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ABSTRACT: The present work gives an insight into some key measurement and signal pro-
cessing considerations in terahertz pulsed imaging (TPI). TPI is increasingly used for the mea-
surement of the spatial variation of coating thickness on coated solid dosage forms. The potential
of TPI for the assessment of coating thickness distributions and the use in process development
is described in recent literature. However, some critical factors need to be taken into account
when working with this technique. These are (1) the signal processing of the raw data, (2) the
influence of the composition of the sample matrix on the TPI signals and subsequent coating
analysis, (3) signal distortions that can occur at tablet edges or areas with defects, and (4) the
refractive index as a key parameter in the quantification of layer thickness. In this paper, we
will highlight to what extent these factors impact on the qualitative and quantitative analysis of
TPI data and how artifacts and misinterpretation of data can be avoided to ensure fully quanti-
tative and robust measurements. © 2013 Wiley Periodicals, Inc. and the American Pharmacists
Association J Pharm Sci 102:1813–1824, 2013
Keywords: terahertz pulsed imaging; active coating; deconvolution; absorption coefficient;
coating thickness; refractive index; imaging methods; crystallinity; osmotic pumps; solid dosage
form

INTRODUCTION

In recent years, terahertz pulsed imaging (TPI) has
been systematically evaluated as a technique for non-
destructive three-dimensional imaging of pharmaceu-
tical solid dosage forms. When imaging tablets, it was
found that TPI can provide information on the spatial
variation of coating thickness over the tablet surface
for both, external and buried layers. Furthermore, the
physical properties of the investigated dosage form
such as coating density and surface roughness can be
investigated. Detailed information on the technique
is provided by Zeitler et al.1 and Shen and Taday.2

To date, the most promising results were demon-
strated in the measurement of film coating thickness.

Additional Supporting Information may be found in the online
version of this article. Supporting Information
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Ho et al.3,4 showed how TPI can be used to iden-
tify defects in the coating structure and to quantify
the spatial variability of coating thickness over the
entire tablet surface. With their measurements, the
authors were able to reveal areas on the tablet that
were critical for the dissolution performance of the
tablets. Furthermore, proof-of-principle studies into
the applicability of the technique for coating pro-
cess development5 and its in-line applicability were
reported.6 In addition, Zeitler et al.1 showed the po-
tential of the technique to reveal the internal struc-
ture of more complex samples, such as sugar-coated
tablets that exhibit multiple coating layers or multi-
layer tablets.

Apart from measuring the coating thickness, it was
demonstrated that TPI can be used to assess the sur-
face roughness and the density of the tablet coat-
ing. For sustained release film-coated tablets, it was
possible to correlate these parameters with the drug
release.7 Differences between laboratory- and pilot-
scale batches of a pan-coating process were identified
based on this analysis.
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Given the increasing amount of studies and use of
the technique in industry, it is important to highlight
some of the key measurement and signal processing
considerations in more detail to avoid artifacts and
thus ensure fully quantitative and robust TPI mea-
surements. First, the impact of the signal process-
ing on the quantitative analysis of TPI data is dis-
cussed as it is an essential step prior to data analysis.
Furthermore, effects of the sample matrix, such as
crystallinity and particle size, on the TPI data and
its impact on quantitative coating analysis are evalu-
ated. The quality of TPI signals close to tablet edges
and the drilling region of an active-coated gastroin-
testinal therapeutic system is furthermore assessed.
Finally, the impact of various process conditions on
the refractive index as a crucial parameter for the de-
termination of absolute coating thickness values is in-
vestigated. The present study shall give the reader an
overview of these measurement and signal processing
considerations and shall help to identify some critical
factors in the measurement of tablet film coatings us-
ing TPI.

MATERIALS AND METHODS

Manufacturing of the Dosage Forms

Dosage form A, biconvex placebo tablets (8 mm diam-
eter, average weight: 200 mg), consisting of 49.5% lac-
tose (Granulac 70; Meggle Pharma, Wasserburg, Ger-
many), 45% microcrystalline cellulose (Avicel PH 101;
FMC Biopolymer, Philadelphia, Pennsylvania, USA),
5% croscarmellose, and 0.5% magnesium stearate (wt
% solids), were coated using a side-vented pan coater
(BFC5; LB Bohle, Ennigerloh, Germany) at 3 kg scale.

The coating consisted of 64% Kollicoat IR (polyvinyl
alcohol–polyethylene glycol graft copolymer; BASF,
Ludwigshafen, Germany), 15% talc, 15% titanium
dioxide, and 6% iron oxide red (wt % solids). Film
coating was performed until 30% weight gain of the
tablet cores was reached. Samples were withdrawn at
set time intervals throughout the coating process.

A part of the batch of dosage form A was sub-
sequently coated with a second layer, resulting in
samples of dosage form B. The second coating layer
consisted of 75% Walocel HM5 PA2910 (hypromel-
lose; Wolff Cellulosics, Bomlitz, Germany) and 25%
polyethylene glycol 1500 (wt % solids). Here, a total
coating mass of 8.75% weight gain was applied.

Dosage form C was based on a gastrointestinal
therapeutic system (GITS; Bayer Pharma AG, Lev-
erkusen, Germany), a two-layer tablet core coated
with a polymer diffusion membrane. One layer of the
tablet core contained the active pharmaceutical ingre-
dient (API) nifedipine (NIF), whereas the other half
consists of an osmotic blend comprising sodium chlo-
ride (NaCl), red iron oxide, and polyethylene oxide.

According to the color, the first layer of the tablet core
will be referred to as the yellow tablet face whereas
the other layer will be referred to as the red tablet
face. The diffusion membrane of the GITS consists
of celluloseacetate (CA) and polyethylene glycol 3350
(PEG). An orifice is drilled into this membrane on
the yellow tablet face by laser ablation to release the
API from the tablet core. The diameter of the GITS
was either 9.1 mm at an average weight of 280 mg per
tablet and a drug load of 30 mg NIF or 10.6 mm at an
average weight of 531 mg per tablet and 60 mg NIF.

On top of the GITS, an active coating layer was ap-
plied. The coating suspension of the active layer con-
sisted of micronized candesartan cilexetil (CAN) and
Opadry II 85F clear (OPA; polyvinyl alcohol based
polymer mixture; Colorcon, Dartford, UK). Coating
was performed at laboratory scale (3.5–8 kg), pilot
scale (37–43 kg), or production scale (250 kg) in side-
vented pan coaters at varying process conditions
(BFC5, BFC5/10, BFC50, and BFC400; L. B. Bohle).
Detailed information on the process conditions is
given in Table S1 in the supplementary data.

Terahertz Pulsed Imaging

All TPI measurements were performed using a TPI
imaga 2000 system (TeraView Ltd., Cambridge, UK).
Imaging was performed by mapping over the tablet
surface at a resolution of 200 × 200:m2. Depending
on the tablet dimensions, this resulted in approxi-
mately 1500–3300 data points per tablet surface (top,
center, or bottom).

Dosage Forms A and B

Tablets from coating endpoint as well as samples
throughout the coating process (only dosage form A)
were subdued to TPI analysis. The penetration depth
was 2 and 1 mm in air for dosage forms A and B, re-
spectively.

Dosage Form C

From each batch of samples either 10 or 36 tablets
were measured at coating endpoint. The penetration
depth of the THz pulse was set to 2 mm in air.

Layer thickness analysis was performed using
TPIView version 3.0.3 (TeraView Ltd.). Subsequent
numerical analysis was performed using Matlab
(R2011b, The Mathworks, Natick, Massachusetts).

Terahertz Time-Domain Spectroscopy

Physical mixtures of the raw excipients and polyethy-
lene (PE) were prepared by mixing 360 mg PE
and 50mg sample material. The mixtures were com-
pressed into flat-faced disks using a biplanar die
of 13 mm diameter. The reference disk consisted of
360 mg PE.

Terahertz time-domain spectroscopy (THz-TDS)
measurements were performed on 2–3 samples per
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excipient. A detailed description on the spectrometer
setup and the technique can be found in Parrott et al.8

The frequency-dependent absorption coefficients
(α) and refractive indices (n) were calculated accord-
ing to the Beer–Lambert law,9

"(T) = −2
d

ln
!!!!
Esam(T)
Eref (T)

!!!! (1)

nr(T) = "#(T)c0

Td
+ 1 (2)

where d is the sample thickness, Esam and Eref are
the electric fields of sample and reference, ω is the
angular frequency, "Φ is the phase shift, and c0 is
the speed of light in vacuum.

High-Performance Liquid Chromatography

High-performance liquid chromatography (HPLC)
analysis of CAN content was performed on 30 tablets
per batch using an Agilent 1100 HPLC (Agilent Tech-
nologies, Waldbronn, Germany). For this analysis, the
active coating layer was dissolved while the GITS
stayed intact. The HPLC runs were performed with a
gradient program using water + 0.05% trifluoroacetic
acid and methanol as eluents. Detection was achieved
by measuring the UV absorption at 225 nm. The mean
API content per batch and its standard deviation were
calculated.

X-Ray Micro Computed Tomography

X-ray micro computed tomography (X:CT) was per-
formed using a Skyscan 1172/F instrument (Skyscan,
Kontich, Belgium) with a source voltage of 59 kV.
Shadow images of the entire tablet were acquired
over 360◦ of rotation at a rotation step size of 0.25◦.
Reconstruction of the cross sections was performed
using NRecon+GPUReconServer (Skyscan, Kontich,
Belgium) based on the Feldkamp algorithm.10 The re-
sulting images had an isotropic voxel size of 3.51 :m.

RESULTS AND DISCUSSION

Signal Processing

Terahertz radiation can penetrate a wide range of
polymers including most commonly used polymers in
pharmaceutical film coating. In TPI, short pulses of
terahertz radiation are focused onto the sample sur-
face and the field strength of the reflected pulses is
measured as a function of time (raw pulse data). At
any interface, where the refractive index n of the prop-
agation medium changes, a reflection occurs.

Prior to data analysis, signal processing is per-
formed on the raw pulse data.1,11 By filtering the sig-
nal in the frequency domain, noise is removed. Sub-

sequent deconvolution with a reference reflection ac-
quired from a mirror yields time-domain waveforms
of a high signal-to-noise ratio that clearly reveal the
reflections from all interfaces where a change in n oc-
curs (Fig. 1). By measuring the relative time of flight
between such reflections, the thickness of the layer
between such interfaces can be calculated as

2dcoat = "tc
n

(3)

Here "t is the time delay between two reflection
pulses in the time-domain waveform, c is the speed of
light, and ncoat is the refractive index of the film coat-
ing on the tablet. Even though an exact value of ncoat
is required for absolute thickness measurements, it
is possible to measure relative dimensions by substi-
tuting an average value for commonly used polymer
formulations n̄coat = 1.53 as a starting point.1

The direction of the reflection pulses indicates the
relative change in n of the two surrounding media,
with positive peaks indicating an increase in n in
penetration direction of the THz pulse and vice versa.
For a tablet that is coated with a single coating layer
(dosage form A), a time-domain waveform as plotted
in Figure 1a is observed. The waveform exhibits a sur-
face peak at 0 mm time delay as well as a peak at 0.5
mm time delay at the coat/core interface. The nega-
tive peak direction of the interface peak indicates a
higher value of n in the coating layer compared with
the tablet core. This is intuitive given that the coating
layer contained a high amount of pigments that have
a high n.

The addition of a second, pigment free, coating
layer (dosage form B) leads to a new interface peak in
the time-domain at 0.2 mm time delay (Fig. 1b). The
coat/core interface peak is now shifted to later de-
lay times. The positive direction of the new interface
peak indicates that the outer coating layer (without
pigment) has a lower refractive index than the coating
layer beneath (with pigment).

Distortions in the TPI signals can occur when the
parameters for the pulse width (PW) and cutoff fre-
quency (CF) are set incorrectly. These two parameters
are the only settings that the user can adjust during
the signal processing step when using the commercial
TPIView software. As highlighted in Figures 1c–1f,
the values of the parameters have a significant in-
fluence on the quality of the final time-domain wave-
form.

Even though strong oscillations or broadened inter-
face peaks can occur with less-than-ideal deconvolu-
tion settings, the effect of the deconvolution settings
on subsequent numerical analysis is not very strong.
The terahertz electric field peak strength (TEFPS)
that describes the amplitude of the surface reflection
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Figure 1. Time-domain waveforms acquired by TPI for a tablet with a single coating layer
(a, c, and e) and a tablet with two coating layers (b, d, and f) after signal processing with
different settings for the PW and CF. Waveforms A and B are included in (e) and (f) to highlight
the differences in the deconvolution result.

relative to the ideal reflection measured using a mir-
ror, and layer thickness has barely changed. In the
present sample, TEFPS and layer thickness values of
individual pixels are shifted but the median is inde-
pendent of the deconvolution settings and stays al-
most constant (Fig. 2). The interquartile range of the
TEFPS is slightly broadened with decreasing pulse
width, whereas the interquartile range of layer thick-
ness broadens with an increasing CF. Outliers in the
data are due to the measurement close to the sam-
ple edges. Further details on this will be given in the
section Defects and Tablet Edges.

Even though poor deconvolution settings do not
strongly impact on numerical data analysis, it makes
sense to adjust the PW and CF so that low noise and
sharp peaks are obtained. This facilitates the differ-
entiation between high-frequency noise and genuine
features of the sample matrix that appear in the TPI
signals. An example of how the sample matrix im-
pacts on the time-domain signals is given in the next
section.

Effects of the Sample Matrix

Crystallinity and Particle Size

It is important to note that oscillations in the TPI sig-
nals are not always caused by high-frequency noise
that has not been filtered out correctly during signal
processing. In samples where the formulation con-
tains crystalline materials that have absorption fea-
tures at THz frequencies, e.g., crystalline lactose and
most drug molecules, this also leads to oscillations in

Figure 2. TEFPS and layer thickness in relation to CF
(at PW = 14) and PW (at CF = 110) for all pixels of one
tablet face (dosage form A, 1512 pixels). Boxes = 25th, 50th,
75th percentile, whiskers = outliers,–= 1st, 99th percentile,
triangles = minimum/maximum.

the time domain. Such oscillations are genuine fea-
tures from the sample and will be observed at delay
times corresponding to the depth at which the crys-
talline materials are located within the tablet matrix.

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 102, NO. 6, JUNE 2013 DOI 10.1002/jps



CRITICAL FACTORS IN THE MEASUREMENT OF TABLET FILM COATINGS USING TPI 1817

The origin of the oscillations is from vibrational
modes at terahertz frequencies, which include phonon
modes, intermolecular hydrogen bonding modes, as
well as low-frequency intramolecular bending modes
in organic molecular crystals.12

A vibrational mode leads to a change in n at the
frequency of the absorption feature. The change in n
in the frequency domain is represented by an oscil-
lation with this frequency in the time-domain wave-
forms acquired by TPI. Amorphous materials do not
exhibit any long-range order, and hence no distinct vi-
brational modes are excited at THz frequencies. Most
polymers therefore do not exhibit significant absorp-
tion, and no oscillations are observed for the THz
pulse propagating through such an amorphous ma-
trix. THz-TDS can be used to measure the spectra of
" and n, and hence identify the frequencies of any
vibrational modes of the individual excipients.

Additionally, scattering effects can influence the re-
fractive index of the sample material. Such scatter-
ing effects are dependent on the particle size. At THz
frequencies, Mie scattering can occur for particles or
pore sizes >100 :m where the THz pulse undergoes
a significant change in refractive index at the grain
boundaries. A good overview of the effects of scatter-
ing contributions to THz spectra and an example how
Mie scattering can lead to strong apparent absorption
features was recently provided by Parrott et al.13

It is the physical microstructure of the formulation
rather than the chemical structure of the excipients
that is resolved in TPI. To avoid a misinterpretation of
TPI data, the user needs to differentiate between os-
cillation artifacts from the deconvolution step and the
genuine features of the sample matrix that can be ob-
served in the time-domain waveforms. All the effects
of the sample matrix that were discussed above can
be observed when analyzing the TPI data of dosage
form C. This tablet consists of a two-layer tablet core
onto which two coating layers were applied: a diffu-
sion membrane and an active coating that contains
crystalline API (see Materials and Methods). The
time-domain data acquired from the two faces of the
tablets (hereafter referred to as the yellow and red
tablet face) as well as the center band is depicted in
Figure 3.

The baseline exhibits low noise as evident from the
signal at time delays <0.5 mm. Three main peaks are
observed, which represent the interfaces of the tablet
surface, the interface between the active coating and
the diffusion membrane and the interface between the
membrane layer and the tablet core. Additional oscil-
lations can be found between the surface peak and the
first coating interface peak (0–0.6 mm time delay) in
the layer that corresponds to the active coating layer.
The oscillations originate from the vibrational modes
of CAN, the crystalline API that is incorporated in
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Figure 3. Time-domain signals (top) and the corresponding virtual cross sections through the
tablet (bottom) for the three parts of dosage form C: yellow face (left), red face (middle) and center
band (right). The pink lines refer to time-domain signals that exhibit positive interface peaks
at the diffusion membrane/core interface and the black lines correspond to time-domain signals
with negative interface peaks at that interface. The virtual cross sections display the time-
domain waveforms in the y-direction at one specific x-position (tablet faces) and in the z-direction
at one specific angular position (center band) with the electric field strength represented by the
color scale.
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Figure 4. Frequency-dependent absorption coefficients "
and refractive indices n of the excipients and active phar-
maceutical ingredients used for film coating of the active
layer (CAN, OPA), the diffusion membrane (CA, PEG), and
of some core substances (NIF, NaCl).

this layer. Absorption spectra of micronized CAN in
PE disks revealed absorption bands, and correspond-
ing changes in n, at 0.58, 1, and 2 THz (Fig. 4). As
expected, the polymer part of the active coating for-
mulation, OPA, did not reveal any specific absorption
features and n was constant within the investigated
frequency range.

The subsequent shape of the time-domain signal
depends on the composition of the tablet face under
investigation. A second coating interface, correspond-
ing to the transition between diffusion membrane and
tablet core, can be detected on the yellow tablet face
at 0.8 mm time delay. The diffusion membrane is lo-
cated between the first and second interface peaks.
At longer delay times, the waveform continues as a
smooth baseline.

The yellow face of the tablet contains nifedipine
(NIF), and even though it is crystalline and does
exhibit vibrational modes at terahertz frequencies
(Fig. 4) no strong oscillations are observed. This can be
explained by the fact that the bandwidth of the THz
pulse decreases with increasing penetration depth.
The changes in n occur at frequencies >1 THz, which
appears to be beyond the bandwidth of the reflected
pulse at depth and thus no further oscillations can be
observed.

In contrast, on the red tablet face strong oscilla-
tions are observed beyond the first coating interface.
The amplitude of the oscillations is so strong that the
second coating interface is barely visible at some pix-
els. The red part of the tablet core contains a large
amount of sodium chloride (NaCl) crystals, which are
used as the main osmotically active compound to drive
the diffusion of water into the tablet upon ingestion.
The particle size of these crystals is in the region of
the THz radiation wavelength (60 GHz–4 THz, 5 mm–
75 :m). Together with the high difference in n be-

tween NaCl and the surrounding tablet matrix, this
leads to strong scattering of the THz pulse that leads
to the strong oscillations.

Depending on whether a NaCl crystal is located
right behind the interface between coating and core
either a positive or negative peak can be found in
the waveform. Owing to the high relative n a strong
positive peak occurs when the pulse is reflected off the
NaCl crystal (Fig. 3, pink line) while a negative peak
results as the pulse propagates into the remainder
of the core matrix (black line). On the center band,
both kinds of signals occur, depending on whether the
radiation is reflected from the core material from the
yellow or red tablet layer.

Coating Analysis

To perform a coating thickness analysis, three param-
eters need to be specified: time delay search ranges
for the different coating interfaces, the peak direc-
tion (positive or negative), as well as the value of ncoat
for each layer. The software algorithm automatically
finds the peak maximum or minimum (depending on
the selected peak direction) in the given search range
and calculates the coating thickness in micrometers
for the individual measuring points based on Eq. 3.
Layer thickness maps of all coating layers can be
obtained for the tablet faces and the center band.
Figure 5 shows an example of the layer thickness
maps for both, active coating (a) and diffusion mem-
brane (b) on the two tablet faces and the center band
for dosage form C.

The coating analysis of the active coating layer
reveals a uniform thickness across all three maps.
Overall, the same is observed for the layer of the dif-
fusion membrane. However, in contrast to the first
layer some of the pixels in the coating map of the
diffusion membrane have no value associated with
them (Fig. 5b, black pixels). The lack of thickness in-
formation at these pixel locations is not indicative of
coating defects but is entirely due to the fact that the
reflection peak at this interface can be either positive
or negative as outlined previously. Such a situation
cannot be accounted for by the standard analysis al-
gorithm and hence no layer thickness information is
extracted for pixels that correspond to a time-domain
waveform without a minimum in the specified search
range.

In some cases, oscillations that originate from the
tablet core can further complicate finding the loca-
tion of the coating interface. Figure 6 shows the layer
thickness map of the CAN layer on a center band and
a selection of corresponding time-domain waveforms.
In the example of the two black waveforms, the first
positive interface peak is followed by a negative sec-
ond interface peak. Both positive interface peaks fall
into the search range (vertical lines). The extent of
the search range depends on the uniformity of the
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a b

Figure 5. Two-dimensional (2D) layer thickness maps of the active coating layer (a) and the
diffusion membrane (b) for yellow (top left) and red face (top right) and the center band (bottom).

coating layer: The larger the inhomogeneity in layer
thickness the broader a search range is required.

As long as the subjacent layer is sufficiently thick,
coating analysis succeeds as the second interface peak
and subsequent oscillations do not fall into the search
range but appear at later delay times. Artifacts in the
coating analysis can occur when a broad search range
for the first coating interface needs to be defined to
take into account nonuniformities in the layer thick-
ness and when the subjacent coating layer is very
thin. In that case, the second coating interface and
subsequent oscillations can leak into the search range
for the first coating interface. If the oscillations are
sufficiently strong, as illustrated by the dark gray
waveform in Figure 6, spurious readings can result.
Consequently, the layer thickness for the first coating
layer is overestimated and regions of apparent high
layer thickness appear in the layer thickness maps.

When changes in n happen gradually at the tran-
sition from one to the other coating layer, the peaks
become broader and loose amplitude, which makes it
more difficult to resolve the time-domain data (Fig. 6,
light gray lines). In such situations, coating analysis
can fail and either no maximum is found or the de-
tected maximum does not necessarily reflect the true
interface between the two coating layers.

Defects and Tablet Edges

In dosage form C, a laser-drilled hole is located in
the center of the yellow tablet face. This defect has
an influence on the acquired TPI data and the final
analysis results. First, scattering losses occur in this
region due to the strong local curvature of the tablet
surface. This becomes apparent in the surface map of
the TEFPS that describes the amplitude of the surface
reflection relative to the ideal reflection measured us-
ing a mirror (Fig. 7a). Low TEFPS values are found in
the drilling region. The time-domain waveforms that
were acquired in that area reveal slightly broadened
peaks in comparison to the rest of the tablet face.

D
(

)

L
(

)

t ( )

( )A

Figure 6. Time-domain waveforms and 2D layer thick-
ness map of the active coating layer on a center band (60 mg
GITS with 16 mg active coating, batch VI). Black line =
sharp features, dark gray = second interface overlaps with
search range, and light gray = indistinct interface regions.
The time-domain waveforms are offset in the y-direction for
clarity. The vertical lines correspond to the start and end of
the search range.

The CAN layer thickness map reveals higher coat-
ing thickness values in the drilling region, indi-
cating that the coating has partly filled the orifice
(Fig. 7b). Upon visual inspection, the laser-drilled
hole is clearly visible on the active coated tablets.
Analysis using X:CT shows that the hole is indeed
lined with the CAN coating yet not filled to capacity
and that the coating thickness in the hole is on aver-
age lower than on the tablet face (Fig. 7f). The images
furthermore reveal that the diffusion membrane is
completely removed by the laser ablation step. In TPI,
the structure of the orifice cannot be resolved for two
reasons: diffraction effects given the relatively long
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Figure 7. (Top) TPI maps of the TEFPS (a), layer thickness of the active coating (b) and
diffusion membrane (c). (Bottom) Exemplary time-domain waveforms in the region of the laser-
drilled hole (d) and close to the edges (e). X:CT cross section of the laser-drilled hole (f). In
the image of the laser drilled hole, contrast and brightness were enhanced using ImageJ14 to
highlight the image features. The interface between active coating and diffusion membrane is
marked with a dotted pink line.

wavelength of the terahertz radiation and owing to
the fact that parts of the hole are more than 0.5 mm
out of focus compared with the surface of the tablet.
The peaks that emerge after the surface reflection are
diffraction effects and do not represent coating inter-
faces.

At the tablet edges, strong scattering losses signif-
icantly affect the quality of the reflected waveform.
The overall signal amplitude is reduced, and all peak
features are broadened. The interface peaks appear
faint, and in some instances no interface can be de-
tected at all. However, the analysis software will often
still identify a local maximum or minimum, which is
then wrongly assigned to the coating interface.

In order not to skew the results in any subsequent
statistical analysis of the coating thickness, it is im-
portant to exclude the pixels around the laser-drilled

orifice as well as from the edges of the tablets. To
highlight this point, the radial distributions plots of
coating thickness and standard deviation were plot-
ted for one batch of tablets (Fig. 8).

A uniform thickness is observed across all surfaces
of the tablet. However, close to the orifice on the yel-
low face of the tablet and close to the tablet edge
on both faces, strong deviations in film thickness are
measured (Fig. 8, bottom plots). Given that the mea-
surements in these areas are potentially unreliable,
as outlined above, these pixels need to be excluded
prior to any further analysis of intratablet coating
uniformity. To illustrate this point, the corresponding
layer thickness data are listed in Table 1, where a re-
gion of interest (ROI) of radius 1.5 ≤ r ≤ 4 mm was
defined to exclude the unreliable data points in the
drilling region and close to the edges. The borders of
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Figure 8. Radial distributions of layer thickness and standard deviation (SD) of layer thick-
ness for the active coating layer on the yellow face (left), red face (middle), and the center band
(right) of the tablet in Figure 7 (pink line) and nine further tablets from the same batch (black
lines). Radial binning was performed with a resolution of 0.2 mm, and lines were drawn between
bin segments to guide the eye.

Table 1. Extracted Layer Thickness Data from TPI
Measurements of Pilot Batch No. 3 for an Individual Tablet
(cf. Fig. 7, Dashed Lines)

Red Face Yellow Face

Parameter All Pixels ROI All Pixels ROI

dtablet (:m) 93.9 94.0 90.8 89.4
SD (:m) 8.28 5.68 12.94 4.71
SDrel (%) 8.82 6.04 14.25 5.27

ncoat is set to 1.53. The region of interest (ROI) was defined to include
all pixels within the radius r from the origin of the tablet face, where 1.5 ≤
r ≤ 4 mm.

the ROI were defined so that radii with high standard
deviations in the radial distributions plots were ex-
cluded. The excluded regions are shaded in gray in
Figure 8.

The results show that the elimination of the drilling
region and tablet edges has a major effect on the stan-
dard deviation of layer thickness but only slightly
influences the mean layer thickness values for the
individual tablets.

Quantitative Data Analysis

Relative changes in ncoat of two adjacent layers can be
deviated from the peak direction in the time-domain
according to the reflection coefficient r,

r = ñ1 − ñ0

ñ1 + ñ0
(4)

where ñ1 is the complex refractive index of the second
medium and ñ0 is the complex refractive index of the
first medium in the propagation direction of the THz
pulse. The complex refractive index is herein defined

as ñ = n + iκ. The extinction coefficient κ contains
the absorption coefficient α = 2κω/c, where ω is the
angular frequency and c is the speed of light. In case
of an increase in ncoat in the penetration direction of
the THz pulse, positive reflection coefficients and with
this positive interface peaks occur, whereas negative
reflection coefficients and interface peaks occur if ncoat
decreases. Further details on the electromagnetic the-
ory of the terahertz propagation in multilayered me-
dia are provided by Mittleman et al.15 and Shen and
Taday.2

Investigations on batches that were produced at
different process scales (3.5–250 kg) and varying pro-
cess parameters showed that the peak direction of
the first coating interface peak between active coat-
ing layer and diffusion membrane can change depend-
ing on the process conditions (Fig. 9). At relatively
dry process conditions, waveforms obtained of tablets
from the laboratory-scale batch as well as most pilot-
scale batches exhibited a positive peak at the reflec-
tion from the interface between the active coating and
the diffusion membrane (Figs. 9a and 9b), indicating a
lower ncoat of the active coating layer in comparison to
the diffusion membrane. In contrast, negative peaks
were found for the same interface in the waveforms
acquired from some of the pilot-scale batches as well
as all of the production-scale batches (batch no. 6, 14,
IV, V; Figs. 9d and 9e). This indicates a higher ncoat
of the active coating layer in comparison to the diffu-
sion membrane. Similar findings were reported by Ho
et al.3, who observed different peak directions of the
coat/core interface peak on the tablet faces and center
bands of sustained release coated tablets. They stated
that the differences in the peak direction are due to
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Figure 9. Exemplary time-domain waveforms acquired in five different batches: (a) laboratory
scale (3.5 kg, batch no. I), (b)–(d) pilot scale (37–43 kg, batch no. 15/7/6) with (d) overwetted
process, and (e) production scale (250 kg, batch no. IV).

a change in the refractive index of the film coating
under the assumption that the refractive index of the
tablet matrix is constant. But in the case of an in-
homogeneous tablet density, the changes in the peak
direction might not necessarily be due to a variation
in the refractive index of the film coating, but might as
well be caused by variations in tablet density between
tablet faces and center band.

In the present study, the negative peak was de-
tected in all pilot-scale batches that showed signs of
overwetting (tablets sticking to the coating drum).
Also, negative peaks occurred in the production-scale
batches, which are characterized by much higher
drum loads and hence higher mass pressure on the
individual tablets. Both, an overwetting during the
coating process as well as a high mass pressure on the
tablets seem to lead to an increase in ncoat of the active
coating layer. Some batches that were processed at pi-
lot scale revealed an undulating interface peak (batch
no. 7, 12, 17; Fig. 9c) that could not clearly be defined

as positive or negative. Undulating or indistinct in-
terface peaks can occur when the refractive indices
of both media on either side of the interface are very
close together or in the case when ncoat changes grad-
ually when penetrating from one to the other coating
layer. Based on the TPI data, we conclude that the
refractive indices of the two layers have changed rel-
ative to each other as a result of the different process
conditions.

For the subsequent coating analysis of the tablets
that showed waveforms similar to Figure 9c, a pos-
itive interface peak was used to define the coating
interface.

In addition to our observation based on the change
in peak direction detailed above, we found further
evidence for a process-induced change in the refrac-
tive index for the active coating layer. When plotting
"t, time delay between the surface reflection and
the first interface peak, as a function of CAN con-
tent, the batches could be classified into two groups
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Figure 10. Time delay of the reflection peak originating
from the active coating layer as a function of the applied
CAN content (n = 10, mean ± s). The data points represent
the mean time delay and CAN content of the tablets for the
investigated batches at pilot scale and production scale. For
the analysis, all waveforms in a ROI of 1.5 ≤ r ≤ 4 mm from
each tablet face were included in the numerical analysis.
Triangles = negative first interface peak, dots = positive
first interface peak. Linear equations are given in Table 2.

Table 2. Linear Regression Analysis of Time Delay as a
Function of CAN Content Using a Fit to the Equation y = ax

Peak Direction No. of Batches a R2 RMSE (ps)

Positive 19 0.018 0.9967 0.018
Negative 4 0.014 0.9998 0.004

The fit was constrained to go through the origin.

(Fig. 10, Table 2). The clustering into groups based
on "t matched exactly with the observation regard-
ing the peak directions in the time-domain data. In
the batches that exhibited a negative peak, "t was
systematically shifted to lower values compared with
the batches with a positive peak. This change in time
delay indicates that ncoat of the active coating layer
varied depending on the process conditions and hence
led to contrasting peak directions.

In addition to providing some insight into the sensi-
tivity of TPI to subtle changes in the coating process,
our findings highlight the importance of knowing an
accurate value of ncoat to calculate absolute values of
layer thickness from the TPI data. The changes in
ncoat that are discussed above need to be considered
when a comparison between the different batches is
desired.

The estimation of ncoat based on model systems such
as the raw excipients4 or dried coating suspension
samples16 cannot resolve changes in ncoat that occur
due to a change in process conditions. Such methods
only take the chemistry of the formulation compo-
nents into account but not the physical effects dur-
ing film formation and curing. As discussed by Russe

et al.,17 the technique proposed by Ho et al.18 to esti-
mate ncoat by measuring uncoated and coated tablet
cores via THz-TDS is equally unsuitable due to strong
absorption from the core which limits the bandwidth.

In addition, this method is prone to error due to
large variability in the core thickness of coated and
uncoated tablet samples. An alternative method of us-
ing X:CT to accurately assess ncoat nondestructively
directly on the investigated sample system was re-
cently introduced, and this approach might be suit-
able to resolve the subtle changes in the refractive
index that occur during processing in due course.17

CONCLUSIONS

In the present study, we have highlighted a num-
ber of parameters that need to be carefully accounted
for when performing quantitative TPI measurements
and data analysis. In terms of data processing, we
have demonstrated that the deconvolution step is ro-
bust and does not strongly influence the subsequent
numerical analysis of layer thickness and TEFPS, de-
spite the appearance of noise or over smoothed data
at poorly adjusted deconvolution settings.

Furthermore, the solid-state chemistry of the sam-
ple needs to be taken into account when analyzing
TPI data. Crystalline drugs and excipients in the coat-
ing structure can lead to oscillations in the terahertz
waveforms, and such oscillations must not be mis-
taken for noise in the subsequent analysis. However,
in some cases the oscillations can lead to artifacts in
the coating thickness analysis that need to be avoided.

Areas that are potentially critical with regard to
the analysis of the TPI data were identified. Close to
edges, in deep embossings or at defects in the coat-
ing high scattering losses and less strong reflections
were found in the time-domain data. In small struc-
tures (relative to the THz beam spot size of 200 ×
200 :m2), such as a laser-drilled orifice in the coat-
ing layer, it was not possible to detect the coating
structure due to such scattering effects. However, the
standard analysis algorithms do not automatically ac-
count for such artifacts and layer thickness values
are calculated even when the waveforms do not re-
veal any reflections. More detailed research needs to
be done, to evaluate in how far TPI can resolve the
microstructure of samples in such regions.

The study revealed that TPI could detect changes
in ncoat that occurred at different process conditions in
a pan coating process. Given that changes in process
conditions can lead to subtle changes in the refrac-
tive index, this sensitivity change in ncoat needs to
be taken into account when calculating absolute coat-
ing thickness values. We conclude that the accurate
knowledge of ncoat is very important when comparing
multiple batches to each other.
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