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Ex vivo biological sample imaging can complement in vivo MRI
studies. Since ex vivo studies are typically performed at room
temperature, and samples are frequently preserved by fixation,
it is important to understand how environmental and chemical
changes dictated by ex vivo studies alter the physical and MR
properties of a sample. Diffusion and relaxation time measure-
ments were used to assess the effects of temperature change
and aldehyde fixation on the biophysical and MR properties of a
model biological tissue comprised of erythrocyte ghosts sus-
pended in buffer or agarose gel. Sample temperature was var-
ied between 10°C and 37°C. Diffusion MRI data were analyzed
with a biophysically appropriate two-compartment exchange
model. Temperature change resulted in a complex alteration of
water diffusion properties due to the compartmental nature of
tissues and alteration in membrane permeability. Formalde-
hyde, Karnovsky’s solution, and glutaraldehyde all caused sta-
tistically significant changes to the biophysical and MR prop-
erties of the samples. Fixation caused large decreases in water
proton T2, which was restored to near prefixation values by
washing free fixative from the samples. Water membrane per-
meability was also significantly altered by fixation. This study
demonstrates that relating in vivo MR data to chemically fixed
ex vivo data requires an understanding of the effects of sample
preparation. Magn Reson Med 56:282–289, 2006. © 2006
Wiley-Liss, Inc.
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There has been a recent growth in the application of ex
vivo MRI studies to biological tissues, organs, and entire
organisms, which augment in vivo MRI by providing in-
formation that would be difficult or impossible to acquire
from a living system. Ex vivo samples allow the use of
stronger magnetic field gradients and permit a higher
achievable signal-to-noise ratio (SNR) (also due to smaller
RF coils and samples, and longer scan times) and thus
higher spatial resolution, and produce data sets devoid of
motion or flow artifacts. MRI of ex vivo samples has been

used for morphological evaluations of human samples,
particularly in neurological (1–4) and cardiac studies (5–
7). A variety of animal models have been used in a similar
fashion (8,9). For example, MR microscopy of fixed mice
and mouse organs has been employed for morphological
phenotyping (10,11), and has been widely used in diffu-
sion tensor imaging (DTI) studies investigating the micro-
structure of the central nervous system (e.g., Refs. 12 and
13). Aldehyde fixation is frequently employed to preserve
tissues from degradation prior to imaging, and MR data are
most commonly acquired at room temperature (approxi-
mately 20°C) rather than physiological temperature
(�37°C). However, it is recognized that the process of
fixation may alter the morphological and physical proper-
ties of the fixed tissue, as well as the MR properties, and
that these will vary with the fixative and fixation tech-
nique used (4,6,14,15). To relate data acquired from chem-
ically fixed samples at room temperature to an in vivo
situation, it is necessary to understand how these environ-
mental and sample changes will affect the MR-visible
properties of the sample. We hypothesized that diffusion
MRI could be used to detect and quantify changes in tissue
biophysical properties (such as membrane permeability
and water diffusion rates) and MR properties (such as
relaxation rates) caused by aldehyde fixation and/or
changes in temperature.

The effects of fixation on biophysical and water proper-
ties of the model tissue were investigated for three fixative
types. Fixatives such as formaldehyde and glutaraldehyde
cross-link protein amino groups with methylene bridges to
render tissues metabolically inactive and structurally sta-
ble (16). While this preserves microstructural organization
within a tissue, it necessarily alters chemical and physical
environments that contribute to MRI contrast mechanisms.
This is significant because diffusion MRI is widely em-
ployed to image chemically fixed biological samples.

Excised tissues present a challenging system for accu-
rate modeling of diffusion signals because of their complex
and heterogeneous structure. Therefore, in this study we
employed a simple biological model tissue composed of
erythrocyte ghosts, a flexible system that allows indepen-
dent control of its biophysical properties (17). For studies
of aldehyde fixation, ghosts were immobilized in agarose
gel so that samples could be immersion-fixed, analogously
to the preparation of ex vivo biological samples. Since the
ghosts are not metabolically active, they exhibit stable
biophysical and MR properties, which is important for
comparisons between fresh and chemically-fixed samples.
Diffusion data were acquired from erythrocyte ghost sam-
ples at 10°C, 20°C, 30°C, and 37°C to assess the effects of
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temperature on water diffusion properties in biological
tissues. For the fixative studies, diffusion data were ac-
quired from freshly prepared gel-immobilized erythrocyte
ghost samples, samples that had been immersed in three
types of fixative solution, and fixed samples that had been
saline-washed to remove excess fixative. Additionally, the
effects of a membrane water channel blocker (pCMBS) on
diffusion properties were determined for all samples in the
fixative study. Diffusion data acquired from this system
were assessed with an analysis model appropriate to the
model tissue microstructure (18), which provided infor-
mation on microstructural perturbation.

MATERIALS AND METHODS

Ghost Sample Preparation

Human erythrocyte ghost samples were prepared as previ-
ously described (17), by the hypertonic lysis/gel filtration
method of Wood (19). The ghost preparation method
yielded a sample of resealed ghosts that were free from
visible contamination with hemoglobin. Prior to MR in-
vestigation the ghosts were washed in isotonic buffered
erythrocyte suspension (IBES) solution (125 mM NaCl,
5 mM HEPES, 4.5 mM KCl, 2.5 mM CaCl2, 1.8 mM MgSO4,
5 mM NaHPO4, 10 mM glucose) and pelleted by centrifu-
gation at 16000 � g for 10 min. The intracellular fraction of
the pellet was determined by the degree of dilution of a
fluorescently-labeled dextran solution by the extracellular
space, as previously described (17).

For temperature studies the ghost suspension was di-
luted to an intracellular fraction of approximately 50% by
the addition of IBES solution. Aliquots of this ghost sus-
pension (80 �l, three samples per temperature group) were
placed in NMR tubes (2.4 mm ID) and stored at 4°C until
required for MR investigation (no more than 12 hr). To test
whether sample temperature altered intracellular fraction
in red blood cells, aliquots of a suspension of erythrocytes
in IBES solution at approximately 60% intracellular frac-
tion were incubated at 4°C and 37°C for 20 min (three
samples per temperature group). The intracellular fraction
of these samples was determined by centrifugation (10 min
at 2500 � g) at 4°C and 37°C.

Ghost Sample Fixation

For aldehyde fixation studies the ghosts were immobilized
in agarose by mixing three volumes of ghost suspension

with two volumes of IBES solution containing low-melt-
ing-point agarose (1.25% w/v) at 37°C. This produced an
erythrocyte suspension with an intracellular fraction of
approximately 50% and 1% agarose in the extracellular
space. The suspension was then placed in a 2.4-mm inter-
nal diameter glass NMR tube and cooled to 2°C. Once the
agarose solution had gelled, the immobilized ghost prep-
aration was extruded from the glass tube and immersed in
1� phosphate-buffered saline (PBS) solution (137 mM
NaCl, 2.7 mM KCl, 1.0 mM Na2HPO4, 1.8 mM KH2PO4, pH
7.4, 300 mOsm kg–1). The ghost-gel sample was cut into
15-mm-long samples (approximately 80 �l volume) and
either stored at 4°C until required for MR investigation (no
more than 12 hr (freshly prepared ghosts)) or immersed in
fixative solution. The three fixative solutions used were
PBS (pH 7.4, 300 mOsm kg–1) containing either 4% form-
aldehyde, a mixture of 2% formaldehyde and 2% glutar-
aldehyde (Karnovsky’s solution), or 4% glutaraldehyde.
MR data were acquired from ghost samples after 4 weeks of
immersion-fixation, both from fixative-equilibrated sam-
ples and samples that had been washed for 12 hr in 1 �
PBS to remove free fixative. Washing involved placing the
sample in a PBS solution with volume greater than 100�
that of the sample, and exchanging PBS solutions at
30 min, 1 hr, and 11 hr after the start of washing. All MR
data were acquired from triplicate samples of gel-immobi-
lized ghosts.

After acquisition of MR data the ghost-gel samples were
immersed for 1 hr in a solution containing para-chloromer-
curiphenylbenzene sulphonate (pCMBS), a water mem-
brane channel blocker, to assess the effects of fixation on
channel-mediated membrane water permeability. Freshly
prepared and fixed-washed samples were immersed in
PBS containing pCMBS (2 mM), and fixed samples were
immersed in their respective fixative solution containing
pCMBS (2 mM).

MR Data Acquisition

All MR data were acquired using an Oxford Instruments
(Abingdon, UK) 14.1-T vertical standard bore magnet inter-
faced to a Bruker (Billerica, MA, USA) 600-MHz spectrome-
ter equipped with triple-axis 3000 mT m–1 gradients. The
temperature was controlled using a Bruker variable temper-
ature system employing an air heater and thermocouple in-
corporated into the microimaging probe. The temperature

FIG. 1. a: The free diffusion coefficient of pure
water plotted against sample temperature, mea-
sured at 10°C, 20°C, 30°C, and 37°C (E, mean of
N � 3, standard deviation (SD) error bars within the
symbols), and the published rate of water diffusion
(––––) as described by Mills (22). b: The tempera-
ture dependence of water proton T1 (�) and T2 ({)
in pure water (data show means � SD, N � 3).
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controller was calibrated using the chemical shifts of meth-
anol proton resonances (20) to an accuracy of �1°C. Pulsed
gradient spin-echo (PGSE) experiments (21) used gradient
pulse durations (�) of 3 ms and pulse separations (�) of 5, 10,
17, 25, 35, and 50 ms. Echo times (TEs) were 15, 15, 25, 30,
45, and 60 ms, respectively. Gradient strength was linearly
incremented in 32 steps to produce b-values between 0 and
16000 s mm–2 for all diffusion times, and two averages were
acquired per gradient increment. The repetition time (TR) for
all of the PGSE experiments was 4 s, resulting in a scan time
of approximately 4.5 min per diffusion measurement. T2

relaxation times were measured with a Carr-Purcell-
Meiboom-Gill (CPMG) sequence employing a TE of
4.12 ms and 256 echoes per acquisition. T1 relaxation
times were measured with an inversion-recovery se-
quence employing 12 logarithmically-spaced inversion
times between 50 and 9000 ms. Data were acquired at
sample temperatures of 10°C, 20°C, 30°C, and 37°C for
the temperature study, and at 20°C for the fixation study.
The total imaging time per sample was approximately
38 min. Sample temperature change was followed by a
10-min equilibration period. This period was demon-
strated to be sufficient for sample temperature equilibra-
tion by measuring the chemical shifts of a methanol
sample following temperature change.

Data Analysis

The PGSE data were analyzed with a two-compartment
model incorporating exchange between compartments, in-
tracellular restriction, and extracellular tortuosity, as de-
scribed by Li et al. (18) and previously employed in our

erythrocyte ghost studies (17). The analysis provides an
index of cell size (a), extracellular apparent diffusion co-
efficient (ADCex, representing extracellular diffusion rate
moderated by tortuosity), intracellular fraction (Vin), and
the rate of water exchange between the intra- and extra-
cellular compartments (kie). It should be noted that ADCex

represents the apparent diffusion coefficient of water in
the extracellular space and depends on the intrinsic free
diffusion coefficient (Dex), the extracellular volume frac-
tion, and cell geometry; therefore it is always slower then
Dex. Dex can be calculated from ADCex if the precise shape
cellular shape is known (18); however, in the case of a
complicated cell shape (as with the ghosts), it is difficult to
precisely determine the tortuosity factor. Therefore, we
report the ADCex rather than make assumptions about
extracellular tortuosity.

In our previous study (17) we successfully employed
this analysis to track changes in intracellular volume frac-
tion and cell size, and demonstrated the limitations of the
simpler biexponential analysis. Fits were rejected if the
normalized 	2 value was larger than 4, and acceptable fits
typically had 	2 values of approximately 0.8–1.4. A statis-
tical comparison of ghost biophysical properties from
the temperature study was performed using a one-way
repeated-measures analysis of variance (ANOVA) with
post-hoc Tukey multiple comparisons tests to isolate indi-
vidual differences between treatment groups (SigmaStat
2.03, Point Richmond, CA, USA). A one-way ANOVA with
post-hoc Tukey multiple comparisons tests was used for
the fixative study. Significance for all statistical tests was
defined a priori as P � 0.05.

FIG. 2. Representative PGSE experiment data from a sample of erythrocyte ghosts suspended in IBES solution at temperatures of 10°C,
20°C, 30°C, and 37°C, acquired with diffusion times of 4, 9, 16, 24, 34, and 49 ms at each temperature. Sixteen of the 32 acquired data
points are shown for each diffusion time (
), with two-compartment exchange model fits (––––) to the data.

FIG. 3. Representative PGSE experiment data from a freshly prepared gel-immobilized ghost sample, a sample fixed in 4% formaldehyde, a 4%
formaldehyde-fixed sample that had been PBS-washed to remove excess fixative prior to data acquisition, and the same sample after immersion
in PBS containing 2 mM pCMBS. Data were acquired with diffusion times of 4, 9, 16, 24, 34, and 49 ms for each sample. Sixteen of the 32
acquired data points are shown for each diffusion time (
), with two-compartment exchange model fits (––––) to the data. Plots are normalized
to the b � 0 data point of the Tdiff � 4 ms data set. The effects of reduced T2 on the formaldehyde-equilibrated sample (b) are evident.
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RESULTS

Temperature Dependence of Model Tissue Water Diffusion
Properties

Figure 1a shows the free diffusion coefficient (D) of pure
water plotted against sample temperature, measured at 10°C,
20°C, 30°C, and 37°C. The published rate of water diffusion
determined by Mills (22) is also shown for comparison. Good
agreement between experimental and literature diffusion
rates was observed, confirming correct gradient strength cal-
ibration. Pure water, IBES, and PBS solutions exhibited near-
identical water diffusion coefficients at each of the four tem-
peratures (data not shown). Figure 1b shows the temperature
dependence of water proton T1 and T2, demonstrating an
increase in T1 and T2 with temperature.

Figure 2 shows representative PGSE data from an eryth-
rocyte ghost sample at 10°C, 20°C, 30°C, and 37°C. Data
acquired at diffusion times of 4, 9, 16, 24, 34, and 49 ms are
shown for each temperature. Non-monoexponential diffu-
sion was observed in all data sets. As observed in our
previous studies, increasing the diffusion time results in
decreased signal at high b-values due to the effects of
compartmental exchange. Increasing the sample tempera-
ture yields an increased initial slope, decreased signal at
high b-value, and greater signal attenuation at high b-value
as diffusion time is increased. The two-compartment ex-
change model was fitted to the data to assess the biophys-
ical origins of these diffusion changes. The results of fitting
and relaxation time measurements are shown in Table 1.
ADCex increased by �65% following a temperature in-
crease from 10°C to 37°C, and the mean intracellular res-
idence time (� � 1/kie) decreased from 16.8 to 7.1 ms.
Statistically significant differences between all tempera-
ture measurements in T1, ADCex, and mean intracellular
residence time were observed (P � 0.01). Interestingly, a
decrease in calculated Vin was also observed with temper-
ature increase, with a concurrent small decrease in mean
diffusion diameter (a). Also, a decrease in water proton T2

was observed with temperature increase. To investigate
the potential for a change in ghost cell dimensions, ali-
quots of an erythrocyte suspension were incubated at 4°C
and 37°C for 20 min prior to intracellular fraction (hemat-
ocrit) measurement. The intracellular fractions were
58.1% � 1.0% and 57.0% � 0.7%, respectively. No sig-
nificant difference between the measured intracellular
fractions was observed (Student’s t-test, P � 0.05). Thus
there was no evidence of a temperature dependence for
erythrocyte intracellular volume.

Effects of Sample Fixation on Model Tissue Water
Diffusion Properties

The results of relaxation time and diffusion measurements
from ghost-free PBS, fixative solutions, and 1% agarose gels
at 20°C are shown in Table 2. The T2 relaxation rates, R2, of
the fixative components in 1% agarose gel were 21.2, 9.8, and
10.6 s–1 for 4% formaldehyde, 2% formaldehyde and 2%
glutaraldehyde, and 4% glutaraldehyde, respectively. Wash-
ing free fixative from the 1% agarose samples resulted in a
slightly higher water proton T2 than the prefixation T2.
Monoexponential signal attenuation was observed in T2 and
diffusion data from these control measurements.

Figure 3 shows representative PGSE experiment data
from a freshly prepared gel-immobilized ghost sample, a
sample fixed in 4% formaldehyde, a 4% formaldehyde-
fixed sample that had been PBS-washed to remove excess
fixative prior to data acquisition, and the same sample
after incubation with pCMBS for 1 hr. The effects of chang-
ing membrane permeability on the PGSE experiment data
can be seen as a decreasing dispersion of data acquired at
different diffusion times, as clearly indicated by the differ-
ences among Fig. 3a, c, and d. The mean intracellular resi-
dence times calculated from these data were 14.1, 19.3, and
44.8 ms, respectively, for fresh ghosts, fixed-washed ghosts,
and fixed-washed ghosts incubated with 2 mM pCMBS.

Table 3 shows relaxation measurements and fitted pa-
rameters of the two-compartment model for the ghost-gel
data shown in Fig. 3a–c, and data from the other aldehyde-
fixed samples. Fixation reduced ADCex (by approximately
7%, P � 0.01), but sample washing restored ADCex to near
prefixation values (Table 3). The mean intracellular resi-
dence time, �, increased for samples immersed in fixative
from 14.2 � 0.4 ms to 24–28 ms (P � 0.01; Table 3).
Washing did not completely reverse this alteration in �.
The changes in sample T1 and T2 relaxation with fixation
and washing mirror the relaxation rate differences of cell-
free 1% agarose and cell-free 1% agarose immersed in
fixative solutions. As in the temperature study, fits indi-
cated an increase in Vin concurrent with mean intracellu-
lar residence time increase; however, this may not reflect a
true change in intracellular volume (vide infra).

Table 4 shows fits to the samples after immersion in PBS
or fixative-PBS containing 2 mM pCMBS. This membrane
water channel-blocking compound reduces membrane
permeability to water, and thus reduces the mean intracel-
lular residence time, altering the effects of compartmental
exchange on water diffusion properties. pCMBS caused a

Table 1
Temperature Study: T1 and T2 Measurements, and Results of Two Compartment Exchange Model Fits to Diffusion Data*

Sample
temperature/°C

ADCex/�m2 ms1 a/�m
Mean intracellular

residence time (�)/ms
Vin T1/s T2/ms

10 0.94 � 0.02x 2.20 � 0.02y 16.8 � 0.2x 0.42 � 0.01y 1.90 � 0.01x 334 � 4x

20 1.19 � 0.03x 2.09 � 0.06 11.8 � 0.9x 0.39 � 0.02y 2.53 � 0.22x 317 � 3x

30 1.41 � 0.01x 2.07 � 0.04z 8.9 � 0.1x 0.35 � 0.01y 3.25 � 0.05x 291 � 4x

37 1.58 � 0.04x 2.06 � 0.05 7.1 � 0.3x 0.32 � 0.02y 3.86 � 0.09x 271 � 1x

*Data show means � SD, N � 3. Fitted values that show statistically significant differences between all three(x), two(y), or one(z) of the other
temperature measurements (P � 0.05) are indicated in the table.
ADCex � extracellular apparent diffusion coefficient, a � mean restriction dimension, � � mean intracellular residence time of water
molecules, Vin � intracellular fraction.
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statistically significant increase in mean intracellular res-
idence time in all samples (P � 0.01).

DISCUSSION

Temperature Dependence of Model Tissue Water Diffusion
Properties

The temperature dependence of water diffusion in biolog-
ical tissues is more complex than that of pure water due to
the compartmental nature of biological tissues. Pure water

diffusion rate shows a near-linear dependence on temper-
ature over the range studied, and water diffusion in bio-
logical tissues also shows temperature dependence. Mor-
van and Leroy-Willig (23) demonstrated changes in muscle
water ADC on exercise that they assigned in part to change
in tissue temperature due to metabolic activity. Hasegawa
et al. (24) demonstrated that the ADC of brain tissue water
correlated with temperature in the range of 33–39°C, and
suggested that in normal brain the water ADC could be
used to reflect changes in brain temperature. However,

Table 2
T1, T2, and, Apparent diffusion Coefficient Measurements from Cell Suspension Solutions and Fixative Solutions Used in the Studies*

Solution type Sample T1/sec T2/ms
ADC/�m2

ms1

Cell suspension solutions Water 2.90 � 0.02 2100 � 10 2.03 � 0.01
PBS 2.82 � 0.02 1944 � 50 2.01 � 0.01
IBES 2.90 � 0.02 854 � 2 1.99 � 0.01
1% agarose in PBS 2.82 � 0.01 173 � 1 1.97 � 0.01

Fixative solutions 4% formaldehyde 2.80 � 0.01 37 � 1w 1.93 � 0.01w

Karnovsky’s solution 2.73 � 0.02w 64 � 2w 1.87 � 0.01w

4% glutaraldehyde 2.64 � 0.01w 61 � 1w 1.81 � 0.01w

1% agarose in fixative solutions 4% Formaldehyde 2.76 � 0.01x 28 � 1x 1.92 � 0.03x,y

Karnovsky’s solution 2.64 � 0.01x 54 � 1x 1.85 � 0.01x,y

4% glutaraldehyde 2.55 � 0.01x 50 � 1x 1.74 � 0.01x,y

PBS-washed 1% agarose after
immersion in fixative solution 4% formaldehyde 2.89 � 0.01z 186 � 1z 1.98 � 0.01z

Karnovsky’s solution 2.90 � 0.02z 187 � 1z 1.97 � 0.01z

4% glutaraldehyde 2.91 � 0.01z 178 � 1z 1.98 � 0.01z

*Data show means � SD, N � 3, for cell-free solutions employed for cell suspension and fixation. Statistically significant differences
between means (P � 0.05) are indicated for the fixative solutions, 1% agarose in fixative solutions, and PBS-washed 1% agarose after
immersion in fixative solution.
wFixative solution significantly different from PBS.
xSignificantly different from 1% agarose in PBS.
ySignificantly different from both other fixative-immersed 1% agarose samples.
zPBS-washed 1% agarose samples significantly different from the corresponding fixative-immersed sample.
ADC � apparent diffusion coefficient.

Table 3
Fixative Study: T1 and T2 Measurements, and Two Compartment Exchange Model Fits to Diffusion Data from Fresh,
Fixed and Fixed-Washed Samples*

Sample
ADCex/�m2

ms1 a/�m
Mean intracellular

residence time
(�)/ms

Vin T1/s T2/ms

Freshly prepared gel-immobilized
ghosts 1.38 � 0.01 2.23 � 0.03 14.2 � 0.4 0.32 � 0.01 2.63 � 0.01 189 � 2

4% formaldehyde-fixed 1.28 � 0.01w 2.11 � 0.03 28.0 � 2.2w 0.44 � 0.01w,y 2.53 � 0.03 33.3 � 1.4w,y

Karnovsky’s solution-fixed 1.28 � 0.02w 2.21 � 0.04 22.9 � 2.1w 0.36 � 0.01w 2.42 � 0.04 45.1 � 0.5w

4% glutaraldehyde-fixed 1.20 � 0.01w,y 2.21 � 0.04 24.0 � 0.2w 0.39 � 0.01w 2.34 � 0.04 49.3 � 1.1w

PBS-washed after 4%
formaldehyde 1.34 � 0.05x 2.26 � 0.08 21.7 � 2.5w 0.41 � 0.02w,x,z 2.53 � 0.03 211 � 3w,x

PBS-washed after Karnovsky’s
solution 1.36 � 0.01x 2.24 � 0.05 16.9 � 0.9 0.34 � 0.01 2.45 � 0.06 209 � 2w,x

PBS-washed after 4%
glutaraldehyde 1.34 � 0.02x 2.23 � 0.06 17.1 � 0.4x 0.37 � 0.01w 2.46 � 0.22 210 � 3w,x

*Data show means � SD, N � 3, for gel-immobilized ghost samples prior to fixation, following immersion in fixative for four weeks, and after
washing in PBS. Statistically significant differences between means (P � 0.05) are indicated in the table.
wSignificantly different from freshly prepared ghost samples.
xWashed samples significantly different from the corresponding fixative-immersed sample.
ySignificantly different from both other fixed samples.
zSignificantly different from both other fixed-washed samples.
ADCex � extracellular apparent diffusion coefficient, a � mean restriction dimension, � � mean intracellular residence time of water
molecules, Vin � intracellular fraction.
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water diffusion in biological tissues is more complex than
can be described by a simple ADC measurement—hence
our approach to determine the multicomponent behavior
of water diffusion at a range of diffusion times, and anal-
ysis with a more biophysically appropriate model (18).
Our previous studies demonstrated that water diffusion in
ghosts suspensions could be well described by tortuous
extracellular diffusion, restricted intracellular diffusion,
and exchange of water between intra- and extracellular
compartments (17). The temperature experiment analyses
presented here broadly support this description, in which
different water compartments show different responses to
temperature change. As temperature is increased, ADCex

increases but intracellular water remains diffusion-re-
stricted by the cell membrane. This can be seen in the raw
data (Fig. 2) as an increase in initial slope, but no change
in slope at high b-values, as temperature is increased. The
value of � decreases with temperature increase, as has been
well documented in other studies (25). In the raw data
(Fig. 2) this is manifested as greater signal attenuation with
increasing diffusion time as temperature is increased.

Sample T1 changes significantly with temperature (Fig.
1), and one could postulate that fitted diffusion parameters
could be affected by altered sample T1. However, T1 was a
parameter in the analysis model, and diffusion experi-
ments that employed long TRs (12 s) showed no significant
differences in fitted parameters compared to fits from data
acquired with a TR of 4 s (data not shown).

The observed decrease in sample T2 with temperature
increase (Table 1) was unexpected, given the temperature
dependence of T1 and the potential for T1 to influence T2

(Fig. 1b). Also, an unexpected decrease in calculated in-
tracellular fraction (Vin) was observed with temperature
increase, although independent measures of intracellular
fraction temperature dependence in erythrocyte samples
did not corroborate this observation. A change in Vin was

also observed in the fixative study when membrane per-
meability was altered with pCMBS, or on fixation (vide
infra). Since Vin represents the visible intracellular spin
pool, it is plausible that with increased temperature an
elevated water mobility results in an increased number of
intracellular spins experiencing T2 relaxation effects via
membrane or protein interactions (e.g., by increased ex-
change with intracellular bound water). An increase in
exchange with a bound water pool would decrease the
fraction of visible intracellular spins, and thus reduce the
calculated Vin and sample T2 despite an unchanged intra-
cellular fraction.

These studies of temperature effects on water diffusion
properties demonstrate that a simple correlation of diffu-
sion data acquired from biological tissues at different tem-
peratures requires caution because of the complex inter-
action among restriction, tortuosity, and exchange effects.
However, these data provide clues about how we may be
able to modify and improve MR data acquisition and fit-
ting models to properly account for temperature depen-
dencies.

Effects of Sample Fixation on Model Tissue Water
Diffusion Properties

Aldehyde chemical fixation caused major changes to the
biophysical properties of the model tissue and the MR
properties of tissue water. Removal of excess fixative by
washing in PBS reversed some, but not all, of these
changes. A dramatic decrease in sample T2 was observed
on fixation. This effect was greatest with 4% formaldehyde
and least for 4% glutaraldehyde. Formaldehyde and glu-
taraldehyde form hydrates in aqueous solution that cross-
link a portion of the water into a polymeric matrix (16,26),
slowing molecular motion and reducing water ADC and
proton T2. Bossart et al. (27) demonstrated that washing

Table 4
Fixative Study: T1 and T2 Measurements and Two Compartment Exchange Model Fits to Diffusion Data from pCMBS-Treated Samples*

Sample
ADCex/�m2

ms1 a/�m
Mean intracellular

residence time
(�)/ms

Vin T1/s T2/ms

Freshly prepared gel-immobilized
ghosts 1.35 � 0.03 2.16 � 0.03 46.3 � 4.0v 0.41 � 0.02v 2.63 � 0.04 187 � 4

4% formaldehyde-fixed 1.28 � 0.01w 2.20 � 0.05 44.8 � 3.3v,x 0.44 � 0.01x 2.56 � 0.02 29.7 � 1.1w

Karnovsky’s solution-fixed 1.28 � 0.01w 2.19 � 0.03 37.7 � 1.3v,w 0.37 � 0.01w 2.46 � 0.04 32.5 � 0.2w

4% glutaraldehyde-fixed 1.22 � 0.01w 2.19 � 0.04 32.5 � 1.4v,w 0.38 � 0.01 2.34 � 0.04 39.8 � 0.7w,x

PBS-washed after 4%
formaldehyde 1.33 � 0.01 2.22 � 0.05 42.7 � 1.8v,y 0.43 � 0.01y 2.56 � 0.03 206 � 2w,z

PBS-washed after Karnovsky’s
solution 1.41 � 0.03z,y 2.29 � 0.13 29.5 � 4.5v,w,z 0.36 � 0.02w,y 2.24 � 0.29 203 � 1w,z

PBS-washed after 4%
glutaraldehyde 1.34 � 0.01z 2.17 � 0.01 30.8 � 1.1v,w 0.39 � 0.01y 2.87 � 0.51 204 � 3w,z

*Data show means � SD, N � 3, for gel-immobilised ghost samples prior to fixation, following immersion in fixative for four weeks, and after
washing in PBS. Statistically significant differences between means (P � 0.05) is indicated in the table.
vSignificantly different from corresponding non-pCMBS-treated sample.
wSignificantly different from freshly prepared ghost samples.
xSignificantly different from both other fixed samples.
ySignificantly different from both other fixed-washed samples.
zWashed samples significantly different from the corresponding fixative-immersed sample.
ADCex � extracellular apparent diffusion coefficient, a � mean restriction dimension, � � mean intracellular residence time of water
molecules, Vin � intracellular fraction.
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free fixative from samples lengthens water proton T2; our
data confirm this observation and show that washing ele-
vates water proton T2 beyond prefixation values. However,
this may be due to a change in the relaxation properties of
agarose in the extracellular space, since a similar effect
was seen in cell-free agarose control samples (Table 2).
Whether it originates from the agarose or the ghost cells,
the elevation of T2 above prefixation values in fixed-
washed samples is presumably due to a permanent alter-
ation of model tissue components that contribute to water
proton T2, which results from chemical changes that are
not reversed by washing free fixative from the sample.

Fixation also significantly altered membrane permeabil-
ity. These changes were not completely reversed after the
free fixative was washed away. Transmembrane water ex-
change occurs via both channel-mediated and nonspecific
pathways, including passage through transmembrane pro-
tein channels (both aquaporins and channels associated
with transport of other molecules, such as glucose) and
water diffusion through the lipid bilayer (25,28). In our
experiments we attempted to determine whether the fixa-
tion-induced changes in membrane permeability originate
from alterations in channel-mediated or lipid bilayer per-
meabilities to water. We hypothesized that if fixation re-
duced membrane permeability by disrupting aquaporin
channels, then the effects of channel blockers such as
pCMBS would be minimal in those fixed samples, since
the water passage through the channels would already be
disrupted. However, if fixatives leave aquaporin function
unaffected but alter lipid bilayer permeability to water, the
addition of pCMBS would reduce membrane water perme-
ability in fixed samples to a lower permeability than ob-
served for unfixed ghosts incubated with pCMBS.

The results of this study (Tables 3 and 4) show that
pCMBS increased the mean intracellular residence time
from approximately 14 ms to 46 ms in fresh ghosts. Fixed
ghosts had residence times of 23–28 ms, with 4% formal-
dehyde showing the largest decrease in membrane perme-
ability. The addition of pCMBS to fixed samples further
increased residence times. The 4% formaldehyde-fixed
pCMBS-treated sample had a residence time equal to (but
not greater than) that of nonfixed ghosts in pCMBS. This
supports the hypothesis that fixative interaction with
aquaporin channels causes an alteration in membrane wa-
ter permeability. Interestingly, pCMBS has less of an effect
on samples fixed in 4% glutaraldehyde or 2% formalde-
hyde, 2% glutaraldehyde. One could propose that this may
be due to pCMBS reacting with free fixative rather than
blocking membrane channels, yet the same effect is ob-
served in ghost samples that had been washed of free
fixative. This suggests that glutaraldehyde-containing fix-
atives may alter membrane channels in a manner that
reduces the channel-blocking ability of pCMBS. The mem-
brane permeability changes observed on fixation were re-
versed to some extent when free fixative was washed from
the samples. The 4% formaldehyde had the greatest resid-
ual effect on membrane permeability after washing. Thus
one might choose a particular aldehyde fixative solution to
minimize perturbation of membrane permeability if this
biophysical property is considered most relevant to the
MR measurement.

Similarly to the temperature experiments, unexpected
changes in Vin were observed between different sample
groups in the fixative experiments. Further studies are
required to investigate whether the intracellular fraction
changed on fixation and/or pCMBS treatment, or whether
the changes in Vin represent an alteration in the visible
spin population but not a change in physical dimensions
of the cells. Although fixative buffer solutions have the
potential to alter cell volume, the fixatives used in this
study were suspended in isotonic (300 mOsm/kg) PBS,
and studies have indicated that the fixative components of
the solution do not contribute to the osmotic potential
(16).

The data show that significant changes in both tissue
biophysical properties and tissue water MR properties oc-
cur with temperature change or aldehyde fixation. This is
highly significant for comparisons of data acquired under
in vivo and ex vivo conditions. Sun et al. (29,30) suggested
that similar DTI data could be acquired from in vivo and ex
vivo rat brain measurements (measured in both healthy
(29) and infarcted (30) brain); however, in their studies
different b-value ranges and diffusion times were used for
comparisons of fixed and live sample MRI data. Nonethe-
less, the importance and relevance of employing ex vivo
studies to noninvasively investigate brain structure and
function is clear. The studies reported here focus on relat-
ing in vivo and ex vivo data sets by demonstrating the
relative contributions of biology and sample preparation to
the MR data.

CONCLUSIONS

We have employed a simple model of biological tissues to
characterize how sample temperature and aldehyde fixa-
tion alter the diffusion properties of tissue water. This is
significant because an increasing number of studies are
being performed on chemically-fixed ex vivo tissue sam-
ples, and an understanding of the biophysical and MR
changes associated with temperature change and fixation
are required to relate ex vivo data to the in vivo situation.
Temperature change and aldehyde fixation altered both
the MR properties of tissue water and the biophysical
properties of the model tissue. Temperature increase re-
sulted in an increase in the ADC of extracellular water, and
an increase in water exchange between the tortuous extra-
cellular compartment and the diffusion-restricted intracel-
lular compartment. An unexpected decrease in water pro-
ton T2 was also observed with temperature increase.

The formaldehyde and glutaraldehyde-based fixative so-
lutions greatly reduced sample T2 and slightly reduced
extracellular water ADC. Washing free fixative from sam-
ples restored ADCex to prefixation values and increased
water proton T2 to longer than prefixation values; how-
ever, this may be attributable to the effect of fixative on
agarose in the extracellular component. The fixatives also
reduced membrane permeability to water, and this effect
was partially reversed on sample washing.

Erythrocyte ghosts represent a very simple model sys-
tem that is well suited to monitoring changes in the MR
and biophysical properties of a tissue upon environmental
change, and avoids the confounding biological interac-
tions that can hinder in vivo studies. We extended this
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model to viable ex vivo brain slices (31) and obtained a
tissue model that is more representative of the in vivo
situation. Our studies demonstrate that an understanding
of the effects of sample preparation is essential to correctly
interpret MR data acquired from chemically fixed biolog-
ical samples.
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