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ABSTRACT: Optical coherence tomography (OCT) is a recently developed optical tech-
nique that produces depth profiles of three-dimensional objects. It is a nondestructive
interferometric method responding to refractive index variation in the sample under
study and can reach a penetration depth of a few millimetres. OCT employs near-
infrared (NIR) light and therefore provides a link between NIR spectroscopy and
Terahertz (THz) measurements that are often used to characterise tablets. In this
article we assess the potential of OCT as a reliable and practical tool in the analysis of
pharmaceutical tablets and coatings. A variety of tablets were tested with different
shapes, formulations and coatings. We consider the origins of contrast in the obtained
images and demonstrate that it correlates strongly with the expected tablet structure.
The influence of absorption and scattering are considered for the wavelength ranges
used. The results show that OCT is a promising diagnostic tool with an important role to
play in the tablet and coating technologies. The high measurement speed of OCT and its
relative ease of implementation make it also an attractive candidate technology for in-
line quality control during manufacturing. � 2009 Wiley-Liss, Inc. and the American

Pharmacists Association J Pharm Sci 99:385–391, 2010
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INTRODUCTION

During recent years regulatory bodies of the
pharmaceutical industry have indicated the need
for a complete understanding of all design and
functional stages of dosage forms and the require-
s: RI, refractive index; API, active pharmaceu-
; OCT, optical coherence tomography; Thz,
near infrared.
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ment for closely monitored manufacturing pro-
cesses.1 The aim is to understand, identify,
measure and control critical quality attributes
so that drug products are continuously manufac-
tured with proven reliability. Tablet coatings are a
particular and critical aspect of drug manufac-
ture. Coatings permit the design of products with
controlled and delayed release profiles and both
their physical and chemical structure are critical
to final product performance. There is therefore a
need for diagnostic techniques to assess coating
structure. To date several imaging techniques
have been applied in this effort. These include X-
ray computed tomography, terahertz (THz) pulse
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Figure 1. Schematic setup of the fibre-based OCT
system. The light source is a super luminescent diode
that has a large spectral bandwidth. After travelling
through the beam splitter, the light scattered back from
the sample is superimposed on the reference beam and
travels back to the fibre coupler to give an interference
pattern in the spectrometer, which is evaluated after
Fourier transformation.
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imaging as well as/and nuclear magnetic reso-
nance imaging, and also Raman and NIR spectro-
scopy.2–11 Each technique has advantages and
disadvantages; for example, the relative super-
iority in spatial resolution of X-ray imaging is
offset by its relative insensitivity to density
variations within a tablet. Terahertz pulse
imaging in contrast offers a lower spatial resolu-
tion but is more sensitive to density and chemical
heterogeneities. In contrast to THz pulse imaging,
where submillimeter wavelengths are used for
probing the sample, OCT exploits the NIR
spectrum; hence one expects the sample to have
different absorption and scattering cross sections
in these wavelength ranges and thus the two
techniques provide complementary data. Like
THz pulse imaging, OCT is a very rapid measure-
ment technique compared to X-ray tomography or
nuclear magnetic resonance imaging.

OCT is noninvasive and has been primarily
developed and used for ophthalmic applications.12

Image contrast stems from sample inhomogene-
ities in refractive index (RI).13 Refractive index
variations are expected to occur at the interface
between two different materials, for example at
interface between different layers in a tablet
coating. OCT records depth profiles with a
penetration depth of approximately half a milli-
metre into the sample. By rastering the OCT
probe across the sample surface, three-dimen-
sional representations of the sample structure can
be constructed. The depth resolution is propor-
tional to, and limited by, the wavelength of the
probe beam. For an in-depth review of the
technique and theoretical background the reader
is referred to the literature.13,14 In what follows
we present a brief outline of OCT with reference to
the particular fibre based system that was used in
the present study.

OCT uses low time-coherence interferometry to
produce a two-dimensional image through optical
backscattering, similar to ultrasonic pulse-echo
imaging. A super luminescent diode serves as a
light source with low temporal coherence (i.e.
large spectral bandwidth) which is split in a
Michelson interferometer (Fig. 1). One beam is
focused with a lens into the sample while the
second (reference) beam is terminated with a
mirror. The sample beam penetrates into the
sample and is increasingly scattered the deeper it
progresses into the material. The backscattered
light from the sample is collected through the
same lens and optical path used for light emission.
In the interferometer the sample beam is recom-
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bined with the reference beam. This procedure
encodes the depth information of where back-
scattering occurred within the sample. The
combined light beams travel back through the
fibre coupler and their interference pattern is read
out with a spectrometer. The depth information
can be decoded from the spectrogram through
Fourier-transformation. This yields a depth pro-
file underlying a point on the sample surface
which, using a term from ultrasonic imaging, is
known as an A-scan. Acquiring several A-scans in
a line across the sample yields a two-dimensional
(transverse) image, also known as a B-scan. In our
experiments, transverse scanning is performed by
an oscillating mirror controlled by a galvan-
ometer.

The signal contrast stems from refractive index
discontinuities within the sample volume, as
these affect the backscattering efficiency of the
incident light. Absorption also affects the signal
intensity and limits the overall depth of the OCT
scan but this is a relatively well understood
phenomenon at NIR wavelengths. When inter-
preting OCT images, it is important to keep in
mind that OCT is responsive only to refractive
index variations within the sample. Thus contrast
may not necessarily stem only from differences in
chemical composition, but also from density
variations and other physical features such as
air gaps in cracks or enclosed voids. Similarly two
DOI 10.1002/jps
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layers with similar chemical composition but
which happen to feature the same refractive
index will not be distinguishable by OCT.
Resolution

Theoretically, the depth resolution can be esti-
mated13 by the round trip coherence length lc:

lc ¼
2 ln 2

p

l

Dl
(1)

where l is the mean wavelength and Dl the
spectral bandwidth of the illumination source.
Transversal resolution is defined as the full width
at half maximum diameter DdFWHM of the probe
beam amplitude distribution at the beam waist of
the focused probe beam:

DdFWHM ¼ 2
ffiffiffiffiffiffiffiffiffi

ln 2
p l

pus
(2)

where us is the angular spread of the Gaussian
beam. The transverse resolution also depends on
the scanning depth.
EXPERIMENTAL

The OCT systems used in this study were the
spectral radar OCT OCP930SR and the swept
source OCT Microscope OCM1300SS systems
from Thorlabs (Ely, UK). They differ in the
illumination wavelength: the spectral radar
system operates at 930 nm with 2 mW output
power and the swept source system at 1325 nm
with 10 mW output laser power. The beam
diameter gives a transverse resolution of 9 and
15mm and a power density of 0.03 and 0.06 mW/
mm2 for the spectral radar and the swept source
system, respectively. The systems operate at a
bandwidth of 100 nm (spectral radar) and 130 nm
(swept source). This results in a theoretical axial
resolution of 6.5mm for the spectral radar and
12mm for the swept source instrument. The axial
scan rate (A-scan) is 5 kHz for the spectral radar
and 16 kHz for the swept source instrument. The
transverse or B-scan rate is 4 frames per second
(fps) for the spectral radar and 25 fps for the swept
source OCT microscopes. They are both fibre
based OCT systems as depicted in Figure 1.
Transverse scanning (B-scanning) is performed
by use of an oscillating mirror controlled by a
galvanometer, which deflects the probe beam. The
transversal scan covers a strip of 2 mm length and
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the beam breadth and it covers an imaging depth
of roughly 0.5 mm for the investigated materials
due to absorption. The technical maximum
imaging depth is 1.3 mm for the spectral radar
system and 3 mm for the swept source system. The
samples were placed in a tablet holder situated
below the OCT probe and not altered in any way
prior to OCT measurements. The tablets were
measured in air under ambient conditions and not
moved during image acquisition. A variety of
tablets were investigated taken from development
or production batches. The tablet cores consisted
of excipients and the active pharmaceutical
ingredient (API) and were covered with different
cosmetic or enteric coatings. The OCT images
presented were further processed with a non-
linear diffusion filter as reported in Ref.15 (see
Supplementary Appendix for detailed informa-
tion). An assessment of the coating thickness in
each image pixel was performed using the
Imaging Toolbox of Matlab version R2008a (The
MathWorks, Natick, MA).
RESULTS

Figure 2A shows a typical OCT result obtained for
an uncoated tablet core. The image is composed of
a curved dark line that corresponds to the air/
tablet interface. This interface exhibits strong
contrast due to the large change in refractive
index between air above the tablet surface and the
tablet material itself. It is noted that the tablet
surface is not only curved, but also rough. A
typical intensity profile of going into this tablet is
shown in Figure 3A. It consists of a steep initial
gradient at the air/core interface followed by a
decay of the signal with respect to the imaging
depth. This decay is due to absorption of the near
infrared light and has been observed in other OCT
applications. According to the Beer–Lambert law
of absorption, an exponential decay is expected.
Superimposed upon the decay curve features can
be observed that represent refractive index
variations within the tablet caused by density
and chemical composition variations. These het-
erogeneous structures of up to 150mm in diameter
were detected deep into the tablet. Similar
variations in chemical and physical structure
are typically observed with near-infrared and
Raman imaging of microtomed tablets.7 The
contrast that can be observed is not restricted to
the surface, but extends into the tablet. In this
case at greater depths contrast variations are
NAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 1, JANUARY 2010



Figure 2. Typical OCT scans of tablets with different
coatings. Panels A–D were acquired at 930 nm, whereas
the image in panel E was taken at 1325 nm. (A)
Uncoated tablet. (B) Tablet with a single cosmetic coat-
ing. (C) Tablet covered with cosmetic and enteric coat-
ings. (D,E) A comparison of data from the two different
OCT systems, visualising the difference in resolution
and contrast. Both panels represent unfiltered raw data
taken for a tablet with a cosmetic and enteric coating
that has a DiffCore hole (http://www.gsk.com/infocus/
diffcore-tablets.htm). In this case the region on the right
of the image shows the DiffCore hole and exposed tablet
core. In panel D the data was obtained with the Spectral
Radar OCT at 930 nm, whereas panel E shows the
equivalent data taken with the Swept Source OCT
system centred at 1325 nm. The imaging depth is about
0.5 mm in both panels.

Figure 3. Representative cross-sectional depth (B-
scan) OCT scans taken from the images in Figure 2.
(A) Uncoated tablet A. (B) Tablet B with a single cos-
metic coating. The first peak is small compared to the
second peak. (C) Tablet C cosmetic and enteric coatings.
(D) Complex tablet with three coatings. The dotted lines
mark the characteristic peaks that were used for the
coating thickness analysis.
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masked by the exponential decay of the signal. In
accordance with other imaging studies of micro-
tomed samples these image inhomogeneities are
therefore attributed to composition variations
from the blending and compaction processes. In
obtaining OCT data, regions of 2 mm length by
0.5 mm depth were typically studied. The results
shown here are typical of the complete tablet
JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 1, JANUARY 2010
surface. It is noted that due to the relatively short
wavelength of the light compared to related
techniques such as THz and photoacoustic ima-
ging, OCT offers the advantage of greater resolu-
tion. Thus the internal structure of regions
DOI 10.1002/jps
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associated with gross surface roughness (such as
embossed areas) can be investigated (see later).

Figure 2B represents an OCT image for a tablet
with a single cosmetic coating. It shows one very
weak refractive index change along the surface,
followed by a rather strong one. Figure 3B shows a
representative intensity profile across the image.
The distance between the first small peak and the
following major peak was calculated to be 5.5�
1.4 pixels. We speculate that the first peak
represents the beginning of the coating, although
we currently do not understand why this contrast
at the proposed air/coating interface is relatively
weak as we would have expected a rather strong
RI change at this interface. The hypothesis that
the region between the two peaks represents the
cosmetic coating is supported by the observation
that the signal intensity does not decay appreci-
ably within the region. Such behaviour reflects the
spectral properties of the coating material. Across
the cosmetic coating region spatial variations are
observed which demonstrate that the coating is
not completely homogeneous. Inspection of the
corresponding intensity profile in Figure 3B
confirms the exponential decay of the signal
following the large RI change, superimposed upon
which are variations indicative of inhomogene-
ities within the tablet core.

Figures 2C and 3C show typical data obtained
for a tablet with both a cosmetic (inner) and
enteric coating. As expected this tablet reveals
very different OCT data. Examination of
Figure 3C indicates that for the more complex
tablet structure the intensity profile is quite
different. THz pulse imaging measurements of
coating properties/thicknesses with tablets from
the same batch demonstrated that the coatings
are approximately 40mm (cosmetic) and 80mm
(enteric) thick. It is noted that an exact value of
the thickness cannot be quoted as variations are
always observed across a tablet surface and
within a batch.

From these values, a rough depth calibration of
the OCT images can be deduced by evaluating the
average pixel distance between the two distinct
black lines from Figure 2C (the average peak-to-
peak distance of Fig. 3C) and calibrating this to be
120mm. For a more accurate coating thickness
measurement as in quality control or functional
coating research, each type of tablet should be
calibrated against a microtomed sample sepa-
rately; as the different refractive indices of the
various coatings also change the length calibra-
tion. In principle 3D OCT imaging could be used to
DOI 10.1002/jps JOUR
determine the coating thickness distribution
across a complete tablet by acquiring multiple
adjacent B-scans in a line (translating the
sample).

Inspection of Figures 2C and 3C reveals two
large RI changes (marked with dotted lines) which
are followed by the exponential signal decay.
Given that these changes occur over a distance it
is assumed that they correspond to the air/enteric
and cosmetic/core interfaces. The mean peak-to-
peak distance between the layers was found to be
42� 11 pixels. Although other variations are
observed it is assumed the enteric/cosmetic coat-
ing interface is not clearly resolved. This result is
not unsurprising in that a large refractive index
change in the NIR may not occur. To fully
understand this behaviour an in depth spectro-
scopic and OCT study is required. Again deeper
into the tablet the signal is seen to decay
exponentially due to light absorption and signal
fluctuations are observed due to the inhomoge-
neous tablet core.

Within the coating layers contrast is observed in
the form of black dots. Visible optical microscopy
and scanning electron microscopy of microtomed
tablets reveals that such coatings are inhomoge-
neous, they often contain pores and regions of
dense material associated with nonuniform
nucleation of the coating during drying. It is
noted that such density variations within coatings
have previously been observed and often critically
influence dissolution behaviour.16 It is believed
that OCT contrast arises from such features.

It is also possible to study tablet embossing sites
with the OCT systems. Representative OCT scans
of embossing sites can be found in the Supple-
mentary Appendix to this article (Fig. A3).
OCT Imaging at Different Wavelengths

In contrast to THz studies of tablets where the RI
is known to be relatively insensitive to the
wavelength, in the NIR or in the NIR region,
illumination wavelength is critically affected by
RI. Spectral absorption characteristics are often
used to quantify API and excipient composition as
well as features such as coating thickness. To
investigate the influence of imaging at different
wavelengths, the two OCT systems introduced
earlier, operating at 930 nm (spectral radar
system) and 1325 nm (swept source system) were
compared and evaluated in terms of image
resolution and sample penetration depth.
NAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 1, JANUARY 2010
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As both the transverse and the depth resolution
are proportional to the wavelength, the swept
source system was expected to feature a coarser
image resolution and a different penetration
depth into the sample, as the effective absorption
could differ at 1325 nm. Figure 2D and E depict
the resulting differences between the two OCT
systems, showing a close up of a two layered
tablet, which has been drilled to remove its
coatings to expose the tablet core (right half of
the figure). For better comparison of image
resolution the raw, unfiltered OCT data is
displayed. In the left half of the figure, the coating
structure, similar to that in Figure 2C can be seen.
The right half of the figure reveals the tablet core.
In Figure 2E similar heterogeneous structures to
those seen throughout the uncoated tablet (Fig.
2A) can be seen, supporting the hypothesis that
these structures are present throughout the
entire tablet core. Note that due to the different
refractive indices at the two wavelengths the
contrast and resolution change.

As expected, the resolution is greater at 930 nm
(Fig. 2D), but the imaging depth of the longer
wavelength system (Fig. 2E) is not noticeably
increased. Both systems seem to image up to a
maximum depth of approximately 0.5 mm.
DISCUSSION AND CONCLUSION

OCT is clearly capable of identifying structural
features in coatings and outer tablet cores,
although a precise distinction between several
coating layers is dependent on the strength of
refractive index discontinuities between the
layers. It also allows the coating investigation
at embossing sites. The nondestructive nature
and the high spatial resolution (below 10mm) and
speed (4–25 frames/s in the systems used here)
make OCT a very attractive technology for tablet
diagnostics, especially since cost and ease of use
are favourable compared to alternative technolo-
gies. In all cases studied here, operation at 930 nm
offered better contrast and spatial resolution
compared to operation at 1325 nm whilst differ-
ences in depth penetration were negligible. We
should emphasise, however, that the optimal
wavelength choice is depends on specifics of the
coating tablet core materials. At both wavelengths
the achieved penetration depth was approxi-
mately 0.5 mm, limited by the decay of the signal
intensity caused by absorption of NIR light.
Precise depth information cannot be recovered
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from samples with unknown composition. In
practical situations during tablet production the
refractive index of each layer material can be
measured independently and thus a full quanti-
fication of layer thicknesses becomes possible.

Other techniques such as X-ray computer
tomography and THz pulse imaging have also
been reported in the literature for the successful
determination of tablet structure. Like OCT these
are nondestructive techniques. However OCT
offers several advantages over these methods, in
particular:

� high spatial resolution (<10mm),
� sensitivity to variations in physical (density)

and chemical properties,
� high image acquisition speed (25 fps),
� low cost instrumentation,
� contrast that could be in principle related to

NIR spectra, ability to choose operational
wavelength/bandwidth.

It is evident that OCT shows considerable
promise as a means to investigate and understand
the function of tablet and coating structures.
Since OCT is a relatively rapid technique it could
also be used evaluate product quality after/during
manufacture. OCT also offers the means to
understand factors in solid dose form R&D and
to comprehend NIR spectroscopy data.
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