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fields are also discussed.

Tomographic imaging techniques offer new prospects for a better understanding of the quality, perfor-
mance and release mechanisms of pharmaceutical solid dosage forms. It is only over the last fifteen years
that tomography has been applied for the in-vitro characterisation of dosage forms. This review aims to
introduce the concept of tomography in a pharmaceutical context, and describes the current state-of-the-
art of the four most promising techniques: X-ray computed microtomography, magnetic resonance imag-
ing, terahertz imaging and optical coherence tomography. The basic working principles of the techniques
are introduced and the current pharmaceutical applications of the technologies are discussed, together
with a comparison of their specific strengths and weaknesses. Possible future developments in these

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Along with the recent breakthroughs in photonics - focal plane
array detectors, optical fibres and compact lasers operating over a
range of frequencies, to name a few - spectroscopic imaging tech-
niques, in particular at infrared frequencies, have featured promi-
nently in pharmaceutical formulation research over the last
decade. The ability to perform spatially resolved investigations of
molecular interactions in the formulation, during processing and
in the final dosage form, has led to a better understanding of phar-
maceutical processing steps and the resulting dosage form [1-4].
This development highlights one of the advantages that can be
achieved simply by transforming a spatially unresolved spectro-
scopic experiment to a spectroscopic image.

The recent interest in process analytical technology (PAT) was
catalysed by a number of initiatives on the regulatory level: the
FDA’s initiative to transform the pharmaceutical cGMP regulations
towards a more risk-based framework; the ICH guidelines Q8, Q9
and Q10 focusing on quality by design (QbD) as the new paradigm
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in pharmaceutical development and production, and the initiative
by the EMEA to implement PAT submission procedures and real-
time release. All these developments have led to a strong demand
for fast acquisition spectroscopic techniques. The focus on vibra-
tional spectroscopy for PAT can be explained by the combination
of rich information content provided by the spectra and simulta-
neous developments in technology, i.e. well developed waveguides
such as optical fibres that allow the construction of spectroscopic
probes for real-time processing applications in-line, on-line and
at-line in a manufacturing facility along with both robust and
affordable instrumentation [5,6]. The motivation for all initiatives
that have evolved around PAT is to use the data acquired from
in-line sensors to subsequently control the process, and thus
achieve a better quality product based on the - ideally full scien-
tific — understanding that has been built up during the product
development phase. It is therefore quintessential to understand,
on a fundamental level, which properties during the process have
what impact on the final product in order to predict changes of
the quality of the dosage form as a result of changes in the process-
ing conditions. Once this understanding is established a successful
process control loop can be designed and implemented.

Most commonly, the quality of the finished solid dosage form is
assessed using basic parameters such as the spatial dimensions of
the dosage form, its hardness, mass, content uniformity, porosity,
friability, tensile strength, moisture content, disintegration time,
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dissolution profile and the weight gain during coating. All these
traditional parameters are well established in the modern pharma-
copoeias, and have served for a long time as benchmarks during
the dosage form development process. However, while they are
an integral part of modern PAT development and process control,
they lack specificity and/or spatial resolution and lead to an insuf-
ficient basis for the full understanding of the dosage form. Even
though tight specifications are in place to monitor the quality of
the final products, each year a number of dosage forms fail after
approval, and have to be recalled from the market. In 2007 alone,
approximately sixty recalls were documented for pharmaceutical
tablets in the FDA enforcement report for the United States. About
30% of these recalls were due to wrong labels or packaging, while
recalls due to problems with dissolution/disintegration, impurities
or content each attributed for about 20% of the recalls [7]. These
numbers only cover dosage forms that have initially passed the
quality control specifications and were released on the market.
The number of failed batches that are produced and have to be dis-
carded immediately after production due to their poor quality is
estimated to be orders of magnitude higher.

While a number of techniques have been successfully intro-
duced to pharmaceutical research and development in order to
investigate fundamental properties of a formulation on the molec-
ular, particular and particle ensemble level, the present research
activities and instrumentation on the level of the entire dosage
form itself are somewhat less developed. With the advent of more
complex dosage forms, there is a need to fully characterise and
understand the performance limiting properties of such dosage
forms. Even though processing technology has advanced consider-
ably over the last decade, the fundamental understanding of the
processing steps is not yet fully developed, and it is this lack of
understanding which is the reason for the failure of some such
products in recent years.

This review focuses on four techniques that have the potential
to provide the required tools: X-ray computed microtomography
(XuCT), magnetic resonance imaging (MRI), imaging at terahertz
frequencies and optical coherence tomography (OCT). Rather than
being confined to information from the surface of the dosage forms
all four techniques can be considered tomographic techniques,
which means that they are able to non-destructively resolve the
three-dimensional structure of the dosage form. In this context,
tomography is defined as the “cross-sectional imaging of an object
from either transmission or reflection data collected by illuminat-
ing the object from many different directions” [8]. MRI is consid-
ered to be a tomographic technique in the context of this review
even though the three-dimensional imaging methodology is not
necessarily associated with the reconstruction of two-dimensional
cross-sectional images. In addition to their ability to provide non-
destructive tomographic information, all four techniques are able
to resolve the internal structure of typical pharmaceutical excipi-
ents that are opaque at visible frequencies. Other imaging tech-
niques that can also image at depth, such as confocal imaging
[9], are not a part of this review as they have only a limited ability
to penetrate typical excipients used for the formulation of pharma-
ceutical solid dosage forms. Techniques that require large central
facilities such as synchrotrons are also excluded from
consideration.

2. Computed tomography
2.1. Introduction to computed tomography
In contrast to a two-dimensional projection image, which is

typically acquired by propagating a collimated beam either
through the object of interest or by reflecting it off its surface at

normal incidence, a full three-dimensional image is not recorded
directly but is obtained through reconstruction of two-dimensional
image cross-sections and subsequent stacking of the reconstructed
slices.

In traditional computed tomography (CT), data for one slice in
the xy plane are acquired at different angles, the object is moved
in the z-direction and the process is repeated until the area of
interest has been covered. The corresponding slices are recon-
structed, and a three-dimensional image is obtained by stacking
all slices on top of one another. In this approach the resolution in
the z-direction is mainly limited by the beam diameter, the dimen-
sions of the detector and scattering of the radiation.

The slice images are reconstructed by mathematical algorithms
using a number of projections at different angles through the sam-
ple in the xy plane. The projections can be acquired in transmis-
sion, reflection or from scattered radiation; however, for clarity
the remainder of this section will only discuss tomography in
transmission. Further details of the development of computed
tomography and the image reconstruction techniques can be found
in Section 1.1 in the electronic supplementary material.

A further important advancement in CT was achieved by the
development of setups that are capable of providing three-dimen-
sional images without the need for acquiring sequences of two-
dimensional slices and subsequent stacking of the slices. This
was realised by using a diverging cone-beam rather than a two-
dimensional fan or collimated beam together with a scintillator
screen coupled to a 2D CCD detector array for detection (see the
next section for details). The image reconstruction requires the
implementation of algorithms such as the Feldkamp algorithm
[10], which is capable of reconstructing the three dimensional im-
age from the cone-beam data. The details of the reconstruction
techniques are out of the scope of this article and the reader is re-
ferred to the literature [11,12,8].

Even though computed tomography is most frequently em-
ployed using X-rays, the principle of tomographic image recon-
struction can be applied over the whole range of the
electromagnetic spectrum as long as the radiation can, at least par-
tially, penetrate the object of interest. Due to their high energy, X-
rays have the advantage of being able to penetrate easily all phar-
maceutically relevant excipients, exhibit negligible diffraction and
as a consequence of the short wavelength allow for very high reso-
lution images. However, tomography with X-rays will not always
be the method of choice to investigate the internal structure of solid
dosage forms. The image contrast is dependent on either relatively
high density differences in the material, which often is not the case
for a standard tablet, or the presence of atoms with different mass,
which again is not necessarily common. In cases where X-rays do
not lead to sufficient contrast it can be advantageous to use differ-
ent types of radiation to acquire tomographic images. Examples of
such experiments will be introduced later in this review.

2.2. X-ray microtomography (XuCT)

X-ray microtomography (XuCT) was evolved from medical CT
with the aim to image small objects with high resolution. In
1982, the principle of XpCT was first demonstrated by Elliott and
Dover [13] by an example of a tomographic image through the
shell of a freshwater snail on a setup similar to a CT scanner used
by Hounsfield. In this experiment the spatial resolution of the
reconstructed cross-section was better than 20 pm. There is no
clear distinction at what resolution the conventional CT ends and
where XUCT starts but it is suggested that any results with higher
spatial resolution than 100 pum should be regarded as XuCT [14].

In contrast to conventional CT, where X-ray source and detector
are rotated around the sample object, the equipment used for mod-
ern XUCT typically rotates the sample object while source and
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detector are kept stationary (Fig. 1). Starting from the experimental
setups used by Elliott and Dover, more advanced instruments have
been developed that use a collimated beam of X-rays combined
with a matching 2D array detector [15]. By restricting the dimen-
sions of the sample object to sizes smaller than the diameter of
the X-ray beam, such systems are able to acquire tomographic data
of whole 3D objects in one rotation scan without the need for iter-
ating the sample in z direction after the acquisition of a single xy
slice. Unfortunately, only synchrotron facilities provide bright en-
ough light sources for the operation of these parallel beam setups.

Almost all experimental work on XuCT which has been pub-
lished in the pharmaceutical field is performed on instruments that
use a cone beam in combination with a 2D array detector. As in the
parallel beam setups, it is possible to image a whole three-dimen-
sional object by just rotating the object through 180° and recoding
the projection images using the cone-beam configuration. Higher
resolutions have been acheived through the development of X-
ray tubes with very small apertures providing point-like sources.
The major limitation of these setups is that there is a trade-off be-
tween sample size and magnification. The shadow of the projected
object must not exceed the field of view on the detector. In order to
achieve magnifications of 120x and higher, the object has to be re-
stricted to a maximum size of about 2 mm. A further disadvantage
of instruments based on the setup shown in Fig. 1 is that they are
inherently susceptible to ring artefacts. This is due to the fact that
each detector element is used for the same projection in all shadow
images and subtle differences in the sensitivity between the indi-
vidual array elements, which are unavoidable in CCDs, will lead
to ring artefacts in the reconstructed images.

One elegant solution to overcome both problems is to use time-
delay integration methods as introduced by Davis and Elliott [16].
The same authors have also published a very clear overview about
the different types of artefacts in XuCT [17] and how to use the
technique quantitatively for chemical element analysis [18]. Stock
has provided an excellent comprehensive review of XuCT in a
materials science context, and the reader is referred to this review
for more details on the technique [14]. A first thorough overview of
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Fig. 1. Cone-beam XuCT setup. A point source emits a diverging beam of X-rays.
The X-rays penetrate the sample object and are attenuated. The transmitted
radiation, or shadow image, of the object is projected onto a scintillation screen
which typically uses a layer of phosphor to convert the X-rays to visible light.
Optical lenses or fibre optics coupled to the scintillator (not shown) are used to
project the image from the scintillation screen to a 2D CCD array detector. After the
shadow image is acquired the object is rotated. The magnification is set by adjusting
the distance between the sample object and the X-ray source. The maximum
magnification is limited in that for all angles 0 the shadow of the object must not
exceed the size of the scintillation screen.

pharmaceutical applications for XpuCT was compiled by Hancock
and Mullarney [19].

2.3. Pharmaceutical applications

The work by Farber, Tardos and Michaels on the porosity and
morphology of granules is the first example of XuCT being used
in a pharmaceutical context [20]. The results for the porosity mea-
surements by XuCT were compared to mercury porosimetry and
gas absorption measurements. However, the resolution of the mea-
surement is limited to pores bigger than 4 pum. The pore size distri-
bution is also strongly dependent on the contrast between the
pores and the material. As the density of typical pharmaceutical
excipients is not very high, the contrast between the material
and the air in the pores is not always unequivocal in the recon-
structed images. In order to calculate the pore size, the images
need to be converted from greyscale (different densities) to binary
(material or air) images. During this process a threshold of what
density is regarded as air and what as sample material has to be
defined which has a very strong impact on the resulting pore size.
The authors concluded that the precision of XuCT for the determi-
nation of pore sizes is inferior to mercury porosimetry, yet XuCT
gives additional information in terms of the pore morphology, spa-
tial distribution and connectivity. Furthermore, the true pore size
distribution is obtained rather than only the size distribution of
the pore “necks” as is the case in mercury porosimetry.

Ansari and Stepanek used XUCT for the characterisation of the
granule microstructure during the development of a fluid bed melt
granulation process [21]. They were able to show the formation of
hollow core granules by XCT depending on the formulation com-
position and particle size of the excipients used. Based on the re-
sults obtained by XuCT, they were able to develop a
mathematical model to aid the formulation development.

Yang and Fu studied compaction and mixing processes of pow-
ders using XpuCT [22]. For their study, Yang and Fu developed a lead
labelling method to trace highly spherical microcrystalline cellu-
lose (MCC) particles during compaction and blending experiments.
The MCC particles were separated into different fractions and
impregnated with varying amounts of lead (II) acetate trihydrate.
Lead (atomic number 82) is strongly absorbing at X-ray energies,
and the impregnation with the lead solution provides an excellent
contrast between the different particle fractions. By tracing the rel-
ative positions and movements of the lead impregnated particles,
die compaction and mixing in a model V-blender on the particulate
level was investigated. The authors concluded from the compac-
tion experiments that the local strains within one region of the
compact are not identical with the global strain. In a miniature
V-blender, Yang and Fu studied different mixing processes using
two fractions of MCC particles, one labelled with lead acetate and
the other fraction unlabelled. The particle size distribution for both
fractions was identical. For the mixing experiments, the analysis
was performed using the shadow images rather than reconstructed
cross sections. Different loading configurations for the blender
were investigated. It was possible to study the mixing process both
qualitatively and quantitatively using 1D profiles. This is a valuable
first step in developing XNCT for process applications. However,
one arm of the model mixer used for the study only measures
18 mm, and the particles used for the study had a size of around
200 pm. Given the small scale of the mixer required for the XuCT
experiments, it remains to be seen whether the results can be
transferred to the conditions in an industrial mixer.

The first application of XuCT to investigate the entire pharma-
ceutical dosage forms is the study by Ozeki et al. [23]. Tomographic
cross-sections of dry-coated tablets were used qualitatively in or-
der to investigate differences in density between the different tab-
let components and to detect exfoliation between these structures.
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At a compaction pressure of 100 MPa, the contrast between the
tablet core and the dry coating was very weak, while it was much
stronger at a compaction pressure of 200 MPa. No exfoliation was
detected.

One of the early applications of XuCT in the materials science
community was the measurement of density variations in com-
pacts [24]. Following up on these studies, compaction of pharma-
ceutical powder mixtures was investigated. Sinka et al. used
direct compressed tablets of different geometry and embossing
made of MCC [25] to assess the applicability of XuCT for the quan-
titative measurement of density variations within tablets. The
model tablets were compressed at two different compaction forces.
Considerable density differences within the tablets were detected
(Fig. 2).

Busignies et al. studied localised density variations in tablets of
the form of flat faced cylindrical compacts of MCC by XuCT [26].
The tablets were compacted over a range of pressures between
40 and 280 MPa, and the linearity of the X-ray attenuation as a
function of density was validated over the range of samples. The
greyscale of the reconstructed image slices was calibrated to the
material density, and this calibration was used to produce false-
colour maps of the spatial density distribution within the tablets
(Fig. 3A). Significant density variations within the tablets of more
than 10% were detected. It was found that the tablets are denser
at the surface compared to the centre, which was attributed to
the wall friction during the compaction process. This effect was
more pronounced with increasing compaction pressure. In addi-
tion, the thickness of the ring of higher density along the central
band of the tablet was found to decrease with increasing compac-
tion pressure (Fig. 3B). It was suggested that this property is impor-
tant with regard to the friability of the tablet, in particular, when
the tablet is embossed with structures at length scales comparable
to the density gradient. The density distribution along the z axis
was found to be much more uniform for the cylindrical model tab-
lets studied.

Fu et al. investigated the packing structure in granular systems
[27]. Two model systems of packed powders were used: glass
beads and spherical MCC particles ranging from 180 to 300 pm
in diameter. An algorithm was developed, and applied to recon-
structed XpCT slices of both the systems, to automatically identify
and locate the absolute position of individual particles in a three-
dimensional coordinate system. The identification was based on
the unique particle morphology, and thus no tracer particles were
required for the experiments. The experimental results were found
to be in quantitative agreement with simulations for the packing
using a discrete element modelling (DEM) code.

In addition to the previous, study Fu et al. used the same ap-
proach to study the displacement of marker particles in a powder
bed in situ during compaction [28]. For the experiments the
authors designed a compression rig made of polycarbonate and flat
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Fig. 2. Density distribution within a direct compressed MCC tablet over a cross-
section through the yz plane. In this projection the tablet is embossed on the bottom
surface and exhibits a break-line on the top surface (Reprinted with modifications
from [25] with permission from Elsevier).
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Fig. 3. (A) False-colour maps of the quantitative density distribution in three
different model tablets. The top row shows the xy plane at mid-height; the bottom
row shows the yz plane. (B) Radial density profiles for the cross-sections in xy plane
at mid-height of the compacts (Reprinted with modifications from [26] with
permission from Elsevier).

faced metal punches that was suitable for in situ XpCT image
acquisition. In this rig, only the upper punch was lowered during
compression while the lower punch was kept stationary. A mixture
of spherical sugar particles and glass ballotini (n < 100, as marker
particles) was loaded into the rig. The powder mixture was com-
pacted in discrete steps outside the XpuCT setup using a universal
testing machine. After each compression step, the position of the
upper punch was fixed and the rig was transferred into the XpuCT
instrument for image acquisition. Fu et al. used their watershed
algorithm to locate the glass ballotini in the powder bed and trace
their position between the different compaction steps (Fig. 4). Even
though the tracer particles exhibit different mechanical and sur-
face friction forces compared to the sugar spheres, it was assumed
that they followed the local motion of the surrounding material.
The results of the compaction experiments were promising. By
quantitative analysis of the tracer particle positions with increas-
ing compression force the authors were able to detect wall friction
effects at the die-wall boundary (Fig. 4B).

Traini et al. used XpCT to qualitatively study drug release from a
modified drug release tablet [29]. In this osmotic release oral sys-
tem (OROS), the tablet is coated on the outside with a semi-perme-
able membrane and divided internally into two compartments
separated by a further impermeable membrane. One of the com-
partments contains a polymer matrix, while the other compart-
ment contains the drug formulation. Driven by the osmotic
pressure, the polymer matrix swells upon water uptake and ac-
tively pushes the contents of the drug containing second compart-
ment through a small hole in the tablet coating. This system can be
used for zero order drug release products. In their study, Trani et al.
imaged tablets before dissolution and at 14 and 24 h during disso-
lution. The samples from the dissolution study were dried at 50 °C
for one hour before characterisation by XuCT (Fig. 5). It was possi-
ble to distinguish the two compartments of the tablet before disso-
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Fig. 4. (A and B) 3D maps showing the position of tracer particles in a powder bed
before (A) and after (B) compression at 2 kN. (C) Respective displacements of the
marker particles in radius-height coordinate system. Wall friction effects can be
observed for tracer particles located near the die wall as their displacement is
shorter compared with the particle displacement at the die centre. The displace-
ment of the tracer particles decreases towards the lower (stationary) punch
(Reprinted with modifications from [27]. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission).

The first example of in situ imaging of a pharmaceutical dosage
form during dissolution by XpuCT was reported in a paper by
Karakosta et al. [30]. Model tablets of diltiazem hydrochloride
and Eudragit RSPO (3 mm in diameter) were compressed and im-
aged over a total of 5 h while exposed to distilled water. The acqui-
sition of each sample took 40 min, and the resulting image
resolution was 10-10-10 um3. The results obtained by XucCT,
which is sensitive to the electron density distribution in the sam-
ple, were compared to the results of the same experiments per-
formed by 'H MRI (see the next section), in which the signal was
dominated by hydrogen species with sufficiently long relaxation
time for imaging experiments. Even though the contrast between
the water and the polymer matrix in the XpCT images was found
to be rather poor, the technique was found to be well suited to
study the evolution of air voids within the tablet matrix during
water ingress (Fig. 6A-H). Using the image data for the different
time points during dissolution it was possible to quantify the air-
void size distribution in the whole tablet volume (Fig. 61). The re-
sults of the air-void evolution were discussed in terms of two dif-
fusion coarsening models: Ostwald ripening and diffusion of
droplets into contact followed by coalescence. Based on the distri-
bution function of the air voids and the fact that sudden collapse of
some voids was observed experimentally, it was concluded that
the coalescence model describes the observations best. The authors
suggested that the air voids might play a role in the initial wetting
of the porous medium and its structural integrity.

Chauve et al. analysed the changes in morphology upon dissolu-
tion of small pellets made of high-amylose starch by XuCT and

Fig. 5. Reconstructed 3D models of a OROS controlled release dosage form after
14 h (A and B) and 24 h (C and D) of dissolution testing. Voxel size 8 - 8 - 8 um? (A
and C) show the overall morphology of a virtual cross-section through the dosage
form. (A) The membrane between the two compartments cannot be resolved, yet
the different phases can be discerned: the drug containing phase in the upper part
of the image exhibits a slightly stronger X-ray attenuation. (B) Model of the void
space in (A) of the released, previously drug containing, phase after 14 h. (C) After
24 h the entire drug containing phase is released. (D) Corresponding void space in
the remaining tablet shell (Reprinted with modifications from [29]. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission).

lution as well as after 14 h into the dissolution process. No mem-
brane between the two compartments was reported. Based on
the reconstructed cross-sections, the authors modelled the void
space that was observed in the tablet shell after drying the samples
from the dissolution experiments. However, the void space ob-
served in the tablet in these experiments is not representative of
the structure of the tablet during dissolution. It is very likely that
the morphology of the internal tablet structure has changed over
the drying period. No quantitative data recording the evolution
of observed void volume over dissolution time were presented.
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Fig. 6. The central coronal slice extracted from a three-dimensional XuCT data set.
Slice (A) is the dry matrix. Air appears dark and the side grey stripes are part of the
polymer tube supporting the sample. Slices (B-H) show the same slice exposed to
water for the following times: 45, 90, 135, 180, 225, 270, and 315 min. Water
appears as light grey, comparable to the tablet. (I) The increase in the mean air-void
volume in um?® with respect to time. (Reprinted with modifications from [30] with
permission from the American Physical Society).
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electron microscopy [31]. The pellets, which were prepared by
compacting spray-dried powder of the excipient, were imaged in
the dry state and after they were exposed to distilled water for dif-
ferent amounts of time. For the XuCT experiments, the pellets
which had been in contact with water were either imaged directly
or freeze-dried prior to the acquisition, while all pellets analysed
by electron microscopy were freeze-dried. In both the XuCT
cross-sections as well as the scanning electron images, which were
acquired after cutting through the pellets with a razor blade, a
membrane between a porous outer layer and the core of the pellet
was observed. This membrane could not be distinguished from the
hydrating water in the XpuCT experiments using wet pellets, as the
contrast between the membrane and the water was insufficient.
The authors assume that the freeze-drying process preserves the
real texture in the pellets by preventing a collapse of the structure
and does not lead to artefacts itself. It is concluded that upon dis-
solution water initially quenches the pellet surface and then con-
tinues to penetrate the core. In the second step, the membrane
formed during the quenching develops into a hydrogel and the
water movement becomes diffusion controlled. Similar samples
were also analysed by MRI (see the next section).

Among other techniques, XpuCT was used by Inman et al. to
characterise fracture in bilayered MCC tablets [32]. Wedges of frac-
tured bilayer structures were analysed, and it was possible to local-
ise cracks in the tablet matrix. Based on the results from XuCT, the
authors concluded that the stress relaxation during the two-stage
compression of bilayered tablets occurs most likely in the radial
direction immediately after ejection of the tablets from the die.

3. Magnetic resonance imaging (MRI)

As outlined in the last section, the contrast in XpCT is achieved
by the attenuation of photons as a result of absorption, refraction
or scattering when a collimated beam of X-rays is used to illumi-
nate the sample specimen. As a consequence of their photon en-
ergy, it is through the interaction with the electrons of the
sample material that X-rays are attenuated. In contrast, in nuclear
magnetic resonance (NMR) the magnetic moments of certain nu-
clei in the sample, which is placed in an external magnetic field
By, align with this field, and then can be excited with a pulse of
radiation. The excitation of the nuclei leads to the absorption of
photons and subsequent re-emission, which is measured as the
NMR signal. A short introduction to nuclear magnetic resonance
in the context of this review is provided in Section 1.2.1, which is
available in the online supplementary material.

3.1. Tomographic imaging principles

The concept of generating a spatially resolved NMR signal for
tomographic experiments was first demonstrated by Lauterbur
by imaging two test tubes of water surrounded by D,0 [33]. At
the same time, Mansfield and Grannell published their findings
of NMR ‘diffraction’ in solids which made use of the same concept
[34]. Lauterbur referred to this technique as zeugmatography but
despite the impact of his paper, he was awarded the Nobel Prize
for this work in 2003 together with Sir Peter Mansfield, this term
did not prevail. In magnetic resonance imaging (MRI), as the tech-
nique is now commonly referred to, spatial resolution is intro-
duced to the NMR experiment by applying one or multiple
magnetic field gradients G in addition to Bo.

@y = 7(Bo + Gyy). (1)

Here, G, refers to a gradient in the y direction (y is the gyromagnetic
ratio and o is the frequency as detailed in Section 1.2.1 of the online
supplementary material). The additional gradient has the effect of

slightly shifting the resonance frequency of the sample nuclei with-
in the magnetic field depending on their position (Fig. 7). The reso-
nant frequency « becomes a function of the sample position in real-
space and by applying gradients in the x, y and z directions three
dimensional tomographic images can be acquired. Further details
on the background of MRI are beyond the scope of this review,
and the reader is referred to the literature introducing MRI in a
chemical engineering context [35,36] and more detailed textbooks
on the technique itself [37,38].

MRI images of solids are typically acquired indirectly by mea-
suring the signal of liquids interacting with the dosage form rather
than imaging the solid phase directly. On standard imaging setups,
it is not possible to readily acquire images with sufficient spatial
resolution from solid materials. This is due to line broadening
and extremely short T, times in solids, which leads to a very low
NMR signal. However, new imaging sequences, such as SPRITE
[39], have been successfully applied to image rigid polymers, and
it is quite possible that along with future developments in MRI
technology, MR imaging of solids will become more attractive in
the future.

3.2. Pulse sequences

In order to acquire the information that is required to recon-
struct MR images, a number of different so-called pulse sequences
are used. The pulse sequence describes the timing, strength and se-
quence of the r.f. pulses and gradient pulses that are applied, and
usually repeated for a large number of cycles, for the MRI experi-
ment. The pulse sequence is usually described in an abstract sche-
matic as it needs to be adapted to the specific conditions of
different magnets, coils, amplifiers and software on each MRI
instrument.

A large number of pulse sequences have been developed, which
allow MR images to be acquired under a variety of conditions and
acquisition speeds and which also allow us to measure a number of
different properties, such as the spatial distribution of velocity of
flowing liquids in a sample. The pulse sequences also enable the
operator to enhance the contrast within MR images depending
on the physico-chemical properties of the samples, e.g. the T; or
T,. The sequences are distinguished by a tremendous number of
acronyms such as RARE, GERVAIS or SPRITE, and whole books have
been dedicated to the topic [40]. Most often basic pulse sequences
such as the spin-echo sequence have been used for pharmaceutical
MRI applications to date, and the reader is referred to the literature
for further details of specific pulse sequences [41].

So far, MRI has been widely applied for quantitative analysis of
chemical products and processes [42] and in chemical processes
and reaction engineering [43]. Melia et al. and Richardson et al.
provided first overviews of different applications for MRI to charac-
terise controlled release pharmaceutical dosage forms [44,45].

3.3. Pharmaceutical applications

The majority of the research activities in the field of imaging
pharmaceutical dosage forms with MR techniques have focused
on studying the hydration of polymers of matrix tablets. Only a
few groups have studied pellets or other dosage forms and only
one study on film-coated tablets has been reported so far. Typi-
cally, a flat faced tablet with a diameter of less than 1 cm and a
thickness of several millimetres is used as a model tablet system,
and a standard spin-echo imaging sequence is employed for the
image acquisition. Table S.1 in the electronic supplementary mate-
rials of this article gives the full details of the work published to
date [30,46-78]. Due to the amount of work in the field and the
restriction in space, we will only highlight some selected studies
in more detail in this section.
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Fig. 7. Principle of an MRI experiment. (A) Normal NMR experiment. The resonance frequency wy is determined by the static magnetic field By and the gyromagnetic ratio y.
All nuclei in the magnetic field resonate at the same frequency. (B) By applying a gradient of an additional magnetic field G, the observed resonance frequency becomes a
function of the position of the nuclei in real space. The vector arrows in the magnet bore indicate the magnetic field in the magnet (Reprinted with modifications from [35]

with permission from Elsevier).

The first application of MRI to study pharmaceutical tablets was
published by Nebgen et al. [46,79]. By immersing tablets in silicon
oil spiked with a gadolinium comple, it was possible to image the
three-dimensional void space, filled by the oil, within the tablets.
Three different types of tablets were analysed: placebo tablets
made of MCC, drug-loaded MCC tablets and compression-coated
tablets. The spatial distribution of porosity as a function of the
compression used for the compaction of the MCC tablets was ana-
lysed and compared to the bulk porosity as determined by gas pyc-
nometry. In the compression-coated tablets it was possible to
detect hairline cracks running from the core through the entire
erosion matrix coat to the tablet side faces.

Rajabi-Siahboomi et al. studied the formation and growth of a
hydrate pseudogel layer on the surface of flat faced hydroxypro-
pylmethylcellulose (HPMC) tablets as a function of immersion time
in water [47]. The tablets were fixed onto a sample mount during
the immersion and imaging experiments and the water was re-
moved prior to the image acquisition. Uniform growth of the gel
layer was observed in the radial and axial planes of the tablet.
The dimensions of the tablet core exhibited an anisotropic change:
while the tablet core shrank in the radial plane of the tablet, expan-
sion was observed in the axial plane. This behaviour was tenta-
tively assigned to a release in compression stress along the axial
direction of the tablet as a result of water uptake. The edges of
the tablets were found to hydrate to a greater extent than at the
centre of the tablet faces.

While all the previous MR imaging work on pharmaceutical
dosage forms was qualitative, Hyde et al. published the first quan-
titative study investigating the ingress of water in PBS buffer into
monolithic implants made of poly(glycolic acid-co-pi-lactic acid)
(PGLA) produced by an extrusion process (Fig. 8) [51]. The results
of the spatially resolved MRI method were compared to the gravi-
metric determination of water uptake, and excellent agreement
was found between the two techniques. Depending on whether
API was loaded into the polymer matrix or pure polymer (placebo)

was exposed to the buffer solution, the kinetics of the PBS ingress
was very different. While the unloaded PGLA matrix was saturated
with PBS after 80 min, the process took more than 74 h in the pres-
ence of goserelin, a large peptide molecule used as the model API
for this study. This effect was attributed to the changes in the phys-
ical structure of the polymer introduced by the API molecule. Along
with this strong increase in penetration time, a change in the trans-
port mechanism was detected by the quantitative analysis of the
MR images.

The erosion of a soluble API containing tablet core embedded in
a much more slowly disintegrating polymer matrix by dry coating
was the subject of a study by Fahie et al. [54]. MRI was used to elu-
cidate the mechanism of erosion of the API containing compart-
ment in two different formulations of the controlled release
tablets. The formulations were different in composition and pro-
cessing of the outer ‘scaffolding shell’, which covered the top and
bottom surfaces of the tablet but not the central band (see
Fig. 10 for a similar system). A strong dependency of the drug re-
lease profile on formulation was observed by dissolution testing.
The MRI experiments revealed distinct qualitative differences in
the porosity of the release rate controlling coating barrier on the
top and the bottom of the tablet. The formulation that exhibited
higher porosity of these areas correlated with faster release of
the drug. Based on the MRI images, the authors were able to dis-
miss an alternative mechanism of accelerated drug release that
had been suggested based on destructive visual inspection of sam-
ples during dissolution testing. All experiments in this study were
performed under static dissolution conditions.

Narasimham et al. investigated the distribution of molecular
mobility during dissolution in poly(vinyl alcohol) (PVA) tablets
[59]. The ingress of water into model tablets was imaged by one-
dimensional imaging of the water distribution and the self-diffu-
sion coefficient of the water molecules in the polymer. Depending
on the molecular weight of the PVA and the location within the
tablet, differences were found in the kinetics of the hydration
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with permission from Elsevier).

and the diffusion mechanism (Fig. 9). The experimental results
were compared to the predictions based on a mathematical model
of polymer dissolution. Good consistency between the experimen-
tal results and the theoretical predictions was found.

The first example of an in situ imaging study of tablet dissolu-
tion under non-static conditions was performed by Fyfe et al.
[61]. For the imaging experiment, a modification of a commercial
flow through cell (USP apparatus IV) was developed that could
be fitted within the diameter of an MR imaging coil. Three different
controlled release dosage forms were investigated with this setup:
a HPMC placebo tablet, a dry-coated tablet and an osmotic pump
tablet similar to the one investigated by Traini et al. [29]. The imag-
ing experiments were performed under both static and flow condi-
tions with flow rates up to 16 mlmin~!, and the images were
purely qualitative. While fast flow rates can lead to distortions
and artefacts in the images, the authors found that the flow rates
used for their experiments were too low to cause such effects. Dif-
ferences in HPMC dissolution were found upon comparison of the
images acquired under static and flow conditions. Mechanical

shear at the surface of the dissolving HPMC caused decreasing
thickness of the gel layer as the flow rate increased. These experi-
ments highlight the importance of performing the MRI experi-
ments under the same conditions as those used in traditional
dissolution testing, if the results are to be compared.

Sutch et al. used MRI for the investigation of pulsatile release
capsules [68]. Pulsatile release capsules consist of a capsule body,
which is coated with a water insoluble polymer, and a release con-
trolling plug that seals the capsule and erodes with time. Once the
dissolution medium penetrates the capsule it contacts an excipient
that leads to expulsion of the API content upon hydration. In this
study, the performance of capsules that were coated using either
aqueous or organic coating processes was analysed. The capsules
with the aqueous coating were found to exhibit premature and er-
ratic drug release. Coating formulations based on organic solvents
showed the desired pulsatile release profile. Based on the MR
images, it was proposed that the early release of the capsules based
on the aqueous coating formulation was caused by the poor seal
between capsule and plug of this capsule and subsequent prema-
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Fig. 9. (A) Log-log plot of the molecular self-diffusion coefficient in PVA tablets
after 30 min hydration extracted from one-dimensional MR images. The self-
diffusion changes between the different interfaces of the tablet: the slope at the
interface between the hydrated PVA and the inert substrate (circles) is —1.9, which
agrees with predictions for repetition-diffusion, while it is —0.6 at the interface
between PVA and the water (squares), indicating Zimm type diffusion. (B) One-
dimensional water concentration profiles acquired after 2 min, 30 min, 1 hand 2 h
for a sample of PVA with a molecular weight of 133,000. The interface with the inert
substrate is located at x=1 (Reprinted with modifications from [59], Copyright
1999 American Chemical Society).

ture hydration of the expulsion agent. For the studies, a combina-
tion of two-dimensional spin-echo images and images acquired
with the RARE sequence was used.

Djemai and Sinka have quantified density variations in tablets
[72]. In an approach similar to Nebgen et al. [46], tablets were im-
mersed with mineral oil under vacuum. A saturation of 95% of the
pore space by the oil was estimated. A set of flat faced cylindrical
MCC tablets of uniform density was prepared, and their density
was determined by their weight and dimensions. This set of tablets
was used as a calibration set such that the MRI signal from the pore
space of the tablet could provide a measure of tablet density
(Fig. 11). Different sets of production tablets were analysed using
the MRI method and the density distribution within the dosage
form was determined. The results of the MRI experiment were
compared to a previous study on the density distribution in tablets
measured by XuCT by Sinka et al. [25] and good agreement was
found between the two techniques.

4. Terahertz imaging
4.1. Measurement principles

Terahertz radiation has an excellent potential in the advance-
ment of our understanding of pharmaceutical solid dosage forms
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Fig. 10. MR images acquired in situ during dissolution of a dry coated controlled
release tablet using a modified USP flow through cell at different flow rates
(Reprinted with modifications from [62] with permission from Elsevier).
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Fig. 11. Quantitative imaging of tablet density by MRI (A) Calibration of the MRI
technique using a stack of flat faced model tablets of MCC compressed with 1-
4.9 kN. Values in brackets refer to the theoretical relative density from weight and
dimension measurements. (B) Relative density maps of cross-sections through the
three principal axis in a tablet. All densities are stated in g cm® (compare (A) to the
results from XpuCT in Fig. 2, (Reprinted with modifications from [72] with
permission from Elsevier).

but is, as yet, under-explored. The recent developments in semi-
conductor physics and ultrafast laser technology have made it pos-
sible to provide light at terahertz frequencies (a frequency of 1 THz
equals a wavelength of 0.3 mm) in a relatively simple way [80,81].
Light located in this range of the electromagnetic spectrum, at
energies between the infrared and microwave region, was very dif-
ficult to generate previously [82]. It has unique properties in that it
easily penetrates through most plastics and polymeric materials
used as excipients for pharmaceutical tablets and, at the same
time, it reveals a wealth of information about the medium and long
range interaction of small organic molecular crystals, which are the
typical active ingredients of most modern medicines.
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The breakthrough for the generation and detection of coherent
terahertz radiation only dates back to as far as the late 1980s when
researchers at the Bell labs developed the photoconductive anten-
na technology on which modern terahertz emitters and detectors
are based [81]. This technology combines approaches from both
optics and electronics in order to bridge the gap of the electromag-
netic spectrum, where only very weak sources and detectors were
available previously.

The emitter and receiver devices used to generate and detect
terahertz radiation are made of GaAs, a IlI-V semiconducting mate-
rial, with a band gap of 1.42 eV. Pulses of terahertz radiation are
generated, when charges are accelerated across this material. In or-
der for this to happen, two electrodes with a gap in between are
patterned onto a flat wafer of the semiconductor. A DC electric field
is then applied between the two electrodes. As the electrodes are
connected through a semiconductor, no charges can move between
the electrodes, a configuration comparable to an open switch. This
setup is called a biased photoconductive antenna. The photocon-
duction occurs when a short pulse of light with a photon energy
hv (h Planck constant and v frequency) exceeding the band gap
of GaAs, that corresponds to a wavelength of less than 873 nm, is
directed onto the gap between the electrodes. Electrons and holes
form on the surface of the device as the electrons in the semicon-
ductor are excited from their valence band into the conducting
band. Due to the DC bias voltage between the electrodes, the
photo-injected charges are then accelerated towards the elec-
trodes, and as a result of the charge acceleration an electric field
is emitted - the terahertz pulse.

THz signal

Si lens

NIR pulse THz pulse

GaAs
substrate

Fig. 12. Principle of coherent photoconductive detection of the terahertz electric
field in time-domain terahertz spectrometers using a low-temperature grown GaAs
antenna. Using a delay line the NIR gating pulse is systematically delayed with
respect to the terahertz pulse (simplified as measurements 1-6 in this illustration)
and the electric field of the terahertz pulse is measured in consecutive
measurements.

time

The detection of the terahertz pulse is achieved through the re-
verse process (Fig. 12). Rather than applying a bias voltage across
the semiconductor, during detection the sub-picosecond terahertz
pulse is focused onto the device using a hemispherical lens with a
similar refractive index to the GaAs. Simultaneously, a femtosecond
pulse of NIR light is focused onto the gap between the electrodes on
the opposite face of the semiconductor. The NIR pulse, which is de-
rived from the same NIR laser beam used to generate the terahertz
pulse, is called the probe pulse and is used to optically gate the
semiconductor switch by generating charge carriers in the device.
These charge carriers are then accelerated by the terahertz pulse.
The resultant photo-induced current, which is proportional to the
terahertz electric field, is measured between the electrodes. By
sweeping the delay of the NIR pulse relative to the terahertz pulse,
the electric field of the pulse can be sampled. The repetition rate of
the pulses is typically around 80 MHz, and with fast optical delay
lines and fast data acquisition interfaces the whole terahertz wave-
form can be acquired within milliseconds. Using this coherent
detection scheme, no cryogenic cooling is required to distinguish
the terahertz radiation from the thermal background.

The development of terahertz technology was facilitated by
substantial advances in laser technology over the last decade lead-
ing to a reduction in size, cost and availability of femtosecond la-
sers. Typically, titanium sapphire lasers operating at 800 nm
central wavelength with a pulse duration between 10 and 100 fs
are used for the generation and detection of terahertz radiation.

Terahertz time-domain spectroscopy (THz-TDS, often also re-
ferred to as terahertz pulsed spectroscopy, TPS) is an ideal probe
for the physical characterisation of pharmaceutical solids [83,84].
It is non-destructive, and interacts with vibrational modes that ex-
tend across large domains of the lattice in organic molecular crys-
tals [85]. The ability to probe the lattice dynamics which represent
interactions between molecules in their crystal structure makes
terahertz spectroscopy a very powerful tool for the analysis of
complex solid-state materials properties [86,87]. In terms of imag-
ing applications of terahertz radiation, a detailed overview of dif-
ferent techniques and applications has been published recently
by Chan et al. [88].

4.2. Time-resolved terahertz pulsed reflection imaging

In addition to tomographic imaging using reconstruction algo-
rithms, it is also possible to explore the structure of a pharmaceu-
tical dosage form using time-resolved analysis of the back
reflections of a pulse of radiation that is able to penetrate the dos-
age form. To date, this imaging technique, called terahertz pulsed
imaging (TPI), is the most commonly used terahertz imaging ap-
proach for the characterisation of pharmaceutical solid dosage
forms.

In TPI terahertz light can be used to probe the internal structure
of a solid dosage form [89]. Most of the excipients that make up the
bulk of a tablet are transparent to terahertz light, whereas the drug
and interfaces from different coating layers or substructures within
the tablet lead to a contrast in the images due to a change in their
refractive index. When ultra-short pulses of coherent terahertz
radiation are directed onto the surface of a coated tablet, part of
the pulse is reflected from the surface of the coating while the
remaining photons are propagating into the coating (Fig. 13). With
an average power of the terahertz radiation in the pW range, there
is no thermal stress induced in the sample. The concept of struc-
tural imaging is based on the experiment by Mittleman et al.
[90] and was subsequently applied to image pharmaceutical dos-
age forms by Fitzgerald et al. in 2005 using the example of a su-
gar-coated tablet [91].

The ratio of the reflected to the transmitted radiation is given by
the dielectric properties of the coating material. As the terahertz
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Fig. 13. Principle of non-destructive time-of-flight structural imaging of a coated
tablet using ultra-short pulses of coherent terahertz radiation. A pulse of coherent
terahertz radiation is reflected at each interface with a change in refractive index as
it propagates into the tablet.

pulse propagates deeper into the dosage form further reflections
occur whenever there is a change in real refractive index, such as
at the interfaces of coating layers. Time-resolved detection of the
reflected pulses is performed to record the time-domain waveform
of the reflected terahertz pulse (Figs. S.3 and S.4 in the online sup-
plementary material). The thickness of all coating layers that the
pulse has propagated through can be determined non-destruc-
tively using the time-of-flight between the pulses and the refrac-
tive index of the coating material.

A single terahertz time-domain waveform, which contains the
information characterising the coating structure at one specific
point on the surface of the dosage form, can be acquired in about
50 ms. In order to examine the whole solid dosage form in detail,
it is necessary to acquire the terahertz waveforms over the surface
of the tablet. For the measurement of the waveform at each spot,
the tablet has to be presented to the terahertz optics at an angle
of normal incidence. Fortunately, this task can be achieved conve-
niently by using an automated terahertz tablet scanner. As a first
step, the instrument generates a model of the three-dimensional
surface dimensions of the entire tablet (Fig. S.5 in the online sup-
plementary material). The tablet is held by a robot arm that is able
to present any point on the surface of the tablet at an angle of nor-
mal incidence to the terahertz optics. The surface model is stored
and can be used as the basis for the subsequent terahertz mapping.
For the imaging of multiple tablets of identical geometry the same
surface map can be used, thus reducing the acquisition time by a
factor of two.

By mapping over the entire surface of the tablet, the statistical
distribution of the coating thickness and its quality can be quanti-
fied (Fig. 14). Even though the lateral spatial resolution of terahertz
images in the x and y directions is diffraction limited to about 50—
200 pm due to the long wavelength of terahertz radiation, the axial
resolution in z direction, a function of the pulse duration, is better
than 40 pum [89].

The first example of how TPI can be used to study film-coated
tablets was demonstrated by Zeitler et al. [89]. In this study, the
potential of the technique to characterise a wide range of commer-
cially available pharmaceutical dosage forms such as film-coated
tablets, layered tablets and soft gelatine capsules was investigated.
In the same study, the TPI instrument that is capable of performing
the fully automated terahertz mapping experiment of all surfaces
of a dosage form was introduced. Depending on the overall surface
area of the dosage form an acquisition time between 20 and 50 min
was required for modelling the surface and recording a three-
dimensional terahertz map of a film-coated tablet.

In application to sustained-release tablets, TPI was further eval-
uated for pharmaceutical applications by Ho et al. [92]. The thick-
ness measurements obtained non-destructively by TPI were
validated against measurements of cross-sections through the
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Fig. 14. (A) Colour coded maps showing the spatial distribution of coating
thickness, interface index (the ratio between the reflection from the surface and
the coat/core interface) and the terahertz electric field pulse strength (TEFPS) over
the surface of the tablet. (B) Statistical information of the coating thickness and
quality parameters over the surface of the tablet face.

same sample specimens by optical microscopy. Very good agree-
ment was found between the two techniques. While the micros-
copy technique provided a very limited number of data points
over the surface of the sample, and the technique is inherently
destructive, TPI was found to provide much greater statistical use-
fulness as the number of sample points over the surface of the tab-
let was higher by several orders of magnitude than that associated
with optical microscopy. The ability to detect and quantify the ex-
tent of coating defects by TPI further highlighted the rich informa-
tion content provided by terahertz structural images to assess the
reproducibility, uniformity and distribution of film coating layers.
Important insights to aid process development have been obtained.
For example, in development of film coating technology, weight
gain data during coating are used and it is assumed that a uniform
distribution of the film exists over the whole surface of the tablet.
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Fig. 15. Three-dimensional model of the coating thickness distribution over the
surface of a tablet. The coating thickness at the central band (2) is significantly
lower compared to that on the faces of the tablet (1) and (3) (Reprinted with
modifications from [92] with permission from Elsevier).
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Ho et al. demonstrated that this is not always an appropriate
assumption (Fig. 15).

In a study by Spencer et al., the coating thickness as measured
by TPI of three different enteric coated tablets was correlated with
the mean dissolution time (MDT) of the respective tablets [93]. The
results of the film thickness measurements revealed that the mean
coating thickness varied between 57 and 109 pm between the dif-
ferent tablets. The inhomogeneity in thickness is surprising given
that the tablets used for this study were marketed products that
had been sourced commercially. As the TPI experiments are non-
destructive, it was possible to perform dissolution testing on the
same samples that were used for the coating thickness determina-
tion. A modest correlation was found between mean coating thick-
ness and MDT. However, it was acknowledged that the delayed-
release system was more complex and coating thickness was only
one factor contributing to the dissolution performance amongst
others. The authors speculated that the exposure of the tablets to
media of different pH under different shear stress conditions as re-
quired by the modified USP procedure for dissolution testing of de-
layed-release tablets (50 rpm stirring in 500 ml at pH 1.2 for 2 h;
followed by 100 rpm stirring in 900 ml at pH 6.0 for 1 h; followed
by 50 rpm stirring in 900 ml at pH in the range between 6.5 and 7.2
until dissolution) will have an impact on the dissolution behaviour
beyond the factors that are solely affected by the coating thickness,
and further work is required to understand this process in more
detail.

For the case of sustained-release tablets produced under lab and
pilot scale conditions, Ho et al. further investigated the applicabil-
ity of TPI to correlate coating parameters obtained by TPI with the
dissolution performance of the dosage form [94]. Even though the
tablets from lab and pilot scale batches were coated to the same
weight gain, the MDT was found to be significantly longer for the
pilot scale tablets. TPI was able to discriminate the two batches
based on significant differences in the coating thickness even
though the weight gain was identical. In addition to the coating
thickness, the authors highlighted that changes in coating density,
which can be extracted from the relative reflectivity of the coating
compared to a reference mirror, form a very important parameter
that can be used to assess the quality of film coatings by TPI. The
correlation between coating thickness and MDT was very clear
and much stronger than in the study by Spencer et al.

The effect of material density on the refractive index of a tablet
has been demonstrated previously by Pore et al. [95]. For example,
for two different filler excipients an increasing refractive index was
found with increasing tablet hardness due to changes in compac-
tion force and speed. It was possible to detect concealed cracks
in tablets by TPI and the results were validated by XuCT. While
the combined acquisition and data processing time in TPI was
about 30-45 min the process took several hours in XpCT with
the same samples. By combining the data acquired with TPI on a
set of model tablets of different density with a partial least squares
calibration, Palermo et al. were able to map density differences on
the surface of tablets [96]. The increase in refractive index with
increasing compaction force which was reported in the study by
Palermo et al., based on the tablets made from a mixture of four
excipients, agree with the findings of Pore et al., which are based
on single component compacts.

Ho et al. evaluated the applicability of TPI for understanding of
process scale-up [97, in this issue]. One-hundred and ninety sus-
tained-release tablets were sampled during the scale-up operation
of a film coating process from the lab to the pilot scale and ana-
lysed by TPI. Dissolution testing was performed on the same tab-
lets, and the results from TPI analysis and dissolution testing
were correlated. In terms of the amount of polymer applied, the
traditional parameter that is used for process control and to assess
the coating quality, no significant differences between the lab and

pilot scale were found. However, the MDT of the pilot scale batch
was twice as long compared to the lab scale batch. It was found
that within a batch, variations in film layer thickness were most
strongly correlated to the MDT. The significant difference in MDT
between lab and pilot scale correlated to the differences in film
density as measured by TPI. The results of this study not only sug-
gest that TPI can be used for the non-destructive evaluation of the
film thickness, but also that the information obtained from the
imaging experiment contains much more quantitative information
on the physico-chemical properties of the coating that can be used
to assess its quality.

Shen et al. showed examples of how the reflected terahertz
pulses can be used not only to study the structure of a dosage form,
but also investigate its chemical composition [98]. Using the reflec-
tion from a mirror as a reference, the absorption coefficient oo and
refractive index n can be extracted from the sample reflection

(V) 1 —Py(v)/P(V)
M) g = TP, (0) [Pu(n) ”

<

where Py(v) is the Fourier transform of the sample reflection and
P (v) is the reference reflection from the mirror. Shen et al. re-
corded the chemical distribution of lactose and sucrose over the
surface of a sample pellet. It was possible to distinguish the chem-
icals and determine the spatial distribution of the composition
within the samples.

Based on these results, Cogdill et al. developed a more advanced
signal processing technique for terahertz chemical mapping in real
pharmaceutical tablets rather than a polyethylene matrix [99]. The
tablets were direct compressed mixtures of MCC, lactose and the-
ophylline. By using the terahertz maps of a set of calibration sam-
ples, it was possible to build different multivariate models for
quantitative image analysis. The quantitative models were tested
using tablets made of two spatially separated segments of different
mixing ratios. No comment was made with regard to the effective
sampling depth in the imaging experiments.

The first three-dimensional chemical mapping experiment
using pulsed terahertz radiation was performed by Shen et al.
[100]. Using the example of a flat faced model tablet that contained
well-confined domains of lactose and tartaric acid the authors
demonstrated how the spectral signature of the materials can be
extracted non-destructively at depth (Fig. 16). A time-partitioned
Fourier transform of the reflected terahertz waveform with a fixed
window width was then employed to produce depth-resolved
spectral components of the pulse [101]. While it was possible to
extract the spectral information at depth in the sample tablet
which was made of polyethylene, this material is almost transpar-
ent to terahertz radiation and thus not quite representative of a
realistic pharmaceutical tablet.

In the next step, Shen and Taday demonstrated the technique in
a pharmaceutical excipient matrix [102]. This paper also contains a
detailed description of the technique together with the underlying
theory for the pulse propagation in a multilayered sample and data
on the validation of the spatial resolution at different frequencies.
From their experimental results Shen and Taday conclude that, in
principle, TPI provides the necessary penetration depth and speci-
ficity for non-destructive chemical mapping in a three-dimensional
matrix.

The spectral resolution at depth is influenced strongly by scat-
tering and refraction caused by the tablet matrix and further work
will be necessary to develop a robust method to routinely perform
three-dimensional chemical mapping experiments. First steps have
been made to address this issue [103]. So far, in the experiments by
Shen et al. the sample only exhibited one layer of chemical at any
point over the surface of the sample. To date, no example has been
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Fig. 16. Typical terahertz waveforms obtained from TPI measurement of three different areas of a sample pellet (A-C). The results of spectral content analysis of the
corresponding terahertz waveforms using a time-partitioned Fourier transform are shown in (D-F), revealing the chemical signatures of lactose and tartaric acid. Note that
the bright yellow regions indicate the occurrence of lactose (absorption feature at 18 cm~!) and tartaric acid (absorption feature at 38 cm™!). The colour scheme runs from
blue (low absorbance) through yellow to red (high absorbance) (modified from [100]). (For interpretation of the references in colour in this figure legend, the reader is

referred to the web version of this article.)

published of a system where a sequence of multiple or overlapping
layers was spectrally resolved at depth. There are a large number of
potential applications for this experiment in the context of phar-
maceutical dosage forms: for example, investigating the spatial
distribution of different polymorphic forms in a dosage form as a
result of compaction or coating, moisture uptake during storage
of a tablet, drug stability over storage time in the final product, etc.

At present, the pulsed terahertz sources are not powerful en-
ough to image entirely through large pharmaceutical dosage forms.
Attenuation due to absorption and scattering limits the range of
the terahertz pulse in tablets to about 2 mm [89]. With further
developments in more powerful emitters, it is quite possible that
this limitation will be overcome within the next few years. With
the terahertz pulse propagating through the dosage form twice in
order to be detected, there is a significant interaction with the
dielectric over the path length. For the future development of
TPI, one challenge will be the incorporation of dispersion and dif-
fraction effects into the data analysis. So far these effects are not
accounted for and will have a strong impact on the reconstruction
of the internal structure leading to distortions and increasing
uncertainties at increasing depth or at interfaces with a strong cur-
vature. For coating thicknesses below 150 pum, such as the typical
film coating layer on a tablet, these effects seem negligible, how-
ever, for the resolution of internal structure in layered tablets the
effects will be significant.

4.3. Transmission terahertz tomography

In analogy to tomographic experiments with X-rays as dis-
cussed in Section 2 it is possible to perform computed tomography
at terahertz frequencies. To date, no example of applying this tech-
nology to pharmaceutical samples has yet been reported. The fol-
lowing section gives an outlook of possible future developments
in this field and a discussion of the limitations in the context of
pharmaceutical dosage form characterisation.

4.3.1. Pulsed setups

A good overview on tomography using pulsed terahertz systems
is provided in the review by Wang and Zhang [104]. The first report
of terahertz tomography by Ferguson et al. demonstrated the prin-
ciple of a three-dimensional terahertz transmission tomography
experiment using the example of a turkey bone fragment [105].

In contrast to the reconstruction technique outlined in Section
2.1, the frequency dependent absorption and phase shifts need to
be considered for terahertz pulsed tomography. The analogous
equation to Eq. S-7 in X-ray CT for terahertz tomography, gives
the expression for the line integral of the parallel projection of
the transmitted terahertz pulse P(w,0,]) as

P(w, 0,1) = P(w) exp [/ de], 3)
(0L c

where w is the frequency of the terahertz signal, 0, the projection
angle, | the horizontal offset from the axis of rotation, L, the straight
line between source and detector (see Fig. S.2A), and c, the speed of
light [105]. n = n + ik is the complex refractive index of the object
along L. Here, n denotes the real refractive index and k is the extinc-
tion coefficient. The absorption coefficient « is related to the extinc-
tion coefficient as o = (2awk)/c. Without going into further details on
the reconstruction of these complex datasets, it is clear that this
technology allows the extraction of additional information from
the sample matrix. It is possible to reconstruct tomographic cross-
sections that represent the attenuation of a particular frequency
component or to specifically enhance the contrast between inter-
faces based on their differences in real refractive index. The ability
to use subtle differences in the refractive index of the sample for
image contrast is very powerful as demonstrated in the previous
subsection on TPIL.

The increase in the information content of the imaged object
compared with X-ray CT due to phase sensitive detection and the
use of a wide range of frequencies are significant advantages of ter-
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ahertz tomography. However, the relative disadvantages are the
much lower spatial resolution, strong dispersion and relatively
weak light sources of terahertz CT compared to XuCT. Scattering
effects in terahertz measurements also need to be fully understood
and considered [103]. The data analysis is further complicated by
the fact that the different frequency components in a broadband
terahertz pulse have different spatial distributions in the beam
profile and will, therefore, propagate through different volumes
of the sample. Further research will have to explore the full poten-
tial of this technique, and address the outstanding challenges be-
fore this technique can be widely applied.

4.3.2. Terahertz quantum cascade lasers

Quantum cascade lasers (QCL) are a novel source of terahertz
radiation, which can provide high power terahertz radiation either
at a single frequency [106] or at multiple frequencies [107]. Rather
than lasing from the bandgap transition between the conduction
and valence band, a QCL is a semiconductor laser that is lasing from
transitions between sub-bands. In a QCL, the conduction band is
split into sub-bands by quantum confinement [108], and it is these
so-called inter sub-band transitions that are used for lasing. The
whole QCL device measures only a few millimetres and has the po-
tential to be built very cheaply. Even though the development of
THz-QCLs is in its early phase and the present designs require
operation at temperatures below 160 K, the technology has already
been employed for proof-of-principle tomographic imaging
applications.

Nguyen et al. have used a THz-QCL operating at 2.9 THz com-
bined with a Golay cell for detection in a CT setup analogous to that
shown in Fig. S.1A [109]. The pulse power of the THz-QCL was
70 mW (250 ns pulse duration, 80 kHz repetition rate). The results
from this approach are very promising (Fig. 17), yet it remains to
be seen whether it will be possible to resolve fine internal struc-
tures of less than 1 mm. The spatial resolution of the setup is lim-
ited by the diameter of the terahertz beam.

mm-

0

Fig. 17. Tomography of a polystyrene phantom of a head using a THz-QCL.
Visualisation of the reconstructed 3D image. (A) The hole inside the phantom is
revealed, (B) the shape of the phantom is reconstructed, (C) the top view shows the
nose and cheek features. The data integration time was 15 min per image slice.
(Reprinted with modifications from [109] with permission from the Optical Society
of America).

5. Optical coherence tomography (OCT)

The development of optical coherence tomography, a contact-
free non-invasive imaging technology that can be applied to both
transparent and turbid media, originates from optical coherence-
domain reflectometry (OCDR). OCDR is an interferometry tech-
nique, which was initially developed in order to detect defects in
structures such as fibre-optic cables [110,111]. Huang et al. devel-
oped the first OCT setup and demonstrated the enormous potential
of this new technology by presenting the cross-sectional images of
different human tissue samples from eye and blood vessel [112].

In OCT, the radiation of a low coherence, broad bandwidth light
source, such as a super-luminescent diode, is focused onto the
sample object. A Michelson interferometer and an intensity detec-
tor are used to analyse the coherence of the reflected radiation.
While most of the incident photons are either reflected from the
surface of the sample or scattered by the sample medium, a num-
ber of photons are reflected from the internal structures of the
sample. These photons still exhibit coherence and can be detected
by the interferometer. Interference between the sample and the
reference mirror is observed, when the optical path difference be-
tween the two arms of the interferometer is less than the coher-
ence length of the source radiation. By scanning the reference
mirror of the interferometer, depth information from the sample
is obtained (Figs. 18 and 19). In analogy to TPI (Section 4.2), in
OCT the axial (z) resolution is decoupled from the lateral resolution
in the xy plane. The OCT measurement can be performed in the
time-domain by moving the reference mirror but it is also possible
to acquire the data in the frequency-domain. For frequency-do-
main OCT, two main configurations are in use. In both cases, the
mirror is kept stationary. One method is to directly measure the
spectrum at the detector, while the alternative approach is to use
a narrow bandwidth light source that can be rapidly swept over
a broad frequency range instead of the broad bandwidth light
source. In frequency-domain OCT, significantly higher acquisition
rates can be achieved with scan rates as fast as 5 MHz and no mov-
ing parts required. The acquisition speed in time-domain OCT is
similar to TPI for a single point measurement. In contrast to TPI,
however, 2D array detectors are available for OCT experiments,
most commonly performed at near-infrared frequencies. Even
though the data acquisition rates in frequency-domain OCT can
be much higher than in time-domain, the measurement time is
limited by the data processing time for the fast Fourier transform.

OCT is widely applied to study the microstructure of biological
tissues. Depending on the tissue type, imaging depths between
1 mm and 2 cm with an axial resolution below 1 um have been
demonstrated. A review of the technology by Schmitt gives a sum-
mary of the technical aspects of OCT in biological tissues and the
associated theoretical issues involved in imaging highly scattering
tissues with partially coherent light [113]. Applications of OCT out-
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Fig. 18. Schematic of an OCT setup based on a standard fibre-optic Michelson
interferometer. The mirror is scanned at each point of the sample in order to resolve
the internal structure of the sample tablet in axial (z) direction. The object is imaged
by mapping over the surface of the tablet. Alternatively a collimated beam together
with a 2D array detector can be used to scan larger areas of the surface of the object.
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Fig. 19. Principle of an OCT measurement (an example of a setup using a pulsed
light source). The schematic shows the light pulse that is reflected from the sample
object (blue) and from the mirror arm of the interferometer (red). In this example
two reflections of the light pulse have occurred at the internal structure of the
sample object. Depending on the mirror position the two pulses travelling along the
two arms of the interferometer exhibit coherence when they are united, which
leads to a signal at the detector. (For interpretation of the references in colour in
this figure legend, the reader is referred to the web version of this article.)

side the biomedical field have been recently reviewed by Stifter
[114].

To date, there have been no reported applications of OCT in the
pharmaceutical literature. However, the results of varnish layer
analysis on paintings and structural characterisation of ceramics
and porcelain in art conservation imply that the technology should
be in principle applicable to the film coatings on pharmaceutical
dosage forms as well [115-118].

Wiesauer et al. demonstrated the high axial resolution that can
be achieved by more advanced OCT configurations (so-called UHR-
OCT, ultra-high resolution OCT) [119]. In contrast to the standard
OCT, here a Mach-Zehnder interferometer and a femtosecond laser
is used rather than a Michelson interferometer and a cw source.
The resolution and contrast that can be achieved on this setup
were highlighted on samples of polymer film, wooden floor lami-
nate and polymer foam (Fig. 20).

Kastner et al. have compared OCT and XuCT for applications in
non-destructive materials testing [120]. The study involved a com-
parison of the performance to resolve the internal structures in
samples of fibre reinforced materials, polymer foams, composite
floor panels, multilayered foils, the geometry of complex plastic

welded seam I
5”“!”“

Fig. 20. OCT image of the cross-section through a polyester and polyethylene
composite foil. The multiple layer structure of the composite can be clearly
resolved. The arrow indicates a defect in the foil. From [119] with permission of the
optical Society of America.

shapes made by injection moulding and the dimensions of very
fine holes in a polyamide phantom. While both techniques are suit-
able to study such materials it was concluded that the advantages
of OCT were its higher resolution for contact-free measurements of
dimensions on surfaces of objects and in thin layers and its suit-
ability for in-line applications in an industrial quality control con-
text. The major advantages of XpuCT were the broad range of
materials that can be studied with the technique and the ability
to obtain a full 3D model of the object — in contrast to OCT which,
as a reflection technique, often cannot penetrate the entire object.

Compared to TPI, OCT has a potentially higher axial and lateral
resolution and can achieve faster data acquisition due to the avail-
ability of array detectors at near-infrared frequencies. However,
OCT measurements at near-infrared frequencies, which is the fre-
quency range in which the current equipment is almost exclusively
operating in, is problematic for imaging pharmaceutical solid dos-
age forms. A number of very common excipients, such as titanium
dioxide, are strongly absorbing in the near-infrared and the pene-
tration of the radiation is thus confined to the surface of the sam-
ple. In addition, the particle size of pharmaceutical formulations is
often on a similar length scale as the wavelength in the near-infra-
red, which will lead to very strong scattering and hence reduced
signal in OCT. Even though the recent work in the field of non-
destructive material characterisation is encouraging and provides
some indications that OCT might be useful for the characterisation
of pharmaceutical solid dosage forms, further work is required in
order to evaluate the potential of this technique.

6. Conclusions

Modern in-vitro tomography techniques can be employed to re-
veal unique insights into the structure and performance of phar-
maceutical solid dosage forms, information which is not directly
accessible by means of surface imaging techniques or measure-
ments of bulk properties. The rich information content that can
be extracted from tomographic experiments is crucial for the
development of a better scientific understanding of how solid dos-
age forms work and how their quality and performance can be im-
proved for optimal treatment of specific diseases and reduction of
side effects. The developments in technology over the last two dec-
ades provide the scientists and engineers involved in both R&D and
manufacturing with very powerful new tools that can improve the
understanding and better development of robust processes to
manufacture such solid dosage forms with consistent quality. All
techniques are non-invasive and, with the exception of MRI when
using liquids to image indirectly the solid fraction, non-destruc-
tive. This is a big leap forwards in terms of understanding what
processes are going on inside a dosage form during production,
storage and dissolution. It makes a lot of the, often elaborate and
time-consuming techniques - that were developed in attempts to
infer these properties from indirect observations or by cutting
the dosage form - redundant. Nebgen et al. provide a good over-
view of some of these techniques in the introduction of their sem-
inal study [46]. The information contents accessible through the
four techniques introduced in this review not only span a wide
range of length and timescales but also very different specificity
to changes in the chemical and physical characteristics of the
sample.

There is little doubt that the invention of the tablet press and
the subsequent patent on the ‘pill and lozenge’ press by William
Brockedon in 1843 has revolutionised the quality, stability and
convenience with respect to how medicine is administered to the
patient [121]. While engineers were able to transform the produc-
tion process of tablets within a few decades from the compaction
of simple powder mixtures by local pharmacists to fully automated
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tabletting machines capable of producing up to 500 tablets per sec-
ond on an industrial scale, the development of a thorough scientific
understanding of the dosage form itself and how the API is released
still eludes us. This difference in development of time scales is not
too surprising given the already existing state of the art in compac-
tion engineering in other industries at the time compared to the
scientific understanding of the dissolution of solids which was only
emerging roughly at around the same time [122-124]. Further ad-
vances in the fundamental physical chemistry of disintegration and
compaction were achieved over the last century, yet the lack of
experimental techniques to study such processes not only in a sim-
ple powder but also directly in tablets themselves, optically opa-
que compacts of often quite chemically heterogeneous particles,
limited the development of a better understanding of the dosage
form. While in the past this imbalance could be tolerated to a cer-
tain extent [125], the quality requirements of today’s medicines
and the economical costs associated with pharmaceutical produc-
tion make it imperative to move on from the commonly employed
empirical and indirect characterisation methods, such as weight
gain during coating or the amount of released drug during dissolu-
tion testing, and to aim at achieving a full understanding of solid
dosage forms through scientific first principles which in turn can
provide the solid foundation for process optimisation and control.
Process understanding can only be developed when both the for-
mulation scientist and the process engineer know how changes
in formulation and processing conditions impact on the perfor-
mance of the end product.

Pharmaceutical solid dosage forms are complex systems, which
provide a number of challenges with regards to their physical and
chemical properties. In terms of physical dimensions, “[t]ablets
made of compressed powders contain structure over length scales
from dngstroms, the interfaces between particles and the sur-
rounding air or water, to many micrometres, the air voids and large
particles, to millimetres, the size of individual tablets”. [30] The
differences in length scales have a direct impact on the release
characteristics of the dosage form: “For example, the rate of disso-
lution of the soluble component potentially depends on the disso-
lution rate at the interface between water and its crystalline
particles; on its overall solubility and concentration-dependent
diffusion constant; on any potential swelling of the insoluble ma-
trix; as well as on structure on larger length scales, for example
the porosity, which may well evolve with time” [ibid.]. Not only
huge variations in length scales but also in time scales need to
be accounted for. Modern formulations are produced with a variety
of different release kinetics. The time scales of dosage form disin-
tegration and drug release can range between a few seconds in
evanescent or sublingual tablets; a few minutes in immediate re-
lease; several hours in enteric coated dosage forms, sustained or
controlled release tablets; and up to several months for subcutane-
ous implants. There is also some preliminary evidence in the liter-
ature that even for tablets where drug release is only observed
after a few hours, much more rapid processes may contribute to
the performance of the dosage form. Striibing et al. for example re-
cently observed evidence for rapid water ingress into tablets
coated with a sustained-release barrier within a few minutes
[126], however, the implications of this observation, which could
be due to absorption of the dissolution medium into the open pore
voids, are yet not understood. Apart from the challenges due to the
vast range of length and time scales present, a number of changes
in the physico-chemical properties of the drug and excipient mol-
ecules during processing, storage and contact with the release
medium complicate the rational understanding of solid dosage
forms: drug-excipient interactions, polymorphism, hydrate forma-
tion, crystallisation, supersaturation, precipitation, formation of
complexes and other interactions of the drug or excipient mole-
cules on the surface of the dosage form with molecules in the dis-

solution medium all have an effect on the performance of the
medicine. In addition, the quality of the medicine is influenced
by photo- and temperature-induced chemical degradation during
storage and many other factors that can only be assessed in the fi-
nal dosage form.

Quantitative experimental observations of the solid dosage
form and the changes induced by contact with the dissolution
medium can form the basis for the development of reproducible
in-vitro dissolution models, which in turn would provide a robust
platform for rational product development in the future. To date,
a lot of knowledge is generated by understanding pure compounds
and their bulk properties; however, a holistic approach that takes
the whole dosage form into account is necessary to acknowledge
the strong complexity on different physical and chemical levels
as outlined above. The pharmaceutical scientist responsible for
the formulation of the dosage form is likely to be confronted with
a number of new techniques, such as the ones introduced in this
review, and it is important to understand the basic physics behind
tomographic techniques in order to make an adequate choice of
which technique to employ, how to interpret the results and how
to identify and eliminate artefacts in the measurements.

Table 1 gives an overview of the key characteristics of the differ-
ent techniques.

In comparison with the other techniques, the advantages of
XUCT are in the high spatial resolution that can be achieved with
this technique. In addition, X-rays are able to penetrate typical
pharmaceutical samples easily and are not significantly scattered
or refracted. The technique is very useful to study the microstruc-
ture of, e.g. the tablet matrix and depending on the contrast of the
images it can even be possible to quantify the pore size distribu-
tion. The major limitations of XuCT are due to the size restriction
of the sample for high resolution measurements. Only fragments
of samples with dimensions of up to 2 -2 - 2 mm?> can be imaged
at the highest resolution. An additional restriction for the measure-
ment of large objects is that the reconstruction algorithms require
the whole area of interest to be present in the field of view at any
time throughout acquisition of the different projection images.
This requirement makes it impossible to select small volumes of
a larger object to be imaged at high resolution. However, new
developments in the instrumentation now allow larger objects to
be imaged at high resolution using connected scans, where the
detector is moved and the field of view is extended. Such setups
are able to image whole tablets for instance with an isotropic res-
olution of 2 pm by sequentially acquiring four connected scans, yet
the acquisition time is then also four times longer than for a nor-
mal scan. The data processing and image reconstruction require
substantial computational resources. Using parallel computing
strategies, it is possible to process the acquired data on the time
scale of a couple of hours. Besides the difficulties of imaging larger
objects at high resolution, the contrast of the internal structure of
solid dosage forms in XpCT is often not very strong. It is typically
not possible to distinguish between API and excipient and hence
the API distribution within the tablet matrix cannot be analysed.
Further, the contrast between water and the tablet matrix is not
very high which, together with the relatively long acquisitions
times, limits the applicability of XuCT for in situ dissolution stud-
ies. The lack in contrast is due to the very similar electron density
of the different polymers, API and water.

To date, MRI is the most established technique for the charac-
terisation of pharmaceutical solid dosage forms of the four tech-
niques introduced in this review. It has been mostly applied to
study diffusion processes in matrix tablets, a field of research that
emerged from previous applications of MRI in the materials science
community to study diffusion in polymers. MRI has a unique abil-
ity to study transport processes, and it is possible to perform in situ
imaging experiments of tablet dissolution. It has a high chemical



Table 1

Overview of the different techniques. All values are intended to give a rough estimate based on the performance of currently available instrumentation

Technique

XuCT

MRI

TPI

THz tomography

ocT

Acquisition time*

Data processing time’

Spatial resolution

Maximum sample size

Contrast mechanism

Chemical sensitivity

Advantages

Limitations

Commercial availability

5-20 min (10-10 - 10 pm?
resolution), 20-80 min
(5-5-5 um? resolution), 1-4 h
(2.5-2.5-2.5 um® resolution)
30-60 min (5-5 -5 um®
resolution),

480-960 min (2.5-2.5-2.5
um? resolution)®
13-13-13um*°to 5.5 5 um?
instrument dependent

at maximum resolution

1-2 mm, using connected
scans it is possible to

image larger objects

electron density

low sensitivity due to
very similar

electron densities of
API, excipients

and water

- high resolution

- no limitations on sample
geometry

- geometry

- high penetration power

- long acquisition
and data processing time
- poor contrast
between typical
pharmaceutical matrix
and water

yes

5-60 min

20-1000 um*°

5 mm to 30 cm'?

- chemical specificity to nuclei of
interest (intrinsic signal)

- nuclear spin relaxation times

- molecular mobility

high

- chemical specificity
- in situ dissolution studies are possible
- quantitative technique
- ability to study flow and
diffusion processes
- wide range of imaging sequences
is available to specifically emphasise
certain properties of the sample

- only some solids can be imaged directly;
the experiments are usually destructive
as they require the interaction of a liquid
phase with the sample

- operation of strong magnetic
fields requires special safety precautions

- restricted sample size in magnetic more

- paramagnetic materials (such as most metals)
have to be eliminated from the sample setup

yes

40 min®

<1 min

150 - 150 um? lateral,
30 pum axial

21 mm

change in optical
constants (mainly
refractive index)

high

- strong contrast

- high dynamic range

- chemical sensitivity

- potential for 3D
chemical imaging

- it is not possible to

image through a whole tablet
- scattering and refraction effects
- point mapping techniques,

no array detectors available yet

yes

120-300 min

1-10 min

0.5 to 2 mm

no data available

change in optical
constants (mainly
absorption coefficient)

high

— strong contrast in
pharmaceutically relevant
excipients

- imaging through entire
dosage form is possible

- experimental technique
- difficult reconstruction
due to scattering and
diffraction effects
- further developments

in source and
detectors technology
required

no

10 min®

1-10 min

axial 1>z>10 um!!

nja'®

change in optical
constants (mainly
refractive index)

low

- very fast acquisition
- good spatial resolution
and extremely
high axial resolution
- real time imaging is possible

- it is not possible to
image through a whole tablet
- strong absorption and
scattering
at currently available
imaging frequencies (NIR)

yes

4 to cover the entire volume/surface of a tablet (10 mm diameter, 5 mm thick).
5 The acquisition time includes the time that is required to build a 3D model of the tablet. When scanning multiple tablets of the same dimensions the acquisition time for subsequent tablets is half of stated time. It is also
possible to image only select areas of the tablet in much shorter time intervals.
5 This value is an estimate, as there is no equipment on the market that is capable of automatically scanning all surfaces of the tablet.

7

single PC workstation, dual core processor.

8 Data processing can be performed on clusters. Algorithms are currently under development that will allow a dramatic reduction in reconstruction time down to less than 30 min at 2.5 - 2.5 - 2.5 um® resolution.
9 Two offset camera positions and two levels of scanning along the short axis of the object are required to achieve this resolution. The scanning and reconstruction time increase by a factor of 8 compared to 2.5 - 2.5 - 2.5 um?

resolution.

10 the voxel size is usually not isotropic.
1 depending on the instrument configuration; the lateral spatial resolution is diffraction limited and depends on the frequency of the light source used for the experiment.
12" the maximum sample size is restricted by the diameter of the magnet bore and the coil used for the experiments. 89 mm refers to a typical bore in a 500 MHz system while 30 cm refers to a 85 MHz system. See Tab. S.1 for details.
13 probe head can be applied to samples of arbitrary shape. No equipment is commercially available that can image pharmaceutical dosage forms in a fully automated fashion.
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sensitivity and at the same time is able to provide spatially re-
solved quantitative information from within the entire volume of
any dosage forms of arbitrary geometry (as long as it fits into the
imaging coil). This makes MRI potentially more powerful than
XWCT, which has only low chemical sensitivity, and both terahertz
imaging and OCT which may struggle to provide consistent image
quality throughout the volume of a dosage form. Both scattering
losses or diffraction of the pulse of electromagnetic radiation used
to perturb the magnetic field within the magnet, are not a problem
for MRI experiments. MRI is different from other techniques in that
it typically images the within aqueous phase within the dosage
form rather than the solid directly. A large variety of different
properties can be imaged or emphasised by making use of the dif-
ferent pulse sequences that have been developed. MRI is the only
technique of the four that provides strong contrast between the li-
quid and solid phase while the dosage form is immersed in an
aqueous liquid. Some of the limitations of MRI are the sample size
restrictions due to the dimensions of the magnet, and the restric-
tions that result from the fact that no paramagnetic objects can
be present in the magnet.

Compared to the other three techniques, terahertz tomography
is the most recent development. Due to this disparity in develop-
ment time not all aspects of the technology are fully exploited
yet. The area of tomographic imaging through an entire dosage
form using terahertz quantum cascade lasers is only at an experi-
mental stage, and only preliminary feasibility studies have been
performed that show the great potential for this technology for
the future. However, with respect to TPI and the area of structural
imaging of pharmaceutical dosage forms there is a particular rea-
son why terahertz technology has matured much faster than the
other techniques discussed here. While XpCT, MRI and OCT were
all developed in other research communities and only later intro-
duced to the characterisation of pharmaceuticals, in contrast the
pharmaceutical sciences have served as the core field for the devel-
opment of TPI. The role of pharmaceutics for the development of
TPI is comparable to the biomedical field and the development of
OCT. Commercial instrumentation that is specifically designed to
image the coating structure over the whole surface of film coated
tablets has been on the market for more than three years. Factors
that limit the rapid development of novel applications for terahertz
radiation in process research are its strong absorption by water,
the need for more powerful sources, the lack of array detectors
and waveguiding technology, and the limited understanding of
the exact contrast mechanisms in terahertz imaging. More re-
search is required into the fundamental physics of the interaction
of terahertz radiation with matter. Effects such as strong scattering
and diffraction of the radiation by the tablet matrix need to be
investigated before the technology can be developed for routine
tomography applications. In terms of the image acquisition speed
terahertz imaging can be operated much faster than XuCT and
MRI. While the strong absorption of terahertz radiation by water
can be a limitation of the technique when studying processes in
an entirely aqueous environment, it is very advantageous for
studying the interaction of solids with liquids as it provides an
excellent contrast between the two phases [127].

Of the four techniques discussed, OCT stands out in that it has
not yet been applied for the characterisation of pharmaceutical so-
lid dosage forms. However, based on the high resolution that can
be achieved in the characterisation of the layer structure in plastic
foil, the technique has a clear potential for future impact in the
pharmaceutical field. The high axial resolution and the rapid data
acquisition are the major advantages of OCT. In order to overcome
the problem of strong absorption by typical pharmaceutical excip-
ients, further developments in photonics are required to expand
OCT into different frequency regimes. Most of the available instru-
ments operate in the visible or NIR regions of the electromagnetic
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Fig. 21. Papers published on MRI, XuCT and TPI for the characterisation of
pharmaceutical solid dosage forms since the first report of the application of MRI
for pharmaceutical applications in 1994.

spectrum, where strong scattering is taking place on the length
scales of pharmaceutical solids and only low penetration of the so-
lid dosage form can be achieved. While considerable advances in
scattering theory have been made in the OCT research community,
the technology will benefit from sources and detectors that are
able to operate at lower frequencies. The low absorption of phar-
maceutical excipients at terahertz frequencies would make OCT a
particularly attractive technique to bring together high resolution,
high penetration and strong contrast. However, such development
will be far from trivial due to the coherence length characteristics
of the currently available THz-QCL and the remaining challenges
for the development of more powerful detectors.

This review highlights the rapid developments in the field of
tomographic imaging techniques, how such techniques have al-
ready impacted in pharmaceutical research and development and
what the potential of performing non-destructive three-dimen-
sional imaging brings into pharmaceutics. There is an increasing
research activity into the characterisation of solid oral dosage
forms by tomography, and the research applications diversify both
in terms of what techniques are applied and which problems are
explored (Fig. 21). As with all solid-state characterisation work,
there is not one ideal technique to solve all problems, but we hope
that this review gives a good insight into the basic working princi-
ples of the different types of tomographic approaches, and provides
some rational as to which techniques to chose for a specific sample.
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