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Abstract

Magnetic resonance imaging (MRI) has been applied to the evaluation of the distribution of water in extrudates
produced by extruding pastes. Two model drugs similar in chemical structure were mixed with microcrystalline
cellulose (MCC) and with two different amounts of water and extruded at two different extrusion speeds using a ram
extruder. Extrudates were collected during the steady-state stage of the extrusion profile and were analysed for the
water distribution using MRI. The percolation threshold for each sample was calculated to evaluate the degree of
water structure within the sample. The water distribution inside the extrudates was surprisingly uniform. The
extrudates produced using the faster extrusion speed had a significant lower percolation threshold, which suggests the
existence of a greater water structure in the extrudates. A significant correlation was found between the percolation
threshold and the extrusion force, which had been used to provide the extrudates. © 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The extrusion process is used in several differ-
ent industries to manufacture a wide range of
products, such as: rubber, plastic, explosives,
foods etc. The pharmaceutical industry uses this
process as the first phase of a bi-stage process for

the production of pellets, by placing the extru-
dates on a spheroniser’s rotating plate which
chops and rounds the extrudates to spherical pel-
lets. The process is claimed to produce uniform
sized pellets of smooth surface, which makes the
coating process more effective, to give a repro-
ducible and uniform controlled release drug
profile. Although this process has been known for
many years, rheological evaluation of pastes is
difficult because it involves the application of
stresses that can induce changes in the paste’s
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consistency due to the movement of fluid within
the sample being measured. The extrusion process
involves a major contribution from the liquid
component in the system, normally water. The
liquid acts as a lubricant, hence at higher water
contents, the force required to push the wet mass
through the die is lower. In addition, an increased
water content decreases the plasticity, reducing
the force necessary to extrude the paste (Harrison
et al., 1985). It is known that water moves at a
higher rate than the solids, usually resulting in
extrudates which are wetter than the original wet
mass (Fielden et al., 1989; Baert et al., 1992;
Tomer and Newton, 1999). Due to the high pres-
sures involved, steel equipment is required which
makes it difficult to observe what happens to the
liquid during the process. Fielden et al. (1989),
Baert et al. (1992), Harrison (1982) and Tomer
and Newton (1999) examined the extent of move-
ment of water during the extrusion process by
evaluation of the water content of extrudates.
Burbidge et al. (1995) examined the water migra-
tion while consolidating wet ceramic pastes using
a membrane filter instead of a die. The existence
of convergence patterns in the extrusion of pastes
has been observed (Harrison et al., 1984; Fielden
et al., 1989). Thus, the paste converges into the
restricted cross-section to flow through the die.
Here the flow of such systems has been shown to
be non-Newtonian (Harrison et al., 1987; Raines
et al., 1990; Chohan and Newton, 1996). It has
been suggested by Benbow et al. (1987) for ce-
ramic pastes, that the type of flow through the die
is plug flow, with a layer of water rich phase at
the wall of the die. If this is the case for the
pharmaceutical materials, one would anticipate a
variation in water content across the extrudate
with an outer layer being wetter than the centre.
There is a need therefore to evaluate the water
distribution across the extrudate to test this hy-
pothesis. A technique, which has the potential to
achieve this, is magnetic resonance imaging
(MRI).

MRI is extensively used for medical imaging. It
has been used also for mapping of liquids in solid
objects in many different fields of research. The
advantages of using MRI are:

1. It is a non-destructive and non-invasive
method. Hence, MRI does not require slicing
of the sample which could induce changes to
the water distribution.

2. It can be selective to a certain region of the
sample.

3. It can give the relative concentration as a
function of spatial location, providing that the
relaxation characteristics are uniform through-
out the sample or are known and can therefore
be corrected for (Hyde et al., 1995a).

Borgia et al. (1994) used MRI to look at the
distribution of residual water in dolomite cores
after saturating them with oil. Rajabi-Siahboomi
et al. (1994) looked at the swelling of hydrating
HPMC tablets using this MRI approach. Kojima
et al. (1998) looked at the differences between
swelling of micronized low-substituted hydrox-
ypropylcellulose tablets and swelling of HPC and
HPMC tablets. They showed that MRI, in this
case, was sensitive enough to distinguish between
the gel layer formed and the core of the tablet.
Hyde et al. (1995b) examined the effect of a
presence of a drug on properties such as buffer
uptake kinetics, drug distribution in the polymer
and other properties. Gotz and Buggisch (1993)
used MRI to examine water movement in the
extrusion barrel of a ram extruder while extruding
a ceramic paste, glass spheres and glass powder.
Tomer et al. (1999) used MRI to investigate water
distribution occurring inside the extrusion barrel
by analysing plugs from different stages of the
extrusion process. MRI has also been used to
visualise flow. Sinton and Chow (1990) studied
the flow of solid-rocket motor propellant. Gull-
berg et al. (1990) looked at flow of blood through
blood vessels that are unreachable with standard
visualisation methods. In both cases, velocity
maps of 2D slices were produced. In the last few
years, papers on visualising of flow in extrusion
using MRI have been published, especially with
regard to the food industry. Agemura et al. (1995)
used MRI to compare the flow fields between two
different types of screw-extruders. The method
commonly used to look at flow in such systems is
the time-of-flight method, which detects the dis-
placement of ‘tagged’ spins between excitation
and signal intensity measurement (Callaghan,
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1991a). Flow visualisation using MRI is more
appropriate for steady state flows (Pope and Yan,
1993), which is not the case with extrusion where
convergence is a common phenomena near the die
(Harrison et al., 1984; Fielden et al., 1989).

When extruding ceramic pastes, different con-
siderations must be taken into account. Water
moves much less freely in ceramic pastes during
extrusion, in comparison to the water movement
that occurs when extruding most of the pharma-
ceutical formulations. Furthermore, the extrusion
process in the pharmaceutical industry is more
complex than in any other industry, because con-
siderations must be taken to ensure that the mate-
rial has the properties required for both extrusion
and spheronisation. Unfortunately, different
physical properties are needed for a material to
successfully undergo the two-stage process. For
example, a material that extrudes well should
have appropriate plasticity, whereas a degree of
brittleness of the extrudates is required if they are
to break on the spheroniser. These chopped
length extrudates should be of sufficient plasticity
to round to spheres. Using a non-invasive method
on the extrudates the distribution of water inside
the samples could be mapped without needing to
slice the extrudates and by that change the water
structure.

1.1. Nuclear magnetic resonance (NMR)

The theory of nuclear magnetic resonance is
well known and the reader is referred to several
texts on the subject (Callaghan, 1991a), as a de-
tailed discussion is not appropriate here. Briefly
however nuclear magnetic resonance occurs when
nuclei possessing a magnetic moment, m are
placed in an external magnetic field, B0, and irra-
diated with radio-frequency (RF) radiation, B1,
perpendicular to B0. Nuclei having a magnetic
moment also posses ‘spin’, a form of angular
momentum characterised by the spin quantum
number, I, which for the hydrogen nucleus is
equal to 1

2. When a sample containing nuclei with
a magnetic moment is placed in a static magnetic
field, B0, (pointing along the laboratory z-axis)
the nuclear moments populate themselves between
two distinct energy levels. The population differ-

ence between these two levels is governed by the
Boltzmann distribution (Harris, 1986) and gives
rise to a net magnetisation vector M0= (iMx, jMy,
kMz). Transitions between these two energy levels
may then be induced by irradiating the system
with electromagnetic irradiation whose frequency
is proportional to the difference of the energy
level spacing:

DE=ghB0=hv0 (1)

Where g is the gyromagnetic ratio for 1H, h is
Planck’s constant and v0 is known as the Larmor
frequency. In modern NMR spectroscopy and
imaging a pulse of electromagnetic radiation in
the radio frequency (RF) region is used to perturb
the distribution of spins between the two energy
levels. After the pulse, an RF NMR signal is
detected as the equilibrium distribution between
the two levels is restored. The time dependence of
the signal is then monitored from which a fre-
quency spectrum may be obtained via Fourier
transformation. A single sharp line in the fre-
quency domain will result if the sample contains a
single proton chemical species, e.g. water.

1.2. Magnetic resonance imaging (MRI)

Spatial resolution is achieved by the superposi-
tion of additional smaller magnetic field gradients
(usually in the x, y, and z) to the main field B0.
Gradient and RF excitation pulses may then be
combined (Callaghan, 1991a) to produce one-two
and three-dimensional spatial maps of the spatial
spin distribution, more commonly known as the
‘spin-density’ given by:

r(r)=
&&&

S(k)exp[− i2pk.r]dk (2)

where r(r) is the spin density, S(k) is the
signal, r is the position vector of the spin(s) in the
sample and k is defined as the reciprocal space
vector (Callaghan, 1991b)

k= (2p)−1gGt (3)

and G is the strength (and direction) of the
additional magnetic field and t is the time for
which G is applied. In this study 3-dimensional
volume magnetic resonance imaging was used to
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obtain a full 3D spatial map of the spin-density of
water protons within the extrudate. The pulse
sequence involves the use of a normal spin-echo
using pure hard pulses (Callaghan, 1991a) and
three orthogonal gradients Gx, GY and Gz as
shown in Fig. 1(a). This type of sequence has the

advantage of minimising the echo time in the
experiment, a discussion of which is given below.

1.3. Relaxation processes

The recovery of the equilibrium magnetisation
condition following an excitation pulse is gov-
erned by two time constants, T1 and T2 known as
spin-lattice and spin-spin relaxation times, respec-
tively. In liquid like systems (which is the case
here) the spin-lattice relaxation time is governed
by the following equation:

dMz

dt
= −

(Mz−M0)
T1

(4)

where Mz is the magnetisation along the z axis,
M0 the equilibrium magnetisation and T1 is the
spin-lattice (or longitudinal) relaxation time. The
solution of Eq. (4) is given by:

Mz(t)= −Mz(0)[1− exp(
− t
T1

)] (5)

where Mz(0) is the magnitude of the z-magneti-
sation at equilibrium. The ‘Lattice’ in this case is
used as a general term for the nuclear environ-
ment. The spin-lattice relaxation process can be
also explained as relaxation of the over excited
resonating spin system by the transfer of its excess
energy to the surrounding thermal reservoir. This
flow of energy occurs between the nuclear spin
system and the other degrees of freedom in the
system, ‘lattice’. The spin-lattice relaxation time,
T1, at room temperature is typically in the range
of 0.1–10 s for protons.

Thermal equilibrium in the xy plane is de-
scribed by the time constant T2, known as the
spin-spin relaxation (or transverse) time:

dMx

dt
= −

Mx

T2

and
dMy

dt
= −

My

T2

(6)

Relaxation of Mx and My are caused by direct
interactions between the spins of different nuclei.
The spin-spin relaxation time, T2, is usually in the
range of 10 ms to 10 s. The relationship between
the two time constants is a complex one, though it
has been shown that T25T1 (Callaghan, 1991c).
The two relaxation phenomena, although de-
scribed by two different time constants, occur

Fig. 1. (a) Schematic of the 3D volume imaging pulse se-
quence. Here the z-direction is equivalent to the Gread. The
‘echo time’, TE, and ‘recycle time’ TR are indicated. (b) T1

profiling pulse sequence. The first 90° pulse is a saturating
pulse which is subsequently followed by a variable delay t. A
normal profiling sequence (indicated by the dashed box) is
then used to acquire T1 weighted profiles. (c) T2 profiling
sequence. Here a variable ‘echo time’ is achieved using a
preconditioning train of ‘n ’ 180° pulses (a CPMG train) before
the normal profiling sequence (indicated by the dashed box).
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simultaneously. The integrated form of Eq. (6) is
as follows:

Mx,y(t)=Mx,y(0) exp(
− t
T2

) (7)

This exponential behaviour applies where the
interactions responsible for relaxation in the
transverse direction are weak. However, for solids
undergoing very slow motions the decay is more
complicated than this.

T1 and T2 processes are of great importance in
NMR experiments and when designing an NMR
experiment, consideration of their effect should be
taken. For example, if the ‘recycle delay’ (the time
between successive RF excitations) is less than five
times T1 then the equilibrium magnetisation will
not recover completely along the z-axis resulting
in the net magnetisation vector being less than
M0. In this case the resulting detected magnetisa-
tion will be non-quantitative.

The spin-spin relaxation characteristics should
also be taken into consideration, as they deter-
mine for how long the xy magnetisation takes to
lose phase coherence in the xy plane after the
application of the RF pulse. In systems of short
T2, sometimes there is insufficient time to com-
plete the desired pulse sequence resulting in little
or no signal being detected.

It is important to realise that what is actually
being measured in these experiments is the inten-
sity of the NMR signal at a time TE (the echo
time), which is subsequently recycled at a recycle
time TR. The intensity of the observed magnetisa-
tion generated immediately after the 90° excita-
tion pulse (I0) is proportional to the proton
concentration when the recycle time, TR, is suffi-
ciently long to allow full relaxation of the NMR
signal. When TR does not allow complete relax-
ation, the NMR signal becomes saturated and the
intensity of the observed magnetisation generated
immediately after successive 90° excitation pulses
has intensity Is, where IsBI0. Eqs. (7) and (5) may
be combined to yield a relative signal intensity for
a given recycle time TR and echo time TE:

ITE:I0
�

1− exp(
−TR

T1

)
n�

exp(
−TE

T2

)
n

(8)

1.4. Percolation analysis

Percolation analysis is used in this work to
quantify the structure of water distribution within
the sample. The first step of percolation analysis is
to assign each volume element (voxel) within the
data matrix to either have a value of 0 or 1
corresponding to the states ‘empty’ and ‘occupied’
respectively. This is achieved in practice by binary
gating the data matrix at a particular threshold
value; the fraction of voxels assigned to each
‘empty’ or ‘occupied’ states varies monotonically
with the gating level. A cluster is defined as a
continuous group of occupied nearest-neighbour
voxels, where two voxels are considered nearest
neighbours if they have one face in common. At
any particular threshold value used to produce the
binary gated image, the 3D volume will consist of
a (in general large) number of clusters. A perco-
lating cluster is one such cluster which ‘spans’ the
volume, i.e. extends from side of the 3D volume
to the opposite side. The percolation threshold
(Pc) is the value of the threshold used to form the
binary gated data at which a percolating cluster is
first formed. Data sets for all samples were nor-
malised in identical fashion to permit quantitative
comparison of the percolation threshold between
samples. In this paper the percolation threshold is
found by determining, using a binary chop al-
gorithm, the threshold level to form the binary 3D
image at which a percolating cluster is first
formed. The application of image analysis to con-
sider percolation characterisation in MRI data
has been presented earlier. General aspects of
percolation theory and its uses are described in
Stauffer and Aharony (1994) and Sahimi (1994).

2. Materials and methods

Two different esters of gallic acid, methyl-
paraben (Nipa Laboratories, Mid Glamorgan,
UK) and propyl-paraben (Nipa Laboratories,
Mid Glamorgan, UK) were mixed with micro-
crystalline cellulose (Avicel PH-101, FMC, Cork,
Ireland) in the proportion of seven parts to five
parts to which water was added (formulation K:
40% of the total mass and formulation Q: 45.45%
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of the total mass). The wet mass was extruded
using a ram extruder (2.54 cm diameter barrel)
fitted with a single-hole die 2 mm in diameter and
8 mm in length (Ovensten and Benbow, 1968) at a
speed of 200 mm/min and 20 mm/min, driven by
a mechanical press (Lloyds MX-50, Southampton,
UK). The die’s diameter used was twice the nor-
mal in order to get a better resolution. Hence, the
length was also doubled in order to keep the
radius to length ratio the same. Once a steady-
state was formed the extrudates were collected for
3 s for the 200 mm/min extrusion speed and for
30 s for the 20 mm/min speed. A total of five
extrudates were randomly picked using a forceps
and placed inside a small glass tube, which is
hermetically sealed at the bottom and was sealed
at the top using a Teflon tape. The first extrudate
out of the five taken was analysed within 2 h from
extrusion.

All MRI experiments were performed on a
Bruker Spectrospin DMX 200 spectrometer oper-
ating at a 1H frequency of 199.7 MHz. Samples
for MRI were placed in a 5-mm NMR tube and
lowered via an air bearing mechanism into a
5-mm saddle coil. Typical pulse parameters were
as follows: 1H 90° pulse=3.5 ms; 180° pulse=7.0
ms; recycle time=3.0 s. Spatial resolution was
achieved using a three orthogonal axis (x,y,z)
shielded gradient system surrounding the sample.
For three-dimensional volume imaging a 128×
32×32 data matrix was acquired where the gradi-
ent strengths used were: Gz(read)=23.52 G cm−1

and Gxy(phase)=12.25 G cm−1 (Fig. 1(a)). The
field of view for all 3D-volume imaging was 10×
3.5×3.5 mm yielding a plane pixel resolution of
109 mm. The echo time (TE) was 1.90 ms. One-di-
mensional profiles were taken before and after a
three-dimensional volume image. The first extru-
date examined in the series of five had another 1D
profile taken at the end of the five experiments to
determine if there was significant water loss dur-
ing the 10 h over which the five experiments took
place. T1 and T2 profiles were acquired to investi-
gate relaxation heterogeneities over the length of
the sample. The pulses sequences to achieve T1/T2

profiles, shown in Fig. 1(b) and (c) respectively,
are simple modifications of the basic 1D profiling
sequence. For T1 profiles a 90° saturation pulse

followed by a homospoil gradient of duration 5
ms and strength 24.5 G cm−1 and then a variable
delay was used prior to the 1D profile sequence.
In this way it is possible to obtain a series of T1

weighted profiles which may then be fitted to Eq.
(5). T2 profiles were acquired using a CPMG
(Carr and Purcell, 1954) pre-conditioning pulse
train prior to the 1D profile sequence. Again a
series of T2 weighted profiles were obtained which
were subsequently fitted to Eq. (7). Prior to
Fourier transformation the 3D data sets were zero
filled in the xy dimensions to yield a data matrix
size of (128×64×64) and thus an improved al-
beit smoothed in plane resolution of approxi-
mately 55 mm.

Structural analysis of the distribution of water
in the sample was performed using a percolation
algorithm using in-house image analysis software
on a Sun Sparc 20 workstation. The preparation
of the samples involved breaking of the extrudates
and this produces uneven surfaces at the axial
edges of the cylindrical extrudate. For the struc-
tural analysis a comparable region of each sample
must be considered. This is achieved defining
boundaries that are common to all by chopping
the data matrix in the z (axial direction) prior to
percolation analysis.

3. Results and discussion

The recycle time (TR) used was 3.0 s and the
echo time (TE) was 1.9 ms. The relaxation times
measured as described above were as followed:
T1=1.80 s, T2=26.90 ms for the 40% water
extrudates, and T1=1.74 s, T2=25.81 ms for the
45% water extrudates. Using these values in Eq.
(8), gives that 23.4% of the total magnetisation is
lost prior to acquisition in the case of the 40%
extrudates, and 25.0% with the 45% extrudates.
Relaxation corrections may be neglected in this
work because T1/T2 analysis of the 1D profiles
showed that the relaxation parameters were essen-
tially the same for all samples and were homoge-
neously distributed across the 1D profile. From
examination of the 1D profiles, produced for the
first extrudate, examined from each sub-group of
extrudates before the experiment and after all the
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Fig. 2. 2D xy slices extracted from the 3D image from an
extrudate produced by extruding a mixture of methyl paraben/
MCC with 40% water at 200 mm/min. White dots represent
the presence of water. Each slice is 78 mm thick and has an
in-plane (xy) pixel resolution of 55 mm.

homogeneous in water contact without any wetter
or drier regions. A graph of water intensity as a
function of distance along the radial diameter is
shown in Fig. 3. The water level in all of the
samples was relatively consistent along the diame-
ter without any obvious differences across the
slice. This is in contradiction to the expected
higher concentration of water near the die wall
that would result if water migrated to the
circumference.

By increasing the diameter of the die, one is
minimising the effects of the die walls. Further-
more, Harrison (1982) showed that at low shear
rates the flow inside the die is a Newtonian
parabolic flow, where only at high shear rates
does the plug flow start to be predominant. Here,
again due to the relatively wide die used, the shear
rates are relatively low; hence, a parabolic flow
can be assumed to occur inside the die. This type
of flow would be expected to be much more
uniform with respect to water differences in com-
parison to the plug flow.

When examining the percolation thresholds cal-
culated for the different extrudates, displayed in
Table 1, higher values were recorded for the ex-
trudates produced using the slow extrusion speed
(20 mm/min) than those produced by extruding at
200 mm/min. Furthermore, higher percolation
threshold values were measured for the extrudates

five extrudates from its sub-group were analysed,
it was found that negligible water loss had occur
during this time (1.4%). The comparison between
the 1D profile taken before and after the 3D
experiment of each extrudate resulted in variation
less than 1.4%.

Fig. 2 shows an xy 1H spin-density map of an
xy slice extracted from the 3D data set. In con-
trast to the obvious water differences that were
easily seen from the slices produced from the plug
samples, the extrudates were seem to be relatively

Fig. 3. The graph of water intensities (y-axis) as a function of the position (x-axis) along the white line marked across the sample
(the noise level for this sample is 4.0×104).
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Table 1
Percolation thresholds averages and coefficient of variation (CV) from results of five different extrudates, and extrusion force
recorded for the different formulations

Extrusion speedMaterial Percolation thresholds,% Water Percolation thresholds, CV Extrusion force
(kN)(%)average

Methyl paraben 2040 0.322 3.0 1.20
200 0.291 1.2 3.7640

20 0.35045 2.5 0.51
45 200 0.297 8.4 1.33

20 0.338Propyl paraben 2.540 1.03
200 0.26840 2.1 2.80

45 20 0.357 2.6 0.64
20045 0.314 0.8 1.22

produced from formulation Q (45.45% water)
than for those produced from the formulations
containing 40.00% of water. Higher percolation
threshold values suggest that the water inside the
sample is less structured than water in a sample
with lower percolation values. From past work on
water distribution in extrudates by way of drying
extrudates fractions containing the same drug
models (Tomer and Newton, 1999), one would
expect extrudates produced from slower extrusion
speeds or with more initial water in the formula-
tion to be wetter than extrudates produced at
faster extrusion speeds or lower initial water con-
tent. Therefore, a link between wetter extrudates
and higher percolation threshold values (less wa-
ter structure) is suggested to exist from these
results. An explanation for this relationship could
not be suggested at this time. A negative correla-
tion of −0.811 at a level of 0.05 significance was
found between the percolation threshold calcu-
lated and the extrusion force recorded while pro-
ducing the extrudates investigated. This implies
that the water distribution inside the extrudates
was more structured with an increase in the extru-
sion force. This correlation is logical, because an
increase in extrusion force increases the amount
of water movement, hence, more paths of water
should be found in the extrudate structure. Jer-
wanska et al. (1995) found that all the air escaped
downward, from the die and upward from the gap
between the piston and the barrel before reaching
the steady-state force. Hence, it is assumed that
the structure of the extrudate consists of solid and

water, with no air present. Therefore, the finding
of different structure within the extrudates implies
that different saturated structures exist within the
different extrudates. The structure at saturation is
therefore influenced by the parameters stated be-
fore, i.e. speed and initial water content.

From previous experience with extrusion/
spheronisation systems, it is well known that
when decreasing extrusion speed and/or increas-
ing initial water content, larger pellets will be
created. Hence, when comparing the expected pel-
let size to the percolation threshold measured, one
would expect a correlation between lower percola-
tion threshold and smaller pellets: more experi-
ments should be conducted to establish whether
such a correlation exists.

4. Conclusions

The magnetic resonance imaging (MRI)
method was demonstrated to be a valuable tool in
mapping water distribution. From examination of
extrudates, no differences in water distribution
was found between the extrudates produced in
different speeds and from different water content
in the initial formulation, though one would ex-
pected to find a higher concentration of water at
the circumference of the extrudates due to migra-
tion of water to the die walls. However, a differ-
ence in the amount of water structure within the
extrudates was found, though no explanation
could be offered at this time as to the origin of
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this change in structure. Nevertheless, this change
of structure suggests that different levels of liquid
saturation exists. A negative correlation between
extrusion force and percolation threshold was
found which suggests that higher extrusion force
accelerates the paths of water forming inside the
extrudate. A possible relationship between perco-
lation threshold and pellet size was suggested.
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