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a b s t r a c t

The capabilities of two methods for investigating tablet swelling are investigated, based on a study of a
model gel-forming system. Results from magnetic resonance imaging (MRI) were compared with results
from a novel application of X-ray microtomography (XlT) to track the movements of embedded glass
microsphere tracers as the model tablets swelled. MRI provided information concerning the movement
of hydration fronts into the tablets and the composition of the swollen gel layer, which formed at the tab-
let surface and progressively thickened with time. Conversely, XlT revealed significant axial expansion
within the tablet core, at short times and ahead of the hydration fronts, where there was insufficient
water to be observed by MRI (estimated to be around 15% by weight for the system used here). Thus,
MRI and XlT may be regarded as complementary methods for studying the hydration and swelling
behaviour of tablets.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Tablets are a very popular, versatile and widely used means of
administering drugs [1]. While the role of the pharmacologically
active ingredient is self evident, the excipients can also affect the
efficacy of the formulation [2,3]. The excipients may help to stabi-
lise the drug and control its dissolution within the alimentary tract,
but are rarely simple diluents or bulking agents.

Gel-forming excipient mixtures offer a convenient method for
producing tablets that exhibit sustained release of drug over typi-
cally 8–24 h [2–6]. This may be important for several reasons: a re-
duced frequency of administration may assist in compliance; the
drug concentration may remain at a therapeutic level for longer;
avoiding the concentration spikes associated with ‘burst-release’
formulations may prevent adverse side-effects.

Various hydrophilic polymers have been investigated as the ba-
sis for gel-forming, sustained-releasing tablets, of which hydroxy-
propyl-methyl-cellulose (HPMC) currently appears to be amongst
the most useful [6]. When swallowed, these tablets rapidly form
a hydrated surface gel layer, which controls the subsequent water
ingress and resists rapid disintegration. Thus, the rate of drug re-
lease is controlled by a number of inter-related factors such as
ll rights reserved.
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the rate of water diffusion and tablet swelling; thickness and dis-
solution or erosion of the gel layer, drug solubility in and diffusion
through the gel layer, which depend on the initial ‘dry’ composi-
tion of the excipients used [5–12]. Consequently, the quantity of
drug, Q(t), released is frequently observed to follow a power-law
time dependence [2]:

QðtÞ ¼ kta ð1Þ

where k is a constant, and the exponent can indicate diffusion
behaviour ranging from sub-Fickian (a < 0.5) to ‘case II’ (a = 1). It
should be noted that, while Q(t) may follow a simple mathematical
relationship, this arises from considerably complex underlying
processes.

Experimental studies of gel-forming tablets present significant
technical challenges. The simplest method involves measuring
the rate of drug released over a period of time; however, this re-
veals little concerning the underlying behaviour of the tablet or re-
lease mechanisms. More detailed information can be obtained
from imaging studies, in which the tablet behaviour is observed di-
rectly. From a mechanistic perspective, the whole tablet should be
studied in situ, with the minimum of manipulation, to avoid artifi-
cial disruption of the gel layer, but this imposes constraints on the
spatial resolution and acquisition time for each measurement. It
may be noted, however, that swallowing produces a somewhat dif-
ferent situation since peristalsis and contact with the gut or stom-
ach contents may mechanically disrupt the gel layer.

Of the candidate methods currently available, magnetic reso-
nance imaging (MRI) has proved very useful and has been used
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extensively [13–29]. Nevertheless, there may still be problems
with issues such as chemical selectivity and sample presentation.
Consequently, it is desirable to have additional methods that
may be used in comparison with MRI. For example, Adler and co-
workers used confocal microscopy with fluorescent tracer particles
to study tablet swelling [30]. This method was able to observe the
progressive onset of swelling at successive points as the hydration
front gradually penetrated into the tablet. Due to the constraints of
confocal microscopy, however, it was only possible to study thin
slices cut from tablets.

The work reported here used a novel combination of MRI and X-
ray microtomography (XlT) to provide further insight into the
swelling behaviour of the tablets. While MRI was able to observe
water ingress and the formation of the surface gel layer, XlT pro-
vided information on the dynamic behaviour of the tablet during
swelling, including those regions that were insufficiently hydrated
to give an observable NMR signal.

1.1. Magnetic resonance imaging

MRI covers an extensive range of sophisticated and widely used
techniques for studying the distribution and dynamics of selected
species within a material, based on their nuclear magnetic reso-
nance (NMR) effects. Detailed descriptions are given by Richardson
et al. [13], Callaghan [31] Blümich [32] and others [33–37]; so, only
the key points are summarised here.

Although useful NMR signals can be obtained from isotopes of
several elements, the hydrogen nucleus, 1H, is the most sensitive
(excepting its radioactive isotope tritium) and consequently MRI
is particularly useful for studying water and hydrogen-bearing or-
ganic materials. MRI can achieve full three-dimensional (3D) spa-
tial resolution using orthogonal pulsed magnetic field gradients.
It can also provide selectivity on the basis of diffusion and nuclear
spin relaxation times, which are related to physical state and
molecular motion. Quantitative measurements based on observed
NMR intensities are possible; however, compensation for signal
attenuation due to spin relaxation and diffusion is often needed,
which requires more sophisticated pulse sequences and longer
acquisition times.

MRI has been used to study the swelling behaviour of tablets
based on HPMC [14–21] and other cellulose ethers [21], starch
[22,23], xanthan [24] and other hydrophilic materials [25–29].
Imaging studies of HPMC by Rajabi-Siahboomi et al. [14] and Koj-
ima et al. [15] indicated that the axial swelling was considerably
greater than radial, which was attributed to stress relaxation with-
in the tablet core. Malveau and co-workers [23] observed similar
behaviour in starch tablets, which they attributed to granules
becoming flattened during compaction and returning to spherical
shape during swelling. More quantitative investigations of HPMC
tablets, incorporating measurements of longitudinal and trans-
verse relaxation times (T1, T2) and diffusion coefficients (D), are re-
ported by Kojima and Nakagami [16], Fyfe and Blazek [17,18] and
Baumgartner et al. [21]. The relationships between composition, T2

and self-diffusion suggested a considerable interaction between
water and the swelling HPMC, while T1 relaxation profiles indi-
cated progressive dilution of the HPMC across the surface gel to-
wards bulk water.

Using in situ MRI measurements, Fyfe and Blazek [17] observed
a square-root of time (t½) relationship, for axial diffusion of water
at 22 �C into HPMC, indicating Fickian diffusion. Fickian diffusion
has also been inferred for water ingress into compacted xanthan
powder [24], while case II (linear) diffusion has been reported for
axial water penetration into starch tablets [22,23]. Kowalczuk
et al. [19,20] investigated the radial swelling of HPMC tablets in di-
lute hydrochloric acid (pH = 2.0, to simulate the stomach) and
water (pH = 6.0, to simulate the intestines). Using an experimental
procedure that involved periodical removal of the medium from
tablets, these authors observed Fickian water penetration at pH
6, but case II at pH 2. The penetration rate was also significantly
faster at 37 �C than 25 �C. These observations indicate important
effects of the swelling medium and tablet composition. Differences
in tablet porosity and residual stress, as a consequence of compac-
tion conditions and composition, may also occur.

1.2. X-ray microtomography

XlT is a non-destructive technique that generates a 3D map
(reconstruction) of the specimen under examination, using a series
of X-ray images (projections) obtained in different directions with
respect to the specimen. Imaging represents the earliest use of X-
rays, while the principles of tomography are well established. Ad-
vances in computing power, which is required for generating the
3D reconstructions, led to a rapid development in medical X-ray
tomography over the past 30 years. Further advances in computers
and X-ray detectors during the 1990s have facilitated the develop-
ment of bench-scale XlT, with resolution in the order of a few
micrometres. Comprehensive explanations of XlT are given by
Baruchel et al. [38], Stock [39,40] and Kak and Slaney [41]; so, only
a few key points are mentioned here.

Commonly, as in the present work, the imaging contrast in XlT
arises from X-ray absorbance, which increases with the atomic
number and mass density of the material. Consequently, XlT is
very useful for examining cracks and voids within otherwise
homogeneous materials or regions of different elemental composi-
tion. Other methods, based on scattering, fluorescence or phase-
contrast, are also known [38–40], which can offer advantages in
some cases but are generally limited to synchrotron X-ray sources.

In principle, it should be possible to establish quantitative rela-
tionships between the observed X-ray absorbance in the recon-
struction and density or composition variations within the
sample. Ideally, such measurements would be taken using a paral-
lel beam of monochromatic illumination, which is feasible at a syn-
chrotron source. However, the situation is generally made more
difficult by the use of a cone- or fan-beam (to obtain geometric
magnification) and polychromatic illumination (to overcome the
limited photon flux) in bench-top XlT apparatus. In particular,
the use of polychromatic illumination incurs variations of absor-
bance with photon energy, which leads to ‘beam hardening’. The
lower energy fraction of the light entering the object is absorbed
preferentially, while the higher energy fraction is more penetrat-
ing. This can cause a false increase in the contrast close to the sur-
face of the specimen, which can lead to erroneous variations in the
density (or composition) in the reconstructed data.

1.3. Applications of XlT

XlT has been used extensively to study engineering materials
[38–45], geological specimens [46,47], physiological samples and
bio-materials [48–50]. By contrast, there has been relatively little
work reported using XlT to study pharmaceutical systems. Sinka
et al. [51] and Busignies et al. [52] used X-ray computed tomogra-
phy to determine density distributions in pharmaceutical tablets;
Ozeki et al. [53] compared dry-coated tablets; Yang and Fu [54] re-
ported lead acetate staining as a means of marking microcrystal-
line cellulose for tabletting studies. Rigby et al. [55] recently
reported studies of drug distribution in model tablets using two-
dimensional X-ray microbeam imaging, but noted the possibility
of 3D studies using XlT. No studies of the swelling or dissolution
of pharmaceutical systems appear to have been reported
previously.

By using both MRI and XlT (separately) to observe identical
specimens, the present work demonstrated the potential of these
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complementary methods for studying the 3D swelling behaviour of
gel-forming tablets.

2. Materials and methods

Experiments were performed using a tablet composition similar
to that reported by Williams et al. [11] as a reasonably fast gel-
forming system. HPMC (Methocel K4M premium EP, Colorcon,
UK, 40 g), microcrystalline cellulose (MCC, Avicel PH102, FMC Eur-
ope, 33.3 g) and lactose (Lactose New Zealand, 17.3 g) were placed
in a plastic container and tumbled at 49 rpm for 1 h, using a Turbu-
la mixer (Willy A Bachofen AG, Switzerland). Where required, por-
tions of this masterbatch were removed and mixed for a further
15 min with glass microspheres (2% w/w, nominally 106–180 lm
diameter). Portions of the appropriate mixture (0.4 ± 0.01 g) were
made into flat-faced cylindrical tablets by single-sided compaction
in a 13 mm diameter die (Specac Ltd. UK) and a hydraulic press, at
1 tonne (equivalent to 74 MPa) for 1 min. The tablet thickness,
measured using callipers with a vernier scale, was 2.75 ± 0.10 mm.

All swelling experiments were performed in triplicate, in phos-
phate-buffered saline (PBS) solution, containing 0.137 M NaCl,
0.0027 M KCl and 0.01 M phosphate buffer, at pH 7.4. A model tab-
let was mounted on a thin, tubular support in the centre of a poly(-
methyl methacrylate) specimen vial, as shown in Fig. 1a, and
immersed in PBS solution at ambient temperature.

The use of relatively large tablets restricted the swelling rate
and reduced the requirements for rapid imaging acquisitions and
high spatial resolution. Consequently, these tablets were only
slightly smaller than the inside diameter of the specimen vial,
which fitted snugly into the MRI imaging coil and just remained
within the field of view of the XlT. This optimised observations
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Fig. 1. Experimental set-up for swelling experiments.
of axial swelling, while radial swelling generally appeared con-
strained by gel bridging onto the vial wall and has been ignored
in the present work.

2.1. XlT swelling studies

XlT was performed using a model 1072 apparatus (Sky-Scan,
Belgium) equipped with a 1024 � 1024 pixel camera and a poly-
chromatic, sealed tungsten source, producing cone-beam illumina-
tion. The vial, containing a model tablet incorporating glass
microspheres in PBS solution, was mounted in the XlT, as shown
in Fig. 1b. Images were acquired at 15� magnification, equivalent
to a pixel size of 18.3 lm and a total field of view of
18.8 mm � 18.8 mm; the source was set at 100 kV and 98 lA,
and a 0.5-mm aluminium filter was used. Acquisitions were per-
formed over 180�; step size, detector gain, exposure time and
frame-averaging were adjusted, depending on the desired acquisi-
tion time. Relatively clear but slow acquisitions (approximately
1 h) were used for dry tablets; faster acquisitions (down to approx-
imately 10 min) were used for rapidly changing samples near the
start of the swelling experiments. Typical instrument settings are
shown in Table 1.

The specimens remained in the XlT apparatus throughout the
duration of each swelling experiment, which established a com-
mon 3D Cartesian co-ordinate system, with the tablet compression
direction as the (vertical) z-axis, as shown in Fig. 1c. Glass micro-
spheres to be tracked were selected at different starting positions
within the tablet. The x- and y- co-ordinates of each microsphere
were obtained from the position within the reconstructed cross-
section slice; the z-co-ordinate was obtained from the slice number
within the vertical stack of (up to 1024) reconstructed images (also
spaced at 18.3 lm intervals). Hence, the movement of glass mark-
ers could be tracked from one acquisition to the next. This was
similar to the methodology devised by Aydin et al. [56] and subse-
quently employed by Eiliazadeh et al. [57] to study tablet compac-
tion, except that the continual changes caused by swelling required
a compromise between speed and clarity in the imaging condi-
tions. Changes in tablet shape and size could then be observed in
terms of the distances between glass microspheres.

2.2. MRI swelling studies

All 1H imaging experiments were performed on a Bruker Bio-
spin DMX 300 spectrometer operating at a 1H frequency of
300.13 MHz. 1H excitation and detection were achieved using a
15 mm diameter birdcage radio-frequency coil. Spatial resolution
was achieved using an actively shielded gradient system capable
of producing a maximum magnetic field gradient (G), in all three
Cartesian directions (x, y and z), of 1 T m�1. A slice of 4.0 mm thick-
ness was excited in the zx plane (see Fig. 1c). The field of view was
15.0 mm in both the read (z) and phase (x) directions. For each im-
age, 128 � 32 data points were acquired in the read and phase
directions, respectively, yielding an in-plane pixel resolution of
469 lm (horizontal) by 117 lm (vertical, i.e. tablet axial direction).

Spatially resolved data were acquired by combining an inver-
sion-nulling filter with a slice-selective variant of the multiple-
Table 1
Summary of instrument settings for XlT acquisitions.

Step
size (�)

Number of frames
per step

Gain Frame exposure
time (s)

Approximate
acquisition time (min)

0.9 2 1.0 6.2 60
0.9 1 1.0 6.2 30
1.8 1 1.0 6.2 18
1.8 1 2.0 3.1 10



Fig. 2. Intensity maps of diametral sections from first echoes of MRI acquisitions at
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echo Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence [31,32],
in the form: P180x-s-P90x-(td-P180y-td-echo-)n-tR. It was found that
an inversion delay (s) of 2.04 s effectively suppressed the signal
from bulk water. The pulse delay (td) was 1.26 ms and the recycle
time (tR) was 9.0 s. The total acquisition time for a set of 16 echoes
(consisting of two averages) was 9.5 min.

In order to visualise the swelling behaviour, semiquantitative
images were extracted from the first echo (at echo time
tE = 2td = 2.52 ms) of the sequence for each phase-encoding step.
Estimates of the transverse relaxation for the observable species
(i.e. water and any sufficiently mobile excipients) were obtained
by analysing the subsequent changes in echo intensities.

Spatially unresolved (i.e. without imaging gradients) ‘calibra-
tion’ experiments were also performed in order to understand
the relationships between water content and the observed MRI
intensities better. Small quantities of distilled water (measured
to ± 0.0003 g) were added to tablets individually sealed inside plas-
tic sample vials, which were refrigerated and allowed to equili-
brate for 50 days. Uniform water distributions within the
specimens were assumed although imaging to confirm this was
prevented by shape changes during swelling (i.e. cockling at low
water levels, sagging or collapse at higher water levels). The overall
signal strengths were estimated using a single (Hahn) echo se-
quence with relatively short echo times (tE = 0.2 and 0.4 ms) and
performing a linear extrapolation to tE = 0. Longitudinal (T1) relax-
ation measurements were taken using an inversion recovery se-
quence. Transverse relaxation (T2) measurements were taken
using a CPMG pulse sequences (without inversion-nulling). Addi-
tional diffusive losses, due to magnetic susceptibility differences
within the specimens, were evaluated by comparing T2 from CPMG
experiments with effective T2(eff) results from Hahn echoes over a
range of tE values between 0.2 and 120 ms.
selected times (mid-points of acquisitions), arbitrary, linear intensity scale: lighter
colour indicates stronger signal. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this paper.)
3. Results

3.1. MRI imaging studies

Images of tablet cross-sections (i.e. x–z plane) at various stages
during swelling are presented in Fig. 2. In general, the intensity of
the nth echo, M(n), was expected to depend on water content,
through changes in diffusivity (D) and relaxation times as well as
the concentration of (observable) hydrogen atoms [31,32]:

MðnÞ ¼ M0: exp � D
12

c2G2t3
En

� �
� exp �ntE

T2

� �

� 1� B � exp
�s
T1

� �� �
ð2Þ

where M0 is proportional to the population of observable spins (due
to water and any sufficiently mobile excipient species), B is a con-
stant (=2.0 expected) and c is the gyromagnetic ratio for protons
(=0.2675 � 109 rad s�1 T�1 [32]).

The first bracketed term shows that diffusive attenuation in-
creases rapidly with echo time and magnetic field gradients. Based
on G and tE used in the imaging experiments, with n = 1 for the first
echo, the first exponential term in Eq. (2) was estimated to be 0.82
for pure water and closer to 1 for the slower diffusion expected
within gel at low hydration. As previously demonstrated [58],
however, heterogeneous materials can generate ‘adventitious’ field
gradients due to differences in magnetic susceptibilities between
the various phases, which can give rise to further diffusional losses.
Hence, in order to minimise attenuation due to diffusion and T2

relaxation (the second exponential term in Eq. (2)), it was impor-
tant to collect the imaging data with tE as short as possible. The va-
lue of tE = 2.52 ms chosen for this work was the shortest
practicable for imaging experiments, with the apparatus used.
Dry excipients, with short T2, produced no observable signal. In-
gress of water into the tablet was revealed as a rise in intensity, as
T2 increased with swelling. The signal from bulk liquid was effec-
tively suppressed by an inversion-nulling filter, represented by
the third exponential term in Eq. (2). Hence, the gel–water inter-
face was revealed by an increase in signal strength, as the swollen
or dissolved excipients decreased T1, which reduced the effect of
the inversion-nulling.

A small but significant signal was observed from the edges of
the tablet, in the first image (at 0.1 h), which suggested that a thin
surface gel layer formed relatively quickly. This was supported by
other observations that the tablet surface rapidly (i.e. within
1 min) became sticky, following immersion in PBS solution. Subse-
quent observations revealed that the gel layer thickened by the
hydration front advancing at roughly constant speed towards the
tablet centre and progressive swelling towards the bulk liquid.

3.2. Composition, relaxation and signal strength

It is well known that T1 and T2 are strongly affected by compo-
sition; indeed, previous workers used relaxation measurements to
study the composition of the gel layer [17,21]. While we were less
interested in the gel composition, in the present work, it was
important to establish the composition limits corresponding to
the (inward) advancing hydration front and the (outer) gel–liquid
interface.

Results from T1 measurements are shown in Fig. 3. Examples of
recovery curves using a spin-inversion pulse sequence are shown
in Fig. 3a, for three water levels. In each case, the data were found
to closely fit a model in the form:
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MðsÞ
M0

¼ 1� B exp
�s
T1

� �
ð3Þ

where B was evaluated as 1.9. It may be noted that theory predicts a va-
lue of B = 2.0. The departure from this in the present work may be
attributable to imperfections in the inversion pulse; however, similar
effects can be produced by a mixture of phases with different T1 values.

The relationship between composition and T1 measured in the
present work is shown in Fig. 3b, where the error bars represent
the maximum uncertainty from curve fitting the inversion data.
The recent results are also compared with previously published
data. At first sight, the present results appeared to agree better
with those from Fyfe and Blazek [17]. However, as Baumgartner
et al. [21] reported that the relationship between T1 and composi-
tion was also sensitive to the excipient type, the present results,
based on a mixed system, should not be expected to agree closely
with the previously published work using single excipients.

The composition limit corresponding to the gel–liquid interface
can be estimated from the change in T1 with water content, shown
in Fig. 3b. Using the inversion-nulling filter, less than 5% of the
(unsuppressed) signal from bulk PBS solution was observable. (This
produced the feint background observable at 0.1 h swelling, in
Fig. 2.) A doubling in this signal strength was expected for
T1 = 2.73 s, corresponding to 98% w/w water, which appeared to
be a reasonable estimate for the observable composition at the
gel–liquid interface.

Conversely, T1 decreased to below 600 ms, for gel containing less
than 30% w/w water. Under these conditions, signal suppression due
to inversion-nulling was estimated to be less than 10%. Hence, the
inversion-nulling effect could be neglected for imaging regions with
lower water levels, close to the advancing hydration fronts.

As noted previously, further signal attenuation can result from
diffusion in ‘adventitious’ field gradients caused by magnetic sus-
ceptibility differences [58]. CPMG measurements are largely unaf-
fected by this, due to the re-focusing effects of the P180y-pulses
between echoes. Effectively, the attenuation is described by Eq.
(2) with increasing values of n for successive echoes. By contrast,
n = 1 for the Hahn pulse sequence, but increasing values of tE give
stronger diffusional attenuation. Consequently, Hahn experiments
give ‘effective’ T2(eff) values, which combine relaxation and diffu-
sive losses, while CPMG results are closer to pure T2.

Measurements using CPMG and Hahn experiments are com-
pared in Fig. 4a and b for gels at two hydration levels. In each case,
the intensities appeared to be well represented by a single-expo-
nential decay, in the form:

MðtEÞ
M0

¼ exp
�tE

T2ðeff Þ

� �
ð4Þ

where T2(eff) depended on the measurement method. The fit was
very good at higher water levels, suggesting that the samples were
effectively homogeneous, but less good at lower water levels where
the attenuation was faster and the overall signal intensity was less.
In each case, the attenuation was faster in Hahn experiments com-
pared with CPMG sequences, indicating significant diffusive losses.

Changes in T2(eff) with water content and measurement method
are shown in Fig. 4c; again, the error bars represent the maximum
uncertainty from fitting the relaxation data. In spite of differences
between the excipient systems used, the present data compared
well with previously published results by Baumgartner et al. [21]
(using CPMG) and Fyfe and Blazek [17] (using Hahn echoes).

Clearly, the composition limit corresponding to the advancing
hydration front depended on three factors linked to the water con-
tent: the overall concentration of hydrogen atoms, T2 relaxation
and diffusive losses before the first echo could be collected. This is
demonstrated in Fig. 5. The upper curve shows the intensities with-
out relaxation or diffusional losses, which were estimated by extrap-
olation to tE = 0, from Hahn echoes at 0.1 and 0.2 ms, for a fixed
amount of gel containing between 0% and 70% hydration. This curve
decreased towards lower hydration levels, but remained above zero
since the dry excipients also contained hydrogen atoms. The lower
curve shows the expected intensities for imaging at tE = 2.52 ms,
after allowing for inversion-suppression, relaxation and diffusional
losses. In particular, changes in T1 with water content were as shown
in Fig. 3b, for an inversion-nulling filter with s = 2.04 s; Hahn T2(eff)

results were used, which incorporated the effects of T2 relaxation
and magnetic susceptibility differences on diffusional losses. This
curve peaked around 65% water, due to the dominant inversion-sup-
pression at higher water levels and faster T2 relaxation at lower
water levels. Significantly, the intensity approached zero at low
water levels and fell below the level of background ‘noise’ estimated
from the imaging experiments. An observable signal at twice this
background noise level was predicted around 15% w/w water.

It must be assumed that the calibration experiments (with
specimens equilibrated over 50 days) were representative of dy-
namic swelling behaviour, with much shorter timescales (minutes
to hours). This may not be entirely correct, considering the rôle of
polymer relaxation during swelling. Nevertheless, it appears rea-
sonable that the gel regions observed in Fig. 2 corresponded to
hydration levels between roughly 15% and 98% w/w water.

3.3. Composition changes during swelling

Typical changes in (first echo) signal intensity across a partially
swollen specimen (at 1.9 h) are shown in Fig. 6a. Echo decay mea-
surements using a CPMG sequence at selected locations within this
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specimen are shown in Fig. 6b. As expected, the relaxation was
considerably faster towards the advancing hydration fronts (points
E and F) compared with closer to the gel–liquid interface (points A
and B), due to the decrease in hydration between the gel–liquid
interface and the tablet core. Point F represented the practical limit
for T2 measurement close to the hydration front, since successive
echoes from the next pixel towards the tablet core rapidly became
dominated by noise. Significantly, the value of T2(eff) = 5.3 ms mea-
sured at point F corresponded to 17% w/w water in the gel, which
agreed well with the expectation discussed in the previous section.

Changes in T2(eff) values across the specimen, where there was
sufficient signal intensity for successful measurements, are shown
in Fig. 6c. Essentially, the gels above and below the tablet core ap-
peared symmetrical, with T2(eff) increasing linearly from the hydra-
tion fronts outwards.

Fig. 6d presents estimates of water content obtained from the
data in Fig. 6c, using the relationship shown in Fig. 4b. The water
content appeared to rise rapidly behind either hydration front,
then more slowly towards the gel–liquid interfaces. These results
were highly suggestive of case II diffusion, which is embodied by
a narrow region where solvent concentration and diffusion in-
crease steeply, followed by a region of approximately constant
composition [59]. Since movement is largely governed by the rate
of polymer swelling at the front, it is predicted that the hydration
fronts should advance at constant speed – in line with MRI obser-
vations on the present system.
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3.4. XlT studies

XlT images of a dry tablet are presented in Fig. 7. The walls of
the sample vial are clearly visible as vertical stripes at either side of
the projection image (Fig. 7a); the tablet appears as a transparent
disk, mounted on a narrow plastic support. The irregular dark mass
was ‘Blue-tack’ adhesive, to hold the tablet on the support; this
was only required for dry samples, since the tablet surface rapidly
(<1 min.) became sticky when immersed in PBS solution. The glass
microsphere tracer particles may be observed by close examina-
tion of the projection image, but are quite clear as small dark dots
in the reconstructed (horizontal and vertical) cross-sections
(Fig. 7b and c, respectively).

Measurements from the reconstructed cross-sections gave a
tablet thickness of 2.8 mm and diameter of 13.0 mm, in good
agreement with measurements using callipers.

Selected XlT projection images of a tablet at various stages dur-
ing a swelling experiment are shown in Fig. 8. A short delay
(approximately 2 min) occurred while the tomograph sample
hatch and radiation shielding were closed, prior to starting the first
acquisition. Combined with the finite acquisition time (a minimum
of 10 min in the present work), this produced a ‘blind spot’ of
approximately 7 min (to the mid-point of the first acquisition) at
the start of the swelling experiment. In principle, this could be
overcome using XlT of the dry tablet prior to adding PBS solution.
In practice, however, addition of the PBS solution generally caused
some sample movement, which prevented accurate registration of
the starting positions of the selected markers. Instead, the starting
positions were estimated by extrapolating the observable data.

Weak X-ray contrast between the tablet, the plastic support and
the PBS solution generally limited the observable detail in the col-
lected profiles (not shown). This was most severe when the imag-
ing conditions were selected for rapid acquisitions, during the early
stages of swelling. Nevertheless, considerably more detail was ob-
servable in the reconstructed images, which also improved when
longer acquisitions were possible.

In addition to showing the positions of the glass microspheres,
the vertical reconstructed cross-sections revealed the presence of
regions of light contrast (i.e. lower X-ray absorbance), which
started by outlining the tablet profile but increased in thickness
and moved towards the tablet core as swelling progressed. In gen-
eral, lower X-ray absorbance is associated with lighter elements or
lower mass density [38–41]. In the present studies, however, no
mechanism involving the former could be envisaged; hence, the
light contrast indicated regions of low mass density. This may be
attributed to the formation of microscopic (i.e. smaller than the
pixel size, 18.3 lm) bubbles in the swollen gel. Bubble formation
during swelling has been reported previously by Melia et al. [60]
and has been attributed to air that was entrained in pores between
or within excipient granules during compaction.

Glass microsphere markers starting at different locations within
the tablet were chosen and their co-ordinates were obtained man-
ually from the ‘stacks’ of horizontal reconstructed images. Subse-
quent movements were observed by tracking the particles
through the sequence of acquisitions at consecutive swelling
times. Generally, the centres of the microspheres could be located
within ±2 pixels, equivalent to ±0.036 mm, which is smaller than
the size of the squares used to indicate the data in Fig. 9. Although
the overall patterns of microspheres gradually changed, it was fre-
quently possible to identify ‘reference features’ such as small clus-
ters that moved in concert, as indicated in Fig. 8.

As noted previously, lateral movements were confined by the
minimal clearance between the tablet and the specimen vial used
in the present experimental set-up. Nevertheless, even where



Fig. 7. XlT imaging of dry tablet prior to swelling: (a) typical projection image, (b) reconstructed horizontal (xy) slice, (c) reconstructed vertical (xz) slice.
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lateral movement appeared possible (where there was adequate
clearance during the early stages of the experiment), vertical
movements still appeared to dominate.

Changes in the vertical positions of selected markers with time
are shown in Fig. 9a, plotted against the mid-points of the acquisi-
tions. Swelling of the lower surface initially caused the whole tablet
to move upwards. Further swelling caused continued upward move-
ment in the upper part of the tablet. As the lower gel subsequently
softened, however, it became impaled on the support, causing down-
ward movement in the lower part of the tablet. This is observable for
some of the lower tracks in Fig. 9a. To compensate for this effect, the
positions of glass microspheres were calculated relative to a ‘refer-
ence’ marker that was chosen near the middle of the tablet (shown
in black, in Fig. 9a). The resulting tracks are shown in Fig. 9b, com-
pared with the extent of the gel as observed by MRI.

3.5. Combined MRI and XlT swelling experiments

The MRI data showed that the hydration fronts moved at con-
stant speed towards the centre of the tablet, where they met after
about 3 h. Concurrently, the gel swelled outwards towards the bulk
liquid, causing movement of the glass microsphere tracers.
Although both sets of data showed roughly similar trends, the
MRI results indicated a faster initial increase in thickness and re-
mained systematically ahead of the XlT data for the duration of
the experiments. Part of this discrepancy may be due to glass
microspheres lagging behind rapidly swelling excipients. It is also
possible that the MRI results were affected by dissolved lactose
shortening the T1 of the bulk PBS solution beyond the gel–liquid
interface.

A related problem was the possibility of microspheres sinking
through the gel, as it swelled and became progressively softer. Dur-
ing the later stages of some experiments, a few tracers near the
lower surface of highly swollen tablets were lost from the observa-
tions, which can be attributed to the glass spheres falling out of the
gel. Nevertheless, this did not appear to be a major problem over
the swelling times studied here. Clearly, all the microspheres plot-
ted in Fig. 10a – including near the lower tablet surface – remained
within the gel region indicated by MRI.

As expected, the relative (vertical) movements of the glass
microspheres depended on their starting positions, with the fastest
movements occurring close to the top and bottom surfaces of the
tablet. It was more surprising, however, that the movements of
all the markers appeared to follow a single relationship of the
form:

zðtÞ ¼ z0 � f1þ Ktcg ð5Þ

where z0 was the (estimated) starting position relative to the refer-
ence marker, while K and c were empirical constants (K = 0.4 ± 0.02,
c = 0.7 ± 0.05, for the system studied here). This model was used to
generate the smooth curves in Fig. 9b. Moreover, the observation
that the movements of tracers in different parts of the tablet fol-
lowed a single model suggested a common process across the
tablet.

Significantly, these observations also indicated a modest expan-
sion close to the middle of the tablet within the first two XlT
acquisitions (i.e. less than 25 min swelling), including a region of
the tablet ahead of the hydration fronts, which appeared dry
according to the MRI data. This is shown more clearly by compar-
ing the data from the centre of the specimens, in Fig. 10. The move-
ments of glass microspheres suggested a volumetric expansion of
approximately 30% within 1 h, in a region of the tablet that ap-
peared to contain less than 15% w/w water.



Fig. 8. XlT imaging of tablet during swelling experiments: left – reconstructed
vertical (xz) slices; right – reconstructed horizontal (xy) slices (rings indicate
common features observable in the horizontal slices).
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4. Discussion

The combination of MRI and XlT data suggested that a signifi-
cant expansion of the tablet core (30% over 1 h) occurred ahead of
any observable water ingress, for the formulation studied here. An
even larger core expansion (150%) of HPMC tablet cores ahead of
observable water ingress was reported previously by Rajabi-Siah-
boomi et al. using MRI [14], which they attributed to the relaxation
of residual (elastic) compaction stress. The difference in magnitude
between those results and the present work may be due to tablet
composition, size and compaction conditions; Rajabi-Siahboomi
et al. used smaller (5 mm diameter) pure HPMC tablets, which
were compacted faster and without relaxation at maximum force.

Since the movement of the hydration fronts was the net result
of inward diffusion and outward core expansion, the latter effect
was not apparent from the MRI results alone in the present work.
By contrast, the XlT method was able to observe movements with-
in all parts of the tablet, including those at low hydration levels
that could not be observed directly by MRI. This demonstrates
the usefulness of the XlT method, in its own right and as a comple-
ment to MRI.

It seems unlikely that the core expansion observed in the pres-
ent work could have been due simply to swelling. Limitations on
the sensitivity of MRI observations leave scope for small amounts
of water within the tablet core. Nevertheless, the absence of a sig-
nal in MRI experiments suggested less than 15% w/w water within
the tablet core, which would seem to be insufficient for this level of
swelling. Instead, we favour an explanation based on the relaxation
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of residual compaction stress, in line with previous suggestions
[14,15,23]. Moreover, recent work [61,62] has suggested that pow-
der compaction causes granule deformation at the nanometre
scale, predominantly in the compaction direction; it seems likely
that recovery of this during swelling may be responsible for the
strong axial expansion.

There may be several possible explanations for how the core
expansion was initiated. It is likely that plasticisation of the tablet
would permit the relaxation of residual compaction stress. This
explanation would imply traces of water ahead of the main hydra-
tion front, as proposed previously by Goerke et al. [24], for trans-
port into powdered xanthan. In that model, the liquid hydration
front is preceded by vapour penetration, which initiates swelling
and is progressively replaced by liquid diffusion as the pores be-
tween excipient particles close. Trace levels of water penetrating
into polyglycolide was also suggested previously by Milroy et al.
[63] to explain the first stage of hydrolysis of this biodegradable
polymer. In that work, the ingress of an initially small quantity
of water was confirmed by nuclear reaction analysis, although it
was undetectable by conventional MRI using spin echo methods.

Alternatively, swelling and softening the outer regions of the
tablet may simply remove a mechanical constraint on stress relax-
ation of the tablet core. This hypothesis would not require
(although it would not preclude) water penetration into the tablet
core.

Irrespective of the underlying mechanisms, core expansion may
be an important mechanism affecting the disintegration and re-
lease characteristics of tablets. Although the present work was per-
formed using a gel-forming system, the stress release and core
expansion may be more significant with some rapidly dispersing
tablets. Further investigations of this are underway and will be re-
ported separately.
5. Conclusions

This paper gives a preliminary account of a novel method for
studying the swelling behaviour of tablets, using XlT to observe
the movement of glass microsphere markers. Measurements of
overall tablet thickness based on tracking the embedded markers
compared favourably with MRI results. Moreover, the XlT method
revealed expansion within regions of the tablet that contained
insufficient water to be observed by the MRI methods used here.
This process, which may be due to the release of internal stress,
could be an important factor in the disintegration behaviour of
tablets.
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