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ABSTRACT: Terahertz pulsed imaging (TPI) is a recently
developed nondestructive and noncontact method to measure
the coating thickness of coated pharmaceutical tablets. The
method requires no calibration in order to resolve the coating
structure of tablets. The relative coating thickness over a tablet
surface or between different tablets of the same batch can be
determined with high precision. However, in order to
determine the absolute coating thickness accurately the
refractive index, n, of the coating layer needs to be known.
For all published studies to date the value of n was based on
estimates or bulk measurements, which were based on the assumption that n is constant for a given coating formulation. We have
developed a measurement technique using X-ray microtomography to independently quantify the coating thickness. These data
were then used to validate the terahertz imaging results, and we found that the intertablet variation of n for coating layers of 25−
270 μm thickness is less than 4% and that there is less than 3% intratablet variation in n. Based on our results we estimate that,
depending on the pigment content, the absolute value of n in a typical pharmaceutical coating formulation will be in the range of
1.45 < n < 2.01. We conclude that TPI is a robust technique and that, due to its very simple measurement principle, it is an ideal
measurement technique to quantify the coating thickness in process control and quality monitoring applications.
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nondestructive analysis

■ INTRODUCTION

The microstructure of pharmaceutical dosage forms has a
significant impact on the drug release kinetics and bioavail-
ability. Over the past two decades a number of quantitative
imaging techniques have been developed to assess the
microstructure of an entire dosage form,1 and theoretical
models are increasingly used to predict the product perform-
ance based on such image information.2

Terahertz pulsed imaging (TPI), a nondestructive technique
to measure the spatial distribution of coating thickness on
pharmaceutical tablets,3−6 has been used to measure the
coating properties of a large variety of tablets ranging from
quality control of the final product,7,8 coating process
development,9−12 detailed analysis of weak spots,13 and
calibration of other spectroscopic sensors14,15 to in-line coating
analysis16 and has been recently highlighted by the FDA for its
potential as a process analytical technology (PAT) tool.17 In a
TPI measurement a pulse of terahertz radiation is focused on
the surface of the coated tablet. The measurement principle is
similar to that of radar or ultrasound measurements: a part of
the pulse is reflected from the surface while the remainder
penetrates into the coating. Subsequent reflections occur at
each interface where the refractive index n of the sample matrix
changes. The coating thickness is calculated directly using the
time difference between the reflections. To calibrate the
absolute coating thickness values in TPI, the real refractive

index (n) of the film coating needs to be known. It is important
to note that n is frequency dependent and hence n needs to be
determined at terahertz frequencies for an accurate TPI
measurement. All studies that have been published in the
literature to date have assumed that the value for n is constant
over the entire surface of a tablet. At the same time the absolute
value of n that was used for the data analysis in these
experiments was based on more or less empirical approaches.
X-ray microtomography (XμCT) is another tomographic

technique that has been used in the pharmaceutical sciences to
analyze the microstructure of tablets.18 It can be used to
measure absolute spatial dimensions at high resolution
provided sufficient contrast can be achieved to resolve the
structures of interest.
The aim of this study was to develop a method to

independently quantify the absolute value of n in film coatings
that span a range of typical formulations by using XμCT
measurements to validate the results measured by TPI.
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■ MATERIALS AND METHODS

Film Coating. Film coating was performed using a side-
vented pan coater (BFC5, L.B. Bohle, Germany) on biconvex
placebo cores (tablet radius rt = 4 mm, radius of curvature rc =
9 mm).
To achieve sufficient contrast in XμCT to distinguish

between the coating and the tablet matrix, a coating
formulation with a high content in transition metal elements
was used. The formulation consisted of 64% Kollicoat IR
(polyvinyl alcohol-polyethylene glycol graft copolymer, BASF,
Germany), 15% talc, 15% titanium dioxide, and 6% iron oxide
red (wt % solids). The coating process with this formulation
was performed for a total of 282 min. For a second set of
samples a further coating layer that contained no pigment was
applied subsequently onto the tablets. This formulation
consisted of 75% Walocel HM5 PA2910 (Hypromellose,
Wolff Cellulosics, Germany) and 25% polyethylene glycol
1500 (wt % solids). Tablet samples were removed at set
intervals throughout the coating operation of both steps.
Terahertz Pulsed Imaging (TPI). The tablets were

measured using a commercial terahertz imaging system (TPI
imaga 2000, Teraview Ltd., Cambridge, U.K.). For each time-
domain waveform 512 data points, corresponding to a
penetration depth of 1 mm in air, were acquired (axial
resolution 3.9 μm/n). Mapping was performed in point-to-
point mode at a lateral resolution of 200 × 200 μm. For the
tablets investigated in this study this resulted in an image of
typically 44 × 44 pixels. This is the highest lateral resolution
that can be achieved in terahertz imaging in the far field due to
the diffraction limit (1 THz = 300 μm) . The coating thickness
was calculated using TPIView software (Teraview Ltd., v3.0.3).
All subsequent numerical analysis was performed using Matlab
(Mathworks Inc., Natick, MA, USA, vR2010b). In TPI the layer
thickness, dTPI, is defined as the time-of-flight between the
reflection pulses, Δt, from the tablet surface and the respective
coating interface,

= Δ
d

tc
n2TPI (1)

where c is the speed of light in vacuum. The only variable that
needs to be known to determine accurate absolute thickness
measurements is the refractive index n.
The total data acquisition time for the TPI measurements

was about 45 min per tablet and resulted in a data set of about
35 MB. The data processing time for TPI analysis is negligible
(<5 s).
X-ray Micro Computed Tomography (XμCT). For the

XμCT measurements a Skyscan 1172/F instrument (Skyscan,
Kontich, Belgium, control software v1.5.13) was used to image
the same tablets that were previously analyzed using TPI. For
each tablet 796 or 1440 shadow images were acquired over
180° or 360° of rotation, depending on coating thickness
(Figure 1a). The resulting data acquisition time was 1.8 to 3.5 h
for each tablet.
Reconstruction of the cross-section images was performed

using the program NRecon+GPUReconServer (Skyscan, beta
v1.6.5) on a single PC using GPU accelerated reconstruction
(Windows 7 64-bit workstation, 2 Intel Xeon X5647 with 4
cores each, 48 GB RAM, NVIDIA quadro 4000 with 256
cores). Image reconstruction using the Feldkamp algorithm19

for cone beam geometry took 1.75 h per tablet and resulted in,
depending on tablet size, about 1450 slices of 2864 × 2876

pixels each (3.05 μm isotropic voxel size, Figure 1b). Using the
DataViewer (Skycan, v1.4.4) the tablet was rotated to align the
center band parallel to the z-axis.
In a XμCT setup that utilizes a cone beam geometry with a

fixed CCD array detector, such as the Skyscan system used in
this study, the spatial resolution that can be achieved depends
mainly, though not exclusively, on the size of the sample
specimen and the resolution of the CCD array. The smaller the
sample specimen the higher the resolution given that smaller
samples can be magnified more before exceeding the field of
view of the CCD array. For samples of a diameter of 2 mm and
less a resolution of 800 nm can be achieved on this instrument.
In this experiment our prime concern was to keep the coated
tablet intact in order to avoid introducing any artifacts due to
sample preparation, and hence a voxel size of about 3 μm is the
highest resolution that can be achieved on this setup.
All subsequent image processing was performed using ImageJ

(vA1.45b)20 with Java (Oracle Corp., Redwood, CA, USA,
v1.6). The reconstructed images were binarized using the
Canny edge detection method and hysteresis thresholding.21

Sufficient contrast is necessary to achieve a good separation of
the coating layer from the tablet core (Figure 1c). The
threshold values for the edge detection filter were based on the
intensity profile measured from a 1D line scan across the
coating layer from one of the cross-sectional slices.
Following this step a closure operation was performed on the

images to clean up artifacts from the binarization step where
the contrast was not sufficient to fully resolve the coating layer
(Figure 1d). In this process the settings need to be chosen
accurately to preserve the shape of the coating layer as well as
obtaining a closed binary image. The combined computation
time for the binarization and closure step is about 1 h for all
slices per tablet.

Figure 1. XμCT processing steps: (a) shadow image; (b)
reconstructed cross section; (c) binarized image after Canny edge
detection; (d) binarized image after closure; (e) local thickness of
cross section; and (f) local thickness 2D map.
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A map of the coating thickness can be obtained by simple z-
projection of the binary maps. In this method the number of
voxels that are part of the coating layer are counted for each
pixel in the projection map by iterating through all slices that
are part of the top or bottom surface of the tablet. After the
number of voxels have been determined for each pixel in the
projection, the thickness is calculated by multiplication of the
number matrix with the voxel size. This method has the
advantage that it requires very little computational resource. A
2D projection can be completed in about 5 min per tablet
surface.
Finally, in an alternative approach the coating thickness was

calculated using the local thickness ImageJ plugin (v3.1) that
calculates the thickness according to the algorithm developed
by Hildebrand and Rüegsegger.22 In this method the local
thickness at any given point is defined as the diameter of the
largest sphere that includes the point and which can be
completely fitted into the layer (Figure 1e). The processing
time for this calculation is strongly dependent on the coating
thickness. For the samples studied in this experiment it took
about 6−12 h for an entire tablet to complete this step using
fully parallelized code. The surface values of the local thickness
were then projected into 2D (xy-plane) resulting in a coating
thickness map for both the top and bottom faces of the tablet
(Figure 1f).
Both 2D projection techniques were applied to the

experimental data sets, and the relative merits of the techniques
were evaluated. In total the data acquisition and processing
time for the XμCT analysis of each tablet was about 11 to 17 h
and resulted in a data set of around 90 GB per tablet.
Calculation of THz Refractive Index n. The image data

from the TPI and XμCT experiments were combined. Due to
experimental limitations and strong scattering effects it is not
possible to measure the coating thickness very close to the edge
in TPI. In order to achieve an artifact free map of the spatial
variation in n the layer thickness map from the XμCT
experiment was cropped to the same radius as the

corresponding time-of-flight TPI map. The XμCT map was
then rotated to match the exact orientation of the map from
TPI. This step was facilitated by a scratch mark that was applied
to one of the coated tablet surfaces prior to the TPI and XμCT
measurements. The CT image was then scaled down from
about 2900 × 2900 to the TPI resolution (typically around 44
× 44 pixels depending on tablet size) using the nearest-
neighbor interpolation method.
For each pixel the refractive index n was calculated as

= Δ
n

tc
d2THz

CT (2)

where dCT is the thickness measured by XμCT, Δt is the time
delay between surface and interface reflection pulses in TPI,
and c is the speed of light.

Terahertz Time-Domain Spectroscopy (THz-TDS).
Time-domain waveforms of sample and reference were
acquired in transmission using a home-built terahertz time-
domain spectrometer as described elsewhere.23 For each
waveform 200 scans were coadded to improve the signal-to-
noise ratio, resulting in an acquisition time of about 3 min per
sample. The time-domain waveforms were Fourier transformed,
and the refractive index spectra were calculated.

■ RESULTS AND DISCUSSION
Validation of the XμCT Method. Error Analysis. The

main source for errors in the processing of the XμCT data
derives from the thresholding step during which the voxels that
belong to the coating layer are separated from the tablet core
and the surrounding voxels. Extreme care must be taken to
ensure that the resulting binary map is a true representation of
the coating layer throughout all slices. In our experiments we
have carefully double-checked by eye the quality of the
binarization step by overlaying a semitransparent layer
containing the image of the binary maps on top of the original
grayscale images. This was carried out for a significant number

Figure 2. Slice image showing the XμCT cross section of (a) a single pigment coated tablet and (b) a tablet with a pigment-free coating on top of a
pigment coating layer. (c) 1D profile at y = 0 mm from a slice of the reconstructed cross section prior to binarization. Bottom: pigment containing
coating (blue line in a). Top: pigment layer plus layer without pigment on the outside (red line in b). The top plot is offset vertically by 50 for clarity.
The pixels of high intensity correspond to the coating layer. (d) TPI time-domain waveform of the same tablet. Bottom: pigment containing coating.
Top: pigment layer plus layer without pigment on the outside (the top plot is offset vertically by 0.1 for clarity). The pulse with the maximum
positive amplitude refers to the reflection from the tablet surface while the pulse with the maximum negative amplitude originates from the interface
between coating and tablet core.
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of slices of the image stack comprising each sample. The major
challenge in using XμCT for the quantitative analysis of coating
thickness lies in the fact that typically there is very low contrast
between the polymer of the coating and the tablet matrix. For
this study we specifically designed the formulation of the coated
tablets such that the contrast is maximized by adding a large
proportion of transition metal elements to the coating of the
first layer (Figure 2). It is obvious by looking at the signal-to-
noise characteristics of Figure 2 that even with this specifically
designed formulation the binarization step requires careful
adjustment. Here we define the signal-to-noise ratio (SNR) as

=
⎛
⎝⎜

⎞
⎠⎟

I

I
SNR 10 log10

signal

noise (3)

where Isignal is the average intensity of the coating signal and
Inoise is the average intensity of the core signal. In the XμCT
technique the SNR between coating and core is 1.7 dB for the
pigment layer and 0.1 dB for the coating layer without pigment.
It is hence immediately obvious that it is not possible to use the
XμCT technique to quantify coatings with no or low pigment
content, except for samples such as the ones used in this study
where the low contrast layer is either sandwiched between or
deposited on top of a sufficiently high contrast structure. The
SNR for the TPI method is 16.4 dB in the case of the single
pigment layer and 17.1 dB/13.0 dB (layer without pigment/
pigment layer) for the sample with two layers.
We found that by using the Canny edge detection algorithm

together with hysteresis thresholding we were able to achieve
the best separation of the coating layer from the remainder of
the structures in the tablet. The method was far superior to
simple thresholding alone. However, this method is not fail
proof and we were not able to successfully separate the coating
layer from the tablet core in all tablet samples as evidenced in
Figure 3a. In this sample the XμCT maps showed a large

number of defects such as large areas with no coating at all,
areas with lower coating thickness, and isolated holes in the
coating layer. Visually the artifacts are obvious, and it is easy to
identify the tablets where insufficient thresholding occurred.
The coating layer on this sample was continuous with no defect
visible either optically or in the corresponding TPI map (Figure
3b).
As outlined previously, the first step during processing the

XμCT images is to rotate the tablet such that the center band
aligns exactly parallel with the z-axis. This alignment step is
performed manually, and, if the alignment is not perfect, a
systematic error is introduced in this rotation step where the
projected thickness as measured by XμCT is dproj (Figure 4) .

Using simple trigonometry, the error, ε1, of how much dproj will
deviate from the actual thickness, dreal, can be expressed as

ε
α

= −
d

d
cos1

real
real (4)

We estimate that the error of α during the alignment is
always ≪2°, hence ε1 ≪ 0.1%. This error applies uniformly to
all voxels of the XμCT data set and only becomes significant if
the 2D map is obtained by the z-projection method as
discussed in more detail below. The effect will be negligible
when the local thickness algorithm analysis is used.

Validity of Local Thickness Algorithm. The XμCT method
was validated using a sample of glass ballotini as well as a
sample of polymer sheet of known thickness. The results
obtained by local thickness analysis matched the dimensions
measured using a micrometer.

Projection into 2D: z-Projection Method. In order to
compare the coating thickness measurements between TPI and
XμCT, and subsequently calculate the refractive index map, it is
necessary to project the thickness measurements into a 2D
representation. This projection is performed in a slightly
different fashion for each technique: while the TPI method
measures the true thickness of the coating layer at normal angle
of incidence relative to the measurement spot, the most simple
projection method used for the 2D XμCT map represents a
measurement of the thickness along z-direction as illustrated in
Figure 5. However, this leads to a systematic overestimate of
the coating thickness in the XμCT method.
The error, ε2 = dCT − dTPI, that is introduced by this different

method of projecting the tablet geometry into 2D is increasing
with tablet radius, rt, and it is strongly dependent on the radius
of curvature, rc, of the biconvex tablet. Upon closer inspection
of the geometries involved it is clear that rc and dCT form a
parallelogram and hence θ = ϕ. Similar to eq 4 it follows that
dCT = dTPI/cos ϕ and therefore

ε ϕ
ϕ

ϕ π= − < <
d

d( )
cos

with 0
22

TPI
TPI

(5)

Given that rt = sin(ϕ)rc we can express ε2 as a function of rt
and rc (Figure 6):

Figure 3. (a) Example of a poor quality coating thickness map
obtained by XμCT from a defect-free coating layer due to difficulties in
clearly separating the coating layer from the tablet matrix (282 min
coating process time, tablet 1). (b) TPI map of the same tablet surface.

Figure 4. Alignment error resulting from the rotation step during
processing of the XμCT data set. (a) Incorrectly aligned tablet; (b)
correct alignment; (c) coating thickness dreal and incorrectly projected
coating thickness dproj due to the misalignment α.
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ε =
−

−

( )
r r

d
d( , )

1 r
2 t c

TPI

r

2 TPI
t

c (6)

The larger the tablet radius and the smaller the radius of
curvature, the higher the relative error. Our results indicate that,
for modestly curved surfaces (rc > 10 mm) of less than 3 mm
radius, the maximum error that is introduced due to the
differences in projection method increases from ε2 = 0% at the
center of the tablet to ε2 < 5% at the edge of the tablet.
The average error for the entire projection ε3̅ can be

calculated by integration over the tablet area:

∫ε ε
π̅ = r

r
rd

r

3 2
t
2

t

(7)

For the tablet geometry used in our experiment (rt = 4 mm
and rc = 9 mm) we estimate an average error of ε3̅ = 6%.
Projection into 2D: Local Thickness Surface Projection.

The alternative projection method that we evaluated as part of
this study was based on the results of the local thickness
calculation. In this method the thickness at the surface of the
tablet is calculated by the equivalent diameter of the largest
sphere that touches both the point at the surface and the
interface between coating and core on the opposite end of the
coating layer. Using this technique we expect that dCT = dTPI.
To test this hypothesis we have calculated the 2D projection

using the z-projection method, Pn, as well as by using the
surface projection of the local thickness analysis, Ps (Figure 7).
It is evident that the results differ significantly, and, as

expected from the discussion in the previous section, we see a

higher average thickness in Pn as opposed to Ps. In order to
show that the difference in thickness between the two
projections is indeed described by eq 6, and hence dCT =
dTPI, it is necessary to extract the radial distribution of the
coating thickness from both maps (Figure 8a).

Using the two radial distributions from both projection
approaches we can then calculate Δd = d(Pn)−d(Ps). As
illustrated in Figure 8b this difference in coating thickness fits
very well to eq 6, and we can thus conclude that the
measurements of the coating thickness obtained using the local
thickness analysis are describing the same physical dimensions
as the TPI measurements.
In contrast, the z-projection technique is not suitable for the

quantitative coating analysis due to the large errors the method
introduces to the average coating thickness of the tablet even
for modestly curved tablet geometries. The strong increase in
error with tablet radius makes this method particularly
unsuitable for any meaningful quantitative analysis. In the
remainder of this study we therefore only use thickness
measurements extracted using the surface projection of the
local thickness analysis.

Spatial Variation of the Terahertz Refractive Index n.
Using the analysis method outlined in Materials and Methods a
2D map that shows the spatial variation in n was calculated.
The distribution of n was found to be uniform across the tablet
surface (Figure 9e,f). For this specific face of the tablet the

Figure 5. Relationship between the geometry of the projections for the
coating thickness maps for TPI and XμCT using the z-projection
method.

Figure 6. Relative error, ε2, introduced by the different projection
techniques of the coating thickness into the 2D maps between TPI and
XμCT. The relative error denotes the thickness overestimate of the
XμCT technique. It is independent of the coating thickness.

Figure 7. Resulting XμCT 2D projection of the coating thickness
depending on the projection method: (a) z-projection (Pn) and (b)
surface projection of the local thickness calculation (Ps).

Figure 8. (a) Radial distribution of coating thickness as measured by
XμCT (Ps, surface projection of the local thickness method; Pn, z-
projection); (b) difference between the coating thickness measured
using the two projection techniques. The dashed line represents a fit to
eq 6 (R2 = 0.998, RMSE = 0.8 μm).
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average refractive index was n ̅ = 1.98 with a relative standard
deviation of ±4.4%. Given that Δt ̅ = 2.064 ps we therefore
estimate that this uncertainty in n, σn, leads to an absolute
thickness error of the TPI measurement of ±8.6%. The value of
±8.6% represents the maximum uncertainty that is introduced
to a relatively small number of pixels toward the edge of the
tablet rather than its mean as becomes evident from the
refractive index map (Figure 9e). If we repeat the same analysis
and exclude all pixels that are less than 600 μm apart from the
edge of the tablet, we obtain values of n ̅ = 1.98 ± 0.06, resulting
in an average error due to σn of ±2.9%. However, it is
important to keep in mind that in order to calculate the
refractive index map it was necessary to manually rotate and
align the TPI map relative to the XμCT map and the XμCT
map needed to be downsampled by a factor of 65. Both steps
will result in blurring of the data, which will lead to a significant
overestimation of σn, and hence we can conclude with
confidence that the TPI measurement of the coating thickness
is associated with an error of significantly less than 5%.
However, XμCT as a reference method is limited in its
precision by its minimum voxel size (depending on sample size
this was around 3 μm in our experiments) and by the
uncertainties introduced during the binarization step. We
therefore cannot estimate the exact level of the uncertainty.
The coating thickness maps obtained by XμCT as well as

TPI show the same features in terms of the spatial variation of
areas of high and low layer thickness. The biconvex tablets that
were investigated in this study showed a uniform coating
thickness over the entire surface of the tablet except for the area

immediately next to the edge of the tablet. In this area the
coating thickness increased by more than 5% compared to the
center of the face.
A virtual cross section through the tablet in the xz-plane

(Figure 10) highlights this observation. We believe that in this

case the observed increase in coating thickness can be explained
by the die geometry used for the compaction of the tablet
cores. Rather than representing a perfect biconvex surface the
tablet faces exhibit a slightly flatter surface toward the edge.
Using TPI it was also possible to measure this increase in

coating thickness even though the affected area is very close to
the tablet edge (Figure 11). In previous TPI studies the pixels

close to sharp edges, that exhibit a reduced intensity due to
extensive scattering losses, have been excluded from layer
thickness analysis. Our results suggest that the layer thickness
measurement, which is effectively a measurement of the phase
of the signal, is much more robust to such scattering losses in
the amplitude of the signal than previously thought.
In agreement with previous studies this set of samples

confirmed that there can be a significant difference in coating
thickness between the top and bottom face of the tablet and the
center band. Here, the thickness of the coating layer on the
center band was 19% thinner compared to the average coating
thickness on the top and bottom (Figure 12).

Influence of Coating Formulation and Thickness on n.
The different surfaces of the tablet were divided into the top,
bottom, and the center band. For the tablets with one coating
layer applied, n was calculated for the three surfaces of 15
tablets over a range of layer thickness as sampled during the
coating process (Figure 13 and Table 1). The data analysis
revealed that n remained constant between the different
surfaces as well as over a broad range of layer thickness
(Table 2).
Furthermore, we found that in the case of the pigment

containing formulation n was significantly higher than the
apparent surface refractive index ns, that can be measured

Figure 9. Analysis of a coated tablet with one coating layer: (a) time
delay between surface and coating reflection from the TPI measure-
ment; (b) corresponding histogram; (c) correctly aligned layer
thickness map as measured by XμCT; (d) corresponding histogram;
(e) map of the terahertz refractive index n; and (f) corresponding
histogram.

Figure 10. Virtual cross section through a local thickness data set from
the XμCT data set.

Figure 11. TPI results: (a) coating thickness map calculated using n =
1.98; (b) map of the terahertz electric field peak strength (TEFPS),
i.e., the intensity of the surface reflection.
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directly by TPI by comparing the amplitude of the surface
reflection from the tablet with the amplitude of the reflection

from a mirror (the reference signal that is acquired at the
beginning of each TPI scan). One reason that might contribute
to this discrepancy is the fact that the amplitude of the surface
reflection not only is a measure of the refractive index but also
is attenuated by scattering losses from the tablet surface. The
inherent surface roughness will therefore result in a decrease in
ns.
In addition, the n of the polymer coating layer that contained

no pigment was analyzed for 3 of the tablets. For this coating
formulation lower values of n were found (Figure 13 and Table
1). This finding is intuitive as no pigments (of high refractive
index) were present in the coating formulation. On average
slightly higher values were found on the center band surface in
comparison to the other tablet faces for the samples of the
formulation without pigment in the coating. We found that the
difference in n and ns was lower in this sample.
The two formulations that were investigated in this study

represent the extremes that are likely to be encountered in
pharmaceutical formulation with regard to the range in pigment
concentration and hence refractive index. The results show that
the absolute value of n is dependent on the formulation but the
layer thickness has no influence on n. For all analyzed tablets n
was independent of the face of the tablet, i.e., the center band
was found to exhibit the same value of n compared to the top
and bottom faces.

Comparison with Previously Used Methods to
Determine n. Terahertz time-domain spectroscopy (THz-
TDS) can be used to measure n as well as the absorption
coefficient, α, directly rather than having to resort to Kramers−
Kronig transformations. In the past this technique was used to
estimate the value of n either based on the comparison of a
coated and an uncoated tablet or by measuring the optical
properties of a powder mixture that resembles the polymer
formulation used for the coating.7 However, at best the THz-
TDS measurements yield a bulk measurement of the overall
refractive index. It has never been investigated as to whether
local variations in n exist over the surface of the tablet, and if so,
of what magnitude such variation would be; yet such
information is critical to assess the robustness of the TPI
method.
Extracting the optical properties of a powder mixture using

the simple Beer−Lambert law is unlikely to result in an accurate
representation of n in a coating layer as the density of the
polymers in the coating layer can be much higher compared to
the powder pellet and hence both α and n are likely to be
underestimated. For qualitative comparisons this might still be
a useful approach, however, no quantitative values for the
refractive index can be determined using this method. It is a
possibility to resort to effective medium approximations in

Figure 12. 2D coating thickness map of the center band of the tablet
(a) as measured by XμCT and (b) as measured by TPI.

Figure 13. (a) Plot of the time delay, Δt, measured by TPI against the
coating thickness, dCT, as determined using XμCT using the local
thickness algorithm and the surface projection method, for the
individual faces of all tablets (top, center, and bottom). The blue
circles refer to the pigment formulation while the red squares relate to
the coating formulation without pigment. The error bars denote the
standard deviation of the data points of the respective maps as detailed
in Table 1. (b) Corresponding values of the refractive index of coating
containing high amount of pigment (circles) and coating without
pigment (squares); top surface of tablet, purple; center band, green;
bottom face of tablet, orange.

Table 1. Parameters of the Linear Fit (y = ax) between the
Time Delay Δt Measured by TPI against the Coating
Thickness, dCT, as Determined Using XμCT Using the Local
Thickness Algorithm and the Surface Projection Methoda

param unit layer 1b layer 2c

a × 106 ps μm−1 0.01342 0.00999
n ̅ = (ac)/2 2.01 1.50
R2 0.9937 0.9056
RMSE ps 0.0195 0.0153
ε(̅Δt) ps 0.0803 0.0551
ε(̅Δt)c × 106/2n ̅ μm 5.99 5.52
ε(̅dCT) μm 6.32 6.17

aFor the fit the y-values were weighted using the standard deviation of
the respective TPI maps ε(Δt). bPigment. cNo pigment.

Table 2. Refractive Indices of the Two Different Coating
Layers: Mean ± SD, Layer 1 (15 Tablets), Layer 2 (3
Tablets)

n ns

Layer 1 with Pigment
top 2.01(±0.06) 1.69(±0.12)
center 1.98(±0.06) 1.60(±0.08)
bottom 1.98(±0.07) 1.74(±0.05)

Layer 2 without Pigment
top 1.45(±0.05) 1.52(±0.06)
center 1.58(±0.12) 1.31(±0.06)
bottom 1.53(±0.08) 1.50(±0.07)
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order to account for the porosity of the sample pellet,24 but this
approach is complicated by the fact that it requires exact
porosity information of the powder compacts from each
excipient component.
The alternative approach to measure the refractive index of

the coating layer by THz-TDS using a coated tablet and the
reference of an uncoated tablet is very limited due to (i) the
thickness variation between tablet cores as well as (ii) the
absorption of the terahertz pulse by the tablet matrix. In order
to extract an accurate value of n one needs to know the exact
thickness of the coating layer as n(ω) = 1 + (ϕ(ω)c)/ωdc,
where ω is the (angular) frequency, ϕ the phase angle, c the
speed of light in vacuum, and dc the layer thickness. With
coating layers of the order of 20 < dc < 200 μm and a typical
intrabatch variation in tablet thickness, dt, in excess of dt ± 200
μm, it becomes obvious that it is not very straightforward to
determine dc accurately and hence extract meaningful values of
n. For very thick coating layers deposited on thin tablets the
error might be acceptable in some cases. The limitation of
absorption by the tablet matrix becomes very obvious in Figure
14a. While the power spectrum of the terahertz pulse in free
space (blue) decays into the noise floor at around 4 THz, the
spectrum of the pulse that has propagated through the coated
tablet exceeds the dynamic range of the spectrometer already at
less than 0.5 THz. This means that, even if one knew dc
accurately enough, the refractive index could only be measured
in the range 0.1 < ν < 0.5 THz. However, the bandwidth of the
typical TPI system is 0.1 < ν < 3.0 THz, and while it is fair to
assume that the refractive index of polymer materials is almost
constant at terahertz frequencies, this would be a limitation in
particular in the case of active coatings where crystalline drug
molecules would lead to the presence of phonon modes and
hence nonconstant values of n.
The most accurate alternative to the method introduced in

this study is to measure the refractive index of a free-standing
thin film using THz-TDS (Figure 14a,b). The results are within
1% of the values determined in this study, and the
measurement can be performed on a THz-TD spectrometer
in less than 5 min. We found that casting a film that leads to a
phase shift of Δt < fwhm, i.e., a thickness of 10 < dc < 40 μm in
the range of refractive indices relevant to pharmaceutical
formulations, together with an extraction algorithm of the
optical constants from the time-domain signal based on an
infinite series of reflection model25 results in excellent accuracy.
Alternatively film samples could be peeled off the baffles of the
coater after the coating run. Due to the thickness variation over
the surface of the resulting coating sheetthe measurement
spot in a THz-TDS instrument is diffraction limited to ≥1
mmwe recommend using specifically cast films. By using thin

films it is possible to avoid any potential etaloning artifacts in
the resulting spectrum, which would lead to oscillations in the
spectrum of the refractive index of thicker films. The THz-TDS
method is far faster and more robust than estimating the
refractive index based on destructive cross sections and
subsequent microscopy analysis.26

■ CONCLUSIONS

We have developed a new method to directly measure n of
tablet film coatings. A major advantage of this method is that n
of the coating can be measured directly instead of empirically
derived using a model system. Our technique makes it possible
to measure absolute thickness in terahertz imaging as the
refractive index is the only unknown variable in TPI that needs
to be calibrated. For this batch of tablets we have found that
there is little variation in n over the tablet surface or curvature
as well as no significant variation as a function of film thickness.
There was no significant intertablet variation in the refractive
index. Our results show that TPI is a robust method to reliably
quantify the coating thickness of pharmaceutical coatings over a
wide range of thickness.
The method introduced in this paper will be useful to explore

whether there is an influence on the refractive index of a given
coating formulation with changes in process conditions during
coating or curing. It furthermore opens the possibility, in
pharmaceutical applications and beyond, to develop metrology
standards for coatings that can be used to calibrate TPI
measurements for absolute thickness.
Beyond its use as a calibration technique for TPI the XμCT

method has provided some intriguing insight into the coating
properties at extremes of the tablet geometry, at the edges of
tablets where high curvature was thought to typically prevent
quantitative TPI measurements due to strong scattering. The
main limitations of the XμCT technique are the measurement
and, in particular, processing time together with the high
demands in computational power and data storage as well as
the limited contrast that can be resolved between coating and
core. We therefore envisage that the main impact of this
technique is likely to be in research and development and to
support techniques such as TPI rather than in routine quality
control or process measurements.
We conclude that TPI is a robust technique and that, due to

its very simple measurement principle, it is an ideal measure-
ment technique to quantify the coating thickness in process
control and quality monitoring applications. If it is desired to
measure absolute coating thickness using TPI, we strongly
discourage the practice of interpolating n based on powder
mixtures or by measuring the difference spectrum between a
coated and uncoated tablet by THz-TDS. Reliable values of n

Figure 14. (a) Power spectra from the same experiment of the reference (blue), 29 μm thick free-standing film (black), and coated tablet (red)
showing the insufficient bandwidth (<0.5 THz) when measuring the coated tablet in transmission for the determination of n by THz-TDS. (b)
Spectrum of n as measured by THz-TDS from the same film. The resulting average for n = 2.02 ± 0.04.
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for quantitative image analysis can be extracted from free-
standing films by THz-TDS in a matter of minutes.
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