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The “concept of restricted intracellular water diffusion at permeable boundaries,” which was recently used to
model diffusion-weighted*H NMR experiments on glioma cells, was applied to measurements on the rat brain
in vivo. Combined with the “concept of extracellular tortuosity,” various physiological states of the brain were
simulated. Hereby, a variable intracellular volume fraction, intracellular exchange time, and extracellular
tortuosity factor were considered for young, adult, and ischemic rat brains. The model simulated the cytotoxic
shift of extracellular water, changes in membrane permeability and tissue morphology, and was able to explain
the diffusion time dependence as well as the non-monoexponentiality of the diffusion attenuation curves.
Preliminary diffusion time dependent experiments on the healthy rat brain #H NMR imaging) agreed well with

the theoretical concept. Hereby, the intracellular water signal was separated from extracellular signal contri-
butions by large diffusion weighting. It showed the characteristic of restricted diffusion as well as a signal decay
due to the exchange of intracellular water across the plasma membrane. A map of the mean intracellular
exchange time for water in living animal brain was determined, and the upper limit in rat brain was evaluated

to 15 ms. The presented methods can be applied to correlate local differences in a map of exchange times with
tissue morphology and to detect pathological deviations of the exchange time, e.g., during ischemia. © 1998
Elsevier Science Inc.
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INTRODUCTION measured by iontophoresis have not been sufficient to
- _ _ quantify the absolute value of the ADC and its decrease

imaging has become a routine clinical utility for detect- changes in the cell-membrane permeability may cause
ing brain pathologies, such as early stages of ischémia. the observed decrease in the ABCL?

Changes in the apparent diffusion coefficient of water  To explain the complex situation, one has to examine
(ADC) are used to characterize the status of brain tissue,various tissue parameters such as the intra- and extracel-
whereby many experimental and theoretical studies havelular diffusion constants, the exchange time, the extra-
been made to unravel the underlying mechanisms of the cellular tortuosity, and the intracellular diffusion restric-
diffusion contrast and its change during a brain in- tion, and not all parameters can be determined
farct>~*?The ADC decrease during ischemia is supposed separately. The situation is complicated in tissue because
to be mainly caused by the shift of the interstitial water of the cell populations (e.g., neurons and glial cells) and
to the intracellular spact. The changes in the extracel- the locally different morphology which introduce micro-
lular volume fraction and the extracellular tortuosity as scopic and macroscopic anisotropies with respect to wa-
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ter diffusion, i.e. the diffusion coefficients and the tortu- morphology has been characterized by a distribution of
osity factors$1%18=22Therefore, it is difficult to interpret  propagation lengths, and the mean residence time for
the absolute ADC in different tissue locations as a func- intracellular water has been determined to about 50 ms.
tion of given experimental parameters such as bhe A combination of the Tanner formula for restricted
value, the diffusion time, the gradient direction, and the diffusion in a box and the Kaer equation¥-3® for
tissue state (healthy or pathological). exchange in a two-compartment system has been used
Non-monoexponential diffusion attenuation curves in for the analytical model. The signal attenuat®(d?, t,,
immature, adult, and ischemic rat brains have been de-D,, D,, p,, 75, &, 0,) has been calculated analytically
tected with large diffusion-weighting gradierité® Ex- dependent on the experimental paramefgrandt,, (q
tended experimental studies and analytical simulations value and diffusion time, see experimental), on the phys-
on perfused cell cultures, dissected nerves and rat brainsological parameter®,, D,, p,, 7, (extra-/intracellular
have been performed to examine the influence of the diffusion constant, intracellular volume fraction and ex-
intracellular restricted water diffusion and of the intra-/ change time), and on a morphological paramatébox
extracellular water exchange on the diffusion mediated length). A Gaussian distribution of box lengths with
signal attenuation and its diffusion time depen- meana and widtho, has been used to account for the

dencet?24-27 complex cellular morphology with regard to cell shape
In the following, the “concept of restricted intracellu- and cell size.
lar water diffusion at permeable boundarié®?°which This model will be applied by analogy, but with some

has recently been successfully applied to cell experi- modifications, to study changes in the water signal-at-

ments?’ is adapted to the situation in rat brain tissue and tenuation curves of brain tissue at different diffusion

is combined with the “concept of extracellular tortuosi- times and with different physiological parameters during

ty”3°. Various physiological states are considered for ischemia, i.e. changes of the extra-/intracellular volume

young, adult, and ischemic rats by changing the intracel- ratio and of the exchange time. The standard parameters

lular volume fractiom,, the intracellular exchange time used for the situation in adult rat brain tissue Brg=

7, and the extracellular tortuosity factar The model ~ 3.0- 103 mn¥/s,D, = 1.0- 10~ 3 mn¥/s,p, = 0.8,

simulates the cytotoxic shift of extracellular water, alter- 7, = 15 ms,a = 5 um, ando, = 10 um.

ations in membrane permeability and tissue morphology

by differentp,, 7, and A, and is able to explain the  gxiracellular Tortuosity

diffusion time dependence as well as the non-monoex-  ater diffusion in the interstitial space of the tissue is

ponentiality of the diffusion attenuation curves. no longer free, but hindered. The particles have to go
Preliminary diffusion time dependefitl NMR imag-  jonger diffusion pathways around neurons and glial cells,

ing experiments are performed on the healthy rat birain  \yhich can be described by a decreased, apparent extra-
vivo, which agree well with the theoretical concept. The cgular diffusion coefficierft14-3°

intracellular water signal at large diffusion-weighting
shows a characteristic of restricted diffusion, as well as a
signal decay due to exchange between intra- and extra-
cellular water. To our knowledge, it is the first time that
a mean intracellular residence time of water, calculated whereas the extracellular diffusion obeys modified
from the intracellular water signal decay vs. diffusion Fick’s equations, deduced by volume averagihin this
time, is mapped in living animal brain. It is conceivable sense, a Gaussian-like propagation can be assumed. Be-
that local differences in the map of exchange times will cause of anisotropic obstacleshas been modelled also
eventually be correlated with the tissue morphology and anisotropically and depends on the applied-gradient ori-
that changes of the water exchange may alter with patho-entation*?
logical disorders. Monte Carlo simulations of diffusion in the extracel-
lular space of digitized brain slices have shdf\hat the
extracellular volume fractiorm = 1 — p, and the
tortuosity factorA are interconnected by the empirical
The diffusion attenuation of the water signal mea- Archie’s lawA = o' found in porous medi (note that
sured by the pulsed-field-gradient spin-echo technique for the extracellular volume fractiop, the more com-
has been recently investigated in extended experimentalmon symbolx is used). The tortuosity exponent in brain
studies and analytical simulatiof§33?The diffusion tissue has been determinedite= 0.413°
time dependence of the intracellular water component in ~ Previously, extracellular diffusion has been studied
perfused glioma cells could be described well by re- vivoin neonatal and adult rat brains during global isch-
stricted diffusion at permeable boundaries. The cellular emia by concentration-time profiles of tetramethylam-

D= D,/A*> A...tortuosity factorA =1, (1)

MODEL
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Table 1. Temporal evolution of the tortuosity factornd the extracellular volume fractian= 1 — p, of (a) young rats (8—12
days old) and (b) adult rats (3 months old), starting from the control before anoxia (first value) and developing after cardiac
arrest (successive values) as measured by iontophtitésis

(a) o 0.27-0.30 0.25 0.15 0.10 0.05
A 1.50 1.60 1.80 1.90 2.10
I 0.31-0.34 0.34 0.31 0.28 0.25
(b) o 0.20-0.22 0.15 0.10 0.05 0.05*
A 1.50 1.70 1.80 2.00 2.10
I 0.25-0.27 0.28 0.26 0.23 0.25

The values and their time course are dependent on brain region and the age of the animal (compare with references 10, 14); the tortuosity exponer
| is calculated by = —In MIn «; * @ remains at 0.05 with ongoing time course, whilestill increases.

monium measured by iontophoresfs>14The decrease  defined in Ref. 38. The Kger equation® for exchange
of a and the corresponding increase bfhas been  in a two-compartment system are used wDEPP and
correlated experimentally with a dynamic decrease of the D5PP (tp) instead of D, and D,. The signals are
ADC upon induced ischemia. However, realistic quanti- weighted and superposed according to normally distrib-
tative ADC values could not be deduced considering free uted box lengths with meaa and widtho,. For further
extracellular diffusion only. Calculations of the tortuos- details of the analytical model calculation, see Ref. 27.
ity exponent using the data in Ref. 10 (Table 1, Fig. 9) The mean value of the intracellular exchange tirpe=
show that Eg. (1) differs already in healthy neonatal rat 15 ms is used for the healthy adult rat brain which is
brain ( = 0.31 ingrey andl = 0.46 inwhite matter); extracted from the experimental data presented below.
Eq. (2)I decreases continuously upon induction of global
ischemia; and Eq. (3) reaches an asymptotic value of Diffusion Time Dependence
~0.24 (for both grey and white matter) about 30 min The dependence of the diffusion-weighted signal on
after ischemia (compare with Table 1). the diffusion time is calculated with the standard param-
Thus, the situation in brain tissue is complicated ad- eters for the adult rat brain arg, = [5...500] ms
ditionally by the anisotropy and the locally differing (plotted vs.q value in Fig. 1). The ADC is determined
microstructure. The exchange of extra- and intracellular from the slope at lowg values which declines fast with
water, as described by an uptake parameter in Ref. 14,increasingt, from 0.79- 10 3 mn¥/s to 0.29- 103
may affect the dependence bf and hereby the depen-
dence ofD3PP, on a. The values for the extracellular
tortuosity factorA in our model calculations are taken 0 k=
from Table 1. They can be regarded as a first approxi- '
mation of the differing experimental data to show up the
principal effect of the changing tortuosity. Furthermore, -1
one may keep in mind that Archie’s law using a mean
tortuosity exponentt might be not sufficient as a starting
point of modelling.

InS/S,
o

Intracellular Restriction and Exchange
Intracellular water diffusion is restricted by the cell -3
membrane resulting in a non-Gaussian propagation char-
acteristic. A diffusion time dependent, apparent intracel-
lular diffusion coefficient: o T e a0 Taoo Taoo Teoo Teno
qvalue / 10°mm?

dlnE 1 _ . e . .
e (2) Fig. 1. Model calculation of the diffusion-weighted signal at-
aq 6 tenuation as a function of the diffusion timg = [5, 10, 25,
50, 75, 100, 200, 500] mplotted vs.q value. The ADC at
; i At low q values is listed in Table 2. The apparent intracellular
is calculated by the partial derivative of the Tanner exchange time 3P — 26.2 ms aff? — 300+ 10° mm-2

formuigE = E(q, &, Dy, tp) for restricted diffusion in (see text). Model parameters (adult rat brain tissDg)= 3.0-
a box>3 The termq value represents here the quantity 10 2 mm?/s,D, = 1.0- 10" ° mn#/s,p, = 0.8, = 1.5, 7,

= 47%g? which is deduced frong = y/27 - 6 - G as =15ms,a=5pum, o, = 10 um.

DE(ty) = -
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Table 2. Dependence of the ADC on the diffusion titpein the rat brain model of Fig. 1

tp/ms 5 10 25 50 75 100 200 500

ADC/10 2 mnv/s 0.79 0.63 0.49 0.41 0.38 0.35 0.31 0.29

The ADC is calculated by log-linear regression ofSvs. b in the rangeb = [0 ... 1000] s/mrA.

mm?/s (see Table 2). As shown by the experiments and to 0.09- 10~ mn¥/s. Herebyr, = 15 ms is used for the
simulations on cell cultureS, the intracellular water  intracellular exchange time. For the ischemic tisspe (
contributes predominantely to the signal at highalues = 95%), thesimulation fits only ifr, is increased to 50
due to the restricted intracellular diffusion. In this case, ms (dotted line in Fig. 2a) corresponding to an about
the slope of InS vs. g value becomes constant and threefold decrease in cell membrane permeability. This is
independent on, which is reached in our model for estimated to be an upper limit for a physiological per-

q 2> 300- 10® mm 2 (Fig. 1). meability change comparing open and blocked water
An intracellular exchange time PP = 26.2 msis  channels in erythrocyte§:*°

determined from the signal decay in Fig. 15&t= 300- The ADC shows almost no influence if the intracel-

10® mm™ 2 (negative reciprocal slope of Bivs.tp). This lular exchange time, is increased from 15 to 100 ms,

apparent exchange time exceeds the inserted startingwhile p, is kept constant (Fig. 2b). However, the nega-
value of , = 15 ms due to extracellular signal contri- tive slope of the signal attenuation at latgealues, i.e.
butions and can be corrected according the formula de- D5PP decreases significantly with increasing

duced by Andraskd? The situation of the dynamic tissue swelling in im-
mature rat brain during ischemia is simulated in Fig. 2c
n (see also Table 1a), while, is kept constant. A contin-
T~ TP — DI — (79 L 3) uous decrease of the ADC as well as a increagelbt

are observedD3PP remains nearly constant. If changes
of the exchange time, and of the membrane permeabil-
ity respectively are considere®3PP is much more in-
fluenced. Analogously dynamic tissue swelling in adult
rat brain according to Table 1b is simulated and analysed
in Table 3.

For comparison, calculated data based on experimen-
tally determined parameters taken from Ref. 23, are
shown in Table 3, too. A decrease in the ADC from 0.83
to 0.36- 103 mnv/s as well as a decrease D§PP from
0.22 t0 0.11: 10 mn¥/s has been measured which can
be well reproduced by the used theoretical model.

Wherein the approximatiod5”P << D3PP is as-
sumed, the complete formula is given in Ref. 39. With
n=pl/(1l-p,)=4andD?? = 3.0/1.% - 103
mmn?/s follows 7, ~ 14.9 ms.

Changes of the Diffusion-Attenuation Curves during
Ischemia

The dependence of the diffusion-weighted signal at-
tenuation on different physiological conditions is shown
in Fig. 2. The intracellular volume fractiop, and the
intracellular exchange time, are adapted to simulate
ischemia in immature and adult rat brain, and the extra-
cellular tortuosity facton is varied withp,. The detailed
parameters and the quantitation evaluation of the atten-  Diffusion-weighted*H-NMR images were acquired
uation curves are listed in Table 3. The ADC is calcu- on a 4.7T/400-mm Biospec system (Bruker, Karlsruhe,
lated by log-linear regression in the range of snfall  Germany), equipped with a 200-mm self-shielded gradi-
values P . . .1000] s/mm, whereasD3PP and the apper-  ent insert, capable of switching 150 mT/m within 458
taining interceptp3P® are derived at largeéo values in three directions. Signal excitation was performed us-
[8000 . ..10000] s/mm. ing a 94-mm inner diameter saddle-shaped volume caoil.

Increasingp, from 70 up to 95% (Fig. 2a) decreases The signal was received by an 18-mm surface coil which
the ADC from 0.73 to 0.40 102 mnv/s. A p, of 70% was actively decoupled from the volume coil. The used
corresponds to a healthy immature rat brain, 80% to a diffusion-weighted, phase-cycled ultrafact low-angle
healthy adult rat brain. In the course of an anoxic insult, RARE imaging sequence has been described previous-
the intracellular volume fraction increases in immature ly***2 and implemented as follows: image matrix size
as well as in adult rats o, = 95%. Thusp3®Pincreases (32 X 32), SW= 50 kHz, echo time (TE)= 80.5 ms,
as well asp, does. However, the absolute valuepdf? number of averages 28, repetition time (TR} 1.5 s,
is much lower thamp,. D5PP slightly decreases from 0.1 field of view (FOV) = 32 mm, and slice thickness 5

EXPERIMENTAL
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Fig. 2. Model calculation (as in Fig. 1) of the diffusion-
weighted signal attenuation dependent on different physiolog-
ical conditions {y 16.2 ms). The intracellular volume
fraction p, and/or the intracellular exchange timgare varied

to simulate ischemia in immature and adult rat braing,ggnd

T, variable; b) r, variable andp, constant; c)p, variable
(dynamic tissue swelling in young rats). The extracellular tor-
tuosity factorA is also changed with varieg, according to
Table 1. All plot parameters are listed and quantified in Table
3. The dotted curve in (a) refers tg = 50 ms.
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mm. Centered phase-encoding was employed. The refo-
cusing pulsesd = 90°) were Gaussian of 30@s dura-
tion, the scan time for a single shot image including six
dummy cycles was 113 ms.

The preparation experiment for the diffusion sensiti-
zation was a 90%180°« spin echo sequence with
unipolar gradient§® The experimental parameter deter-
mining the diffusion attenuation were the gradient dura-
tion §, the gradient strengt® and the separatiof of the
leading edges of the gradients, which definesthalue
§° = (y8G)?, the diffusion timet, = A — 8/3, and the
b valueb = §%5. While keeping the echo time TE
constant, F effects were excluded. Fora experiment
(constant diffusion time}c = [0 ...120] mT/m was
varied in all three directions by 32 stefs= 10 ms and
tp was kept constant. This procedure was performed at
the four diffusion timeg, = [17.1, 63.1, 45.1, 31.1]
ms (in the order as measured). The result was a four-
dimensional image data s&tx, y, >, tp) of size (32X
32 X 32 X 4) depending on the spatial coordinates, the
g value and the diffusion time, sampled within the total
acquisition time of 90 min.

In (g2, tp) was analyzed for each voxet(y) in two
ways according to Refs. 27 and 39. The apparent dis-
placement®”P = \/6m and the apparent intracellular
diffusion coefficientD®”P = m/ty is calculated from the
negative slopen of In Svs.§? at fixedt,,. In contrast, the
apparent exchange timéPP is calculated from the neg-
ative reciprocal slope of Ir vs ty at fixed §° To
decrease the error af”P due to the low signal-to-noise
ratio at highq values,3PP is averaged within the range
§° =[50 ...304]- 10° mm 2

The preliminaryin vivo experiments were conducted
on two adult Wistar rats. The animals were anesthetized
with a mixture of halothane (1.5 vol. %), oxygen (33%),
and nitrous oxide (66%). Images were acquired in coro-
nal section through the brain with the slice positioned 4
mm posterior to the frontal pole.

RESULTS AND DISCUSSION

Typical rat data selected from the 4D image set are
shown in Fig. 3 (voxel within the striatum). Ttod data
at diffusion timeg, from 17.1 to 63.1 ms are normalized
by S, = S(§° = 0) and plotted vsq value @2, = 304
- 10° mm~? corresponds td,,,, = [5200 ... 19200]
s/mn? depending on,). This has the advantage that the
dependence of the signal attenuat®on the experimen-
tal parameter§® andt is emphasized. Furthermore, it
is possible to distinguish between a free or restricted-
diffusion characteristics of the intracellular water signal
at highq values. In the case of restricted diffusion, the
apparent, intracellular exchange tir@P can be evalu-
ated from the signal decay Vg, at fixedq value.
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Table 3. Quantification of the simulations in Fig. 2 compared with experimental data of Table 1 and Reference 23

Fig. 2a p,/% 70 80 95 95
A 15 15 21 21
T/ms 15 15 15 50
ADC 0.73 0.62 0.40 0.40
DgPP 0.10 0.10 0.090 0.076
P3PPI % 14 18 37 35
Fig. 2b p, = 80%, A=15 constant
T/ms 15 20 30 50 100
ADC 0.62 0.61 0.60 0.59 0.57
DgPP 0.10 0.091 0.079 0.071 0.065
p3PPI% 18 19 21 24 26
Fig. 2c, p./% 70 75 85 90 95
Table 1a A 15 1.6 1.8 1.9 2.1
young rats 7, = 15 ms constant
ADC 0.73 0.64 0.50 0.44 0.40
DgPP 0.10 0.10 0.11 0.10 0.090
p5°P1% 14 17 26 32 37
Table 1b p./% 80 85 90 95 95
adult rats A 15 1.7 1.8 2.0 2.1
7, = 15 ms constant
ADC 0.62 0.51 0.46 0.40 0.40
D3PP 0.10 0.11 0.11 0.091 0.090
p3°P1% 18 25 30 36 37
Experimental immature adult global ischemic
rat data* p,/%t 57-73 78-80 95
ADC 0.83 0.68 0.36
D3PPI% 0.22 0.18 0.11
p3°P1% 12 19 41

[ADC,D] = 10 mn¥/s; ADC is calculated by log-linear regression in the rabge [0 ... 1000] s/mrf, D3PP; p3PP by log-linear regression in
the rangeb = [8000 . .. 10000] s/mf * calculated data based on experiments of reference 23; 1 according reference 14.

Intracellular Restriction acteristics similar to the data of cell cultures: at low
The negative slopen of In S vs. q value (Fig. 3) is values the slopes vb.value are constant indicating free
analyzed in Table 4. The apparent displaceméh? ~ or hindered extracellular diffusion, at highvalues >

3.5 um becomes constant within the experimental error > 100 - 10> mm?) the slopes vsg value become
for tp > 30 ms. The apparent intracellular diffusion constant fortp, > 30 ms indicating the transition from
coefficientD?PP decreases rapidly with, from 0.19 to intracellular free to restricted diffusion with increasing
0.032- 10 3 mm?/s. A constant slope of I8 vs. q value tp (Fig. 3). The decay of the signal at highvalues with
(constantr®PP at differentt,) indicates restricted diffu-  constant slope shows additionally that the intracellular
sion of intracellular water which has been shown by water is not totally restricted, but has also the opportunity
experiments and analytical modelling on perfused cell to exchange across the cell membrane.
cultures®’*132|n contrast, plots vsb value are suitable Thus the experimental, diffusion time dependent data
to test the data for free or hindered diffusion. on rat brain agree well with the concept of a two-
The measured rat brain data show two different char- compartment model with extracellular hindered diffusion
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o e N e This resembles the behaviour of the diffusion tensor
EL anisotropy which is caused by the anisotropic tissue
iy tp =17/31/45/63 ms 1 structure. Although the exchange time seem to indicate a
] difference between left and right hemisphere, the com-
plementary73PP are the same within the experimental
error. The histogram of the intensities of the exchange
time map is shown in Fig. 4c. A fitted Gaussian distri-
bution yieldst3PP = (26.5 = 5.4) and(24.0 = 4.5) ms
for the two measured rats.
The intrinsic intracellular exchange timg is calcu-
lated from Eq. 3 tar, = 15.4 and 12.8 ms (inserting=
, ] 4,9 = 300- 10° mm 2 D3PP = 3.0/1.5% - 103
0 50 100 180 200 280 800 mn¥/s). Another aspect, discussed more in detail in Ref.
qvalue / 10°mm™* 27, has to be considered. A particle leaving one cell may
Fig. 3. ct experiments at the diffusion times — [17.1 C) diffuse into a neighbor cell via the small extracellular

31.1 (), 45.1 (+), 63.1 ()] ms, measured with the diffusion-  SPace. Thusr,, being a mean residence time at the
weighted U-FLARE sequence. Data are shown from a selected intracellular site, overestimates the residence time of
voxel in the striatum. Imaging parameters:8232 image, field water in single cells.
of view = 32 mm, slice thickness- 5 mm, 28 averages) = The performedct experiments yielding a 4D image
10 ms, echo time 80.5 ms. data set is, of course, not the optimum acquisition
method if one is interested in mapping the intracellular
exchange time. Thet method has been chosen here to
and intracellular restricted diffusion at permeable bound- make clear that the concept of intracellular restriction
aries and can be described quantitatively. The property of with exchange holds for brain tissue as well as for cell
intracellular restricted diffusion legitimizes the separa- cultures. The next step is to perform immediately
tion of intracellular signal contributions at highvalues, (constant gradient strength) imaging experiments at high
as the intrinsic intracellular diffusion constant is appar- g values keepingG constant and varyind\, i.e., the
ently lowered and extracellular contributions are diffusion time. This will reduce measurement time and
dephased. The characteristic of restricted diffusion be- will allow to determine73PP and 7, much more accu-
comes here more evident compared to Ref. 4 where atrately at a fixedj value. Probably local differences in the
smallb values up to 1500 s/mfintra- and extracellular ~ map of exchange times may be correlated with the tissue

InS/S§,

contributions are still mixed. morphology. In this context anisotropic tortuosity factors
in relation to the anisotropic water diffusion properties
Exchange Time will have to be also considered. Furthermore, changes of

The 4D rat data also can be analyzed to provide 3PP are to be expected during the time course of isch-
information on the exchange of intracellular water. A emia as both, the experimental and the simulated data in
calculated map of the apparent intracellular exchange Table 3 (immature, adult, and ischemic rats) suggest.
timest5PPis shown in Fig. 4a. Appropriate thresholding The modelling results propose that changes,ihave
yields a reasonable outline of the two rat brain halves. An negligible influence on the ADC at low values, but a
exchange time cross section, indicated by the two arrows sizeable effect o®D3PP at largerb values, where mainly
in the map, is plotted in Fig. 4b with the accompanying intracellular water signal can be selected by the high
standard deviations. The larger values /8PP in the diffusion-weighting. It will be necessary to examine
striatum of about 35 ms suggest that this probably re- whether experimentally observable changes3tf are
flects the local morphological differences in brain tissue. solely caused by the shift of extra- to intracellular water,

Table 4. Analysis of the slopm of In Svs. q value (Fig. 3) with the calculation of the apparent displacem&tand the
apparent diffusion coefficierid®"?

to/ms 171 311 45.1 63.1
r&PPum 44+ 04 3.7+ 0.3 3.4+x03 35+x04
D2PP/10~ 3 mné/s 0.19+ 0.03 0.072+ 0.010 0.043+ 0.007 0.032+ 0.006

raPP = \/6m, D3P = m/t,; the negative slopen of In Svs. §? is calculated by log-linear regression in the rafige= [144 . .. 304} 10° mm 2,
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Fig. 4. Mean apparent intracellular residence timg¥’ in the
adult, healthy rat brain: a) map of exchange times, calculated
from the signal attenuation vs. diffusion time at larpealues;

b) selected profile of exchange times (as indicated by arrows in
a); c¢) histogram of exchange times of the total brain. A Gauss-
ian fit (dotted line) yields3PP = (26.5 = 5.4) ms.

or by a decrease in membrane permeability. The latter
could be explained by the mechanism of a stretch-acti-
vated blocking of the water channéfs;*”which would
increaser3PP significantly. The identification and loca-
tion of water channels in brain and glial cells has been
reported, whereas their functionality under healthy and
pathophysiological conditions, e.g., regulation of brain
edema, is still disputetf.#8->*

CONCLUSIONS

The diffusion behaviour of water in rat brain tissue
can be modelled analytically by restricted intracellular
diffusion at permeable boundaries combined with extra-
cellular tortuosity. The diffusion time dependent and
non-monoexponential diffusion attenuation curves are
influenced by changes of the volume fraction, the ex-
change time, and the tortuosity factor. Intracellular water
signal can be separated from extracellular signal contri-
butions with large diffusion-weighting. A map of the
mean intracellular residence time for water in rat brain is
determined from the signal decay vs. diffusion time by
diffusion-weighted*H NMR imaging experimentsn
vivo. The upper limit of the intrinsic intracellular ex-
change time is estimated to 15 ms. A further time and
spatially resolved monitoring of the water exchange time
during ischemia may elucidate the interacting physiolog-
ical mechanisms.
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