is lower and the

diffusion curve shows a higher amplitude

(i.e. a faster rise and fall time) in the TN-

R)/) mouse than in the control mouse. (b)

ADCW maps acquired in the brain of

control and TN-R)/) mice. The mean

value of ADCW was calculated in the

delineated areas (primary somatosensory

cortex). The mean values of ADCW and

ECS volume fraction (a) are given below

each map. The scale at the right side of

the figure shows the relation between the

intervals of ADCW values and the colours

used for visualization.
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diffusion (Rusakov & Kullmann 1998). The increase in

tortuosity at the wound site is caused not only by a

change in the geometry of astrocytic processes, but also

primarily by the overexpression of ECM molecules

(Vorisek et al. 2002), resulting therefore in a large

increase in the viscous component of tortuosity.

Alterations in ECM composition also lead to

changes in a, as shown in a study conducted using

tenascin-R-deficient mice (Sykova 2005a). Tenascin-

R-deficient mice show a decrease in the expression not

only of tenascin-R, but also of other molecules of the

ECM such as, e.g. chondroitin-sulphate proteoglycan.

These complex alterations in the ECM content were

manifested by a significant decrease in a from 0.20 to

0.15 as well as a decrease in k from 1.55 to 1.49, when

compared to control mice. The decrease in ECS volume

fraction was accompanied by a decrease in ADCW

from 580 to 530 lm2 s)1 (Fig. 4). A loss of ECM

molecules (for example, chondroitin-sulphate proteo-

glycan or fibronectin) also appears during ageing,

resulting in a decrease in both the ECS volume fraction

and the ADC of water (Sykova et al. 2002, 2005b,

Vorisek et al. 2008). In contrast, a and ADCW can

increase as a result of the extracellular deposition of

amyloid. Sykova et al. (2005b) found that a significant

increase in the ECS volume fraction and an increase in

the ADC of water are closely related to amyloid plaque

deposition in APP23 mice, a model of Alzheimer’s

disease.

Conclusion

The ECS-diffusion parameters, as measured by the real-

time iontophoretic TMA method, ECS volume fraction

and tortuosity provide important information for

experimental and clinical neuroscience research. The

methods employed for direct measurement of these

parameters are less suitable for clinical use because of

their invasiveness. Fortunately, the ADC of water,

measured by diffusion-weighted MR, can be correlated

to ECS volume fraction and tortuosity. In general,

ADCW increases in correlation with an increase in the

ECS volume fraction and vice versa. However, if

tortuosity is increasing excessively and simultaneously

with a mild increase in the ECS volume fraction, then

their combined contribution to a change in ADCW

reflects a cancelling out of their individual contribu-

tions. In such a case, diffusion-weighted MR is not able

to detect changes in the ECS diffusion parameters.

Tensor measurement of ADCW, which reflects diffusion

anisotropy and directionally dependent changes in

tortuosity, can be used to detect developmental abnor-

malities, neurodegenerative diseases and anatomical

reorganization. Although diffusion-weighted MR does

not provide complete information about the diffusion

parameters in the ECS, the ADCW changes can be better

interpreted when correlated with the ECS diffusion

parameters measured by the real-time TMA+ iontopho-

resis method.
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