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ABSTRACT

The apparent diffusion coefficient (ADC) and relaxation times of water were measured by
magnetic resonance imaging (MRI) in the isolated turtle cerebellum during osmotic cell volume
manipulation. The aim was to study effects of cell volume changes, a factor in ischaemia and
spreading depression, in isolation from considerations of blood flow and metabolism. Cerebella
were superfused at 12-14°C with solutions ranging from 50-200% normal osmolarity.
Hypotonic solutions, which are known to cause cell swelling, led to reductions of ADC and
increases of  T2  while hypertonic solutions had opposite effects.  This supports the concept
that ADC varies with the extracellular space fraction and, combined with published data on
extracellular ion diffusion, is consistent with fast or slow exchange models with effective
diffusion coefficients that are approximately 1.7 times lower in intracellular than extracellular
space.  Spin-spin relaxation can be affected by osmotic disturbance, though such changes are
not seen in all pathologies that cause cell swelling.
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INTRODUCTION

Magnetic Resonance (MR) diffusion weighted imaging (DWI) provides non-invasive
measurements of the apparent diffusion coefficient (ADC) of water (1), which have been
shown to decrease during the acute stage of cerebral ischaemia.  Changes have been seen on
many time scales (2-8) and may be indicative of both irreversible and transient pathologies,
including cortical spreading depression (9, 10).  The potential to apply the technology in the
clinical setting for diagnosis and monitoring of acute stroke in patients is now being realised -
for a recent discussion and review see Baird and Warach (2).  Despite these applications,
understanding of the biophysical mechanisms of the ADC changes remains incomplete.

An increasing body of evidence implicates cell volume change in the observed ADC changes in
vivo (11-14) and in vitro (15-17).  These models however are complicated by haemodynamic
effects or possible metabolic compromise and lack of control of the cell volume changes.  The
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turtle cerebellum is a good preparation for studying the relationship between cell volume and
ADC changes.  It is structurally well described (18,19), the biochemical basis of its remarkable
anoxia resistance is well documented (20,21 and references therein), and its extracellular
volume fraction has been extensively measured in response to osmotic challenges (22).  This
study examines the effect of similar challenges affecting cellular and extracellular volume
under controlled conditions on MR parameters, particularly the ADC and T2 relaxation.  A
brief report of preliminary studies has been published (23).

METHODS

Tissue

American pond turtles (Pseudomys scripta elegans and Chrysemys picta, 400 - 600g, shell
length 12 - 16 cm) were decapitated and the head cooled in ice for 3 min before excision and
dissection of the brain under cold oxygenated phosphate buffer (NaCl 140 mM, KCl 3mM,
NaH2PO4 2 mM, Na2HPO4 4 mM, CaCl2 1mM, glucose 20 mM, saturated with 100% O2 ; pH
7.5).  The dura and choroid plexus were dissected away and the cerebellum was separated by
cutting the cerebellar peduncles. It was then stored on ice in a sealed 2.5 ml eppendorf tube
containing the same oxygenated buffer for up to one hour (transport and preparation time)
before transfer to  the recording chamber, where perfusion was maintained initially with the
control solution for experiments, equilibrated with 95% O2 + 5% CO2: NaCl 115mM, KCl 5
mM, NaHCO3 25 mM, CaCl2 3.5 mM, MgCl2  3.5 mM, glucose 20mM; pH 7.4 -7.6.
Subsequent changes to solutions with different osmolarity, obtained by omission or addition of
NaCl, were made for periods of  at least 45min, followed by return to the control solution.  The
range of nominal osmolarities (summed molar concentrations of ionic species) was from 171 to
781 mosmol.l-1, with the control solution 331 mosmol.l-1.  This corresponds to effective
osmolalities determined by freezing point depression of approximately 0.16-0.68 osmol.kg-1

(22).

The tissue was held between horizontal layers of thin cotton cloth (20 x 8 mm) suspended in a
chamber (20 x 10 x 10 mm) containing the 95% O2 + 5% CO2 gas mixture.  The cloths were
saturated with flowing saline fed to one end at 150 µl.min-1 . Fluid movement (observed with a
tracer dye) was fairly uniform and laminar at ca. 0.5 mm.s-1.  Waste solution was removed at
the far end by suction through a piece of sponge. A second suction line removed any fluid
accumulated at the bottom of the recording chamber. Twin feed pipes permitted rapid solution
changes to be made from outside the magnet, which affected the tissue abruptly after about 20s
as detected by Ag/AgCl electrodes embedded in the cloth beside the tissue.

Solutions were bubbled at ca. 10o C near the peristaltic pump, 3m from the magnet.  They were
near room temperature by the time they entered the magnet where they were recooled and
equilibrated with the gas by passing through a 80 mm length of 1mm (internal diameter)
silicone rubber tubing  (relatively gas-permeable) within the pipe carrying gas to the chamber,
which was itself surrounded by the returning cooling water. The final connection to the inner
chamber (Fig. 1) was via 1 mm diameter Teflon (PTFE) pipe, relatively impermeable to gases.
Observations with O2 electrodes showed that the design provided nearly full O2 equilibration of
the fluid surrounding the tissue at normal flow rates.  The good metabolic provision to the
tissue was further verified by its ability to sustain multiple waves of spreading depression under
these conditions, for over 24 hours.

The chamber was inserted in a 2.35 T horizontal bore magnet (Oxford Instruments, Oxford,
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UK) interfaced to a SMIS (Surrey Medical Information Systems, UK) console.  The magnet
was fitted with 12 cm inner diameter homemade gradient coils, capable of up to 250 mT.m-1

output over ± 20 mm from the gradient centre. A 70 mm cylindrical transmit coil aligned along
the bore of the magnet was used for RF excitation pulses with a 2-turn 6 mm diameter coil in
the tissue chamber for detection (Fig. 1).  The coils were tuned at 100 MHz and decoupled
using crossed diodes.

MR Protocols

For most of the experiments reported here a double echo sequence was employed (Fig. 2), with
echoes at 80ms and 160ms to provide estimates of T2.  Versions of this with and without the
diffusion-weighting gradient pulses G1, G2 were interleaved and thus provided estimates of the
apparent diffusion coefficient for excited protons.  Thus four images were obtained for every
complete acquisition cycle, which lasted 130s.  These sets of images were usually obtained
continuously throughout the period before, during and after solution changes.  The critical MR
parameters were as follows:  TR 2000 ms; 2 averages; 16 -phase encoding steps; slice thickness
2 mm; slice select direction perpendicular to the principal tissue plane (y-axis: Fig.1); FOV 20-
30 mm; gradient strength (Gd) 54.2 mT.m-1; δ = 16.1 ms; ∆ = 32 ms, diffusion gradient ramp 1
ms. The effective diffusion time Tdiff = (∆ - δ/3)  was 27 ms and the diffusion weighting factor
due to G1 and G2, b = γ2Gd

2δ2(∆ - δ/3) was 1454 s.mm-2 along either x- or y-axes (Fig. 1).  The
non diffusion-weighted images had a small diffusion weighting of 3.7 s.mm-2.

ADC and T2 were estimated from the ratios of signal intensities:

ADC = ln (S0/S1) / (b1 - b0) [1]

where S1 = signal intensity of the DW-image, S0 = signal intensity of the equivalent non DW-
image; b1 =  1454 s.mm-2, b0 = 4 s.mm-2.  T2 was  estimated from the ratio of the two image
intensities derived from a single double echo sequence:

T2  (ms)  = 80 / ln(S80 / S160) [2]

The log ratio in equation 1 could be calculated for either the 80 ms or 160 ms echoes, but the
differences were no more than a few percent and were unaffected by the solution changes.
Similarly, T2 could be calculated (equation 2) for signals with or without diffusion weighting
and did not differ significantly. The results presented here are those for ADC estimates from
the 80ms echoes and T2 estimates without diffusion-weighting.  Measurements with a phantom
consisting of a glass bulb filled with 20% albumin solution within the chamber gave ADC =
17.4×10-4 mm2.s-1  and T2 = 107 ms.   Changes due to osmolarity differences at the tissue are
expressed relative to prior measurements in control saline (331 mosmol.l-1), averaged over at
least four sets of images (8 min).

In initial experiments, single echo sequences (interleaved with and without diffusion weighting
along the y-axis) were employed with TE either 80ms or 160ms.  The results suggested that
there might be T2 as well as ADC changes, and led to implementation of the double-echo
sequence.  Fig. 3 shows a 2-D image of a cerebellum with the 6 x 6  pixel (approx. 3x3 mm)
region of interest (ROI) indicated, as used for signal measurements.
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RESULTS

Initial measurements of ADC in fresh tissue, with osmolarity=331 mosmol.l-1, averaged 3.88 ±
0.24 (s.e.m.) ×10-4 mm2.s-1 (n=13: number of preparations) with gradients along the y-axis
perpendicular to the plane of the tissue  and 4.75 ± 0.19 ×10-4 mm2.s-1 (n=31) along the x-axis
parallel to the tissue.  These observations are significantly different (P<0.01, rank sum test) but
since for technical reasons they could not both be made in a single preparation and the data
derive from separate experimental series, we cannot be sure whether the small (20%) difference
is due to tissue anisotropy or other factors.  The overall mean of  73 ADC measurements under
baseline conditions in the 44 tissue preparations (including measurements following re-
equilibration after interventions) was 4.69 ± 0.13 (s.e.m.)×10-4 mm2.s-1.  The corresponding T2
measurements averaged 77.8 ms (± 1.3 ms s.e.m., n=73) .

Equilibration with altered solutions was observed with exposures for 45-90 minutes, followed
by return to control saline.  Hypotonic solutions, which induce swelling of both the cells and
the tissue as a whole (22), caused ADC to fall, and T2 and signal intensity S80 (with TE=80 ms)
to rise (Fig. 4A).  Opposite changes were seen with raised osmolarity (Fig. 4B).  The changes
started to be evident in the first or second image cycle after solution change (ca. 2min/cycle)
and approached steady state levels with time constants of up to 30 min in the extreme
hypotonic solution (Fig. 4A).  The ADC changes were proportionately larger than the T2
changes, especially with hyperosmolar interventions, and developed with a faster timecourse
than either T2 or S80.

On return to control solutions the ADC changes often overshot the baseline at a time when the
signal intensity and T2 values had not yet recovered to baseline levels.  This overshoot might
be due to adaptation of cells to the altered environment, though such regulation of cell volume
has not been clearly evident in this preparation (22).  It may alternatively be due to long-lasting
residual swelling of tissue in deep layers following hypotonic exposure, that will tend to stretch
apart the superficial tissue in which the cells will re-equilibrate more rapidly to normal volume.
This could  cause an abnormal elevation of extracellular space fraction and ADC, in part of the
tissue, before the tissue water content and T2 have returned to baseline.  In hyperosmotic
Ringer the time course of the changes of ADC and T2 were faster (Fig. 4B),  presumably
because the larger extracellular volume fraction under these conditions leads to faster
diffusional equilibration.

Steady state percentage changes in ADC and T2 relative to control levels were estimated from
the individual timecourses, and are plotted in Fig. 5 as functions of osmolarity.  The largest
changes were in ADC,  averaging  -38% and +39% for approximately 2-fold changes of
osmolarity to 171 and 781 mosmol.l-1.  The T2 changes averaged +27% and -11% under the
same conditions. Means (±1 s.e.m., based on the indicated numbers of observations) are shown
on Fig. 5. A conspicuous feature of the data was that the changes of T2 were much smaller in
the hyper- than hypo-osmotic solutions. The changes in signal intensity (S80) shown in Fig. 4
are, for the sake of clarity, not shown in Fig. 5.  They averaged typically +26% and -27% for
the hypo- and hyper-osmotic interventions, but their interpretation would be complex because
they will have been affected by factors that include the T2 changes and net changes of total
tissue volume (uptake and loss of water).

The changes shown in Fig. 5 are distinguished for the experiments with diffusion gradients
along the x- and y-axes, parallel (squares) and perpendicular (diamonds) to the plane of the
tissue.  The ADC changes with the extreme hypo-osmotic intervention were significantly
greater when measured in the plane of the tissue (-44.1% ± 1.7% s.e.m., n=29) than
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perpendicular (-30.0% ± 1.9% s.e.m., n=17 perpendicular;  t=5.4, P<0.0001).   In these
experiments the mean ADC measurements were initially 12% higher measured along the x-axis
under baseline conditions (4.8 vs. 4.3 ×10-4 mm2.s-1) and became 10% lower along the x-axis
under the hypo-osmotic conditions (2.7 vs. 3.0 ×10-4 mm2.s-1).  These differences between the
two experimental series are too small to be confidently related to tissue anisotropy.

DISCUSSION

The principal aim of  these experiments was to study ADC in relation to controlled
disturbances of the osmolarity of the cell environment, which cause cell swelling and
shrinkage.  Since there are data available for the extracellular volume fraction in this tissue
under similar conditions (22) it is possible to relate the observed changes directly to the relative
volumes of the intracellular and extracellular compartments (Fig. 6).  The data for the absolute
ADC values corresponding to Fig. 5 are plotted in Fig. 6 against the extracellular volume
fraction VEC inferred for equivalent osmolarities from the measurements of  Krizaj et al. (22)
with ion selective microelectrodes and TMA+ iontophoresis.  The relationship is fairly well
fitted over the data range (VEC=0.1-0.6) by a number of models (lines 1-4) described below.

The relationship between ADC and cell volume fraction can be interpreted in relation to either
a fast or slow exchange model for interaction between the two compartments.  A simple fast
exchange model, due to Benveniste (11), has received considerable attention as a proposed
mechanism to explain ADC decreases during cerebral ischaemia (11,13,14,24).  Exchange is
assumed fast enough, compared with the diffusion time (27ms in our experiments) that
displacements of water molecules represent statistically averaged diffusion fluxes in IC and EC
compartments, with their diffusion coefficients weighted according to volume:

ADC = VEC(ADCEC) + VIC(ADCIC) [3]

VEC and VIC are the fractional volumes of extracellular (EC) and intracellular (IC) space such
that VIC + VEC = 1. The linear relation between ADC and VEC means that the coefficients can
be estimated from a linear regression (line 1) in Fig. 6, giving ADCEC = 9.6 ×10-4 mm2.s-1 and
ADCIC = 2.8 ×10-4 mm2.s-1, with a ratio 3.5:1.  Since the regressions for the x-axis and y-axis
data contributing to Fig. 6 were not significantly different, the data were pooled.

There are data to show that the effective diffusion coefficient of ions in EC space is not
constant under conditions with cell swelling and shrinkage (22).  The reduction of diffusion
coefficient for a substance restricted to either the EC or IC compartment, relative to diffusion in
free water (D0 = 17.2 ×10-4 mm2 .s-1 for protons at 14°C (25)),  is usually expressed as a
tortuosity factor λ2.  Thus the full equation becomes:

ADC =  VEC D0 λEC
-2  +  VIC D0 λIC

-2  [4]

In simple situations λ is the factor by which diffusion path lengths are increased by
obstructions in the compartment,  but λ is also raised by viscosity, molecular interactions and
varicosities in the tissue space.  Krizaj et al. (22) measured both λEC and VEC for ionic diffusion
in turtle cerebellum, finding λEC to vary from 1.8-1.5 over the range VEC=0.1-0.8 when
osmolarity was changed.  We can therefore calculate the first term in equation 4 on the
assumption that λEC has similar values for protons and extracellular ions (Fig. 6, line 5).
Extracellular diffusion accounts for only about a third of the observed ADC under normal
conditions (VEC=0.22) but it varies steeply with changes of VEC.  There are no comparable data
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for IC tortuosity, but a  constant value λIC = 2.2 combined with the EC data gives a reasonable
fit (Fig. 6, line 3, with the IC component shown separately as line 6).  The significant deviation
from the data at low VEC could be eliminated by supposing that λIC rises as the cells swell, to
about 2.4, which is plausible if cells swell preferentially in regions where membrane and
fibrillary structural constraints are weakest, and consistent with MR measurements (26) of
diffusion of IC 2-fluoro-2-deoxyglucose-6-phosphate (2FDG-6P) in ischaemia.   The inferred
ratio of EC and IC diffusion coefficients (λIC

2 : λEC
2 ) at normal osmolarity is 1.7:1.  This is

substantially smaller, and presumably more accurate, than the ratio (3.5:1) for ADCEC : ADCIC

estimated from the fit obtained above on the assumption that both parameters are constant.
Both ratios are much smaller than the value 23:1 inferred by Benveniste et al. for the rat brain
(11),  which was based on an IC diffusion coefficient that was probably low for brain tissue
(24) and an EC coefficient that was too high (equivalent to  λEC =1).  They differ from the
approximately 1:1 ratio for EC and IC diffusion coefficients of  2FDG-6P estimated by Duong
et al. [26].   Differences between the behaviour of protons and 2FDG-6P may not be surprising,
however, since they will have different distributions and binding profiles within the various cell
compartments and between different cell types in brain tissue.

Although a fast exchange model provides a reasonable interpretation of the relationship
between ADC and cell volume fraction, the data in Fig. 6 may also be fitted without the fast
exchange assumption.  A slow exchange model, in which EC and IC water contribute to the
signals independently while diffusing within their own compartments with characteristic EC
and IC diffusion coefficients, leads to a non-linear combination of the coefficients because it is
the attenuated signal intensities that now add, rather than the diffusion fluxes:

ADC  =  - ln( VEC e
-b.ADC

EC  +  VIC e
-b.ADC

IC  ) b-1 [5]

Line 2 in Fig. 6 shows the result of fitting this equation to the data with fixed coefficients:
ADCEC = 12×10-4 mm2.s-1 and ADCIC = 2.8×10-4 mm2.s-1.  The line does not differ markedly
from the linear regression within the range of the data.  A probably more accurate analysis
again involves expanding ADCEC = D0 λEC

-2 in equation 5 and employing the known values of
λEC (22) over the range VEC=0.1-0.6.  Assuming the same fixed value for IC tortuosity as for
the fast exchange model (λIC = 2.2) we obtain only a slightly less good prediction, as shown by
line 4.  As with the fast exchange model, variations of λIC with cell volume (from
approximately 1.9 at VEC=0.6 to 2.4 at VEC=0.1) can generate a good fit. Thus, though the data
are consistent with a fast exchange model, they do not favour it over a slow exchange model.
Both models require an assumption that proton diffusion within the cells is approximately 1.7
times slower than outside. The true situation must of course be intermediate between extreme
slow and fast exchange models, with time constants yet to be inferred.

We observed a substantial increase of T2 with hypotonic solutions, though only a small
reduction in hypertonic solutions (Fig. 5). Cell swelling due to ischaemia in mammalian brain
is not usually associated with increases of  T2, and indeed small decreases have been seen in
the gerbil with global cerebral ischaemia (27) and in the rat with hypoxia measured at high field
strengths (28,29); both types of observation were attributed to altered blood oxygenation, which
is not a factor in our experiments.  Our conditions do differ from ischemia in that the cell
swelling is caused by a reduction of osmolarity rather than metabolic insufficency, and
significant changes of total tissue water content are induced (22). Other hypotonic interventions
have also led to T2 increases, in isolated Aplysia neurons (30) and with prolonged plasma
hypotonicity (and effectively regulated brain water content) in rabbits in vivo (31).  It is not yet
clear how tissue water content, cell volume and osmolyte regulation interact to affect T2 (31),
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but in our experiments it is noteworthy that the T2 changes are similar in magnitude (and in the
asymmetry of their behaviour to hypo- and hyper-tonic interventions) to the changes of total
water content inferred by Krizaj et al. (22: their Fig. 4).

Cell swelling is a feature of several CNS pathologies in which DW-image changes and ADC
changes have been observed.  Our experiments, coupled with previous physiological studies
(22), serve to identify the quantitative relationship between ADC and cell volume in a
relatively simple situation and to show that it is consistent with simple models, with plausible
parameters of EC and IC diffusion applied to MR data.  The significance of  the changes of
spin-spin relaxation (T2) remains to be elucidated.
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Figure legends

Fig. 1. The perfusion system in the magnet bore, made from perspex sealed with silicone rubber
and nylon screws. Cooled saline flowed along a double layer of cloth enclosing the tissue, with
O2, CO2 gas mixture above and below.  The inner chamber was surrounded on three sides by
circulating cold water (12-14 °C).  The RF receiving coil (6mm dia.) was within  2mm of the
tissue. The chamber was covered with a loosely fitting perspex lid.

Fig. 2. Double echo sequence used to acquire images allowing calculation of ADC and
apparent T2, at two echo times (TE = 80 ms, 160 ms).  A diffusion weighted sequence is
shown, with gradients applied around the first 180o pulse.  These were interleaved with
equivalent sequences in which these gradients were replaced with much smaller slice spoil
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gradients.

Fig. 3.  Image of a cerebellum showing the ROI used for signal intensity measurement. The
flow direction and principal field axis (Z: Fig.1) are vertical.
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Fig. 4. Illustrative data from double-echo experiments in which preparations were exposed to
(A) reduced osmolarity (170 mosmol.l-1) for 65 min and (B) increased osmolarity (781
mosmol.l-1) for 45 min.  Signal Intensity (S80) and the ADC and T2 calculated  from equations
1 and 2 are shown as percentages of baseline values before the solution changes at time t=0.
Exponential fits (dashed lines) with indicated amplitudes, exponential time constants and
baseline values for ADC and T2 are shown for each graph, fitted up to the time of restoration of
control solution; subsequent relaxation to baseline is shown with the same time constant, but
not taken into account in the fit.
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Fig. 5. Summary of changes in ADC and T2 in double echo experiments.  Means (± 1 s.e.m.,
based on the indicated numbers of measurements) are shown for the percentage changes of
ADC (open symbols, full lines) and T2 (filled symbols) in 2 sets of double-echo experiments in
which diffusion gradients were along the x-axis in the plane of the tissue (squares, from 31
preparations) and the y-axis perpendicular to the tissue (diamonds, from 13 preparations).
Overlapping points are slightly displaced laterally for clarity.
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Fig. 6. ADC measurements related to the inferred extracellular volume fraction VEC from data
of Krizaj et al. (22) obtained under similar conditions.  Data points are mean absolute ADC
measurements (± s.e.m.) for the same experiments as Fig. 5, with diffusion gradients on the x-
axis (squares) and y-axis (diamonds).  Lines show fits to models with either fast (1,3: full lines)
or slow (2,4: dashed lines) trans-membrane proton exchange.  Models 1,2 assume constant EC
and IC diffusivity with best-fit parameters (in units of 10-4 mm2.s-1):  ADCEC = 9.6,  ADCIC =
2.8 for fast exchange (equation 3) and ADCEC = 11.0,  ADCIC = 2.8 for slow exchange
(equation 5).  Models 3,4 employ ADCEC values inferred from measurements of VEC, λEC made
by Krizaj et al. (22) for EC ions, with Do=17.2×10-4 mm2.s-1 and ADCIC = 3.6 ×10-4 mm2.s-1 (λIC

=2.2).  Lines 5,6 show the separate EC and IC contributions to diffusion flux for models 3,4 as
identified in Equation 3.


