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Abstract
Terahertz time-domain spectroscopy (THz-TDS) is 2 novel technique which has been
applied for pore structure analysis and porosity meastire ~ents. For this mainly the anisotropic

Bruggeman (AB-EMA) model is applied to correlz te (h> effective refractive index (n,; ) of a tablet

and the porosity as well as to evaluate the rui. si.one based on the depolarisation factor L. This
paper investigates possible error sources of u.» AB-EMA for THz-TDS based tablet analysis. The
effect of absorption and tablet anisotrop,” — changes of pore shape with porosity and density
distribution — have been investigated "'he results suggest that high tablet absorption has a
negligible effect on the accuracy o: the AB-EMA. In regards of tablet anisotropy the accuracy of
the porosity determination is no. impaired significantly. However, density distribution and
variations in the pore shepe *vin porosity resulted in an unreliable extraction of the tablet pore
shape. As an extension ¢f uie AB-EMA a new concept was introduced to convert the model into
bounds for L. This new approach was found useful to investigate tablet pore shape but also the

applicability of the AB-EMA for an unknown set of data.
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1. Introduction

Tablets are considered the most convenient way to deliver active pharmaceutical
ingredients (APIs) to a patient given their ability to achieve accurate dosing, long shelf life and
cost-effective production (Desai et al., 2016). Porosity and pore anisotropy are recognised as
important parameters that influence tablet disintegration and API dissolution (Markl et al., 2018a).
Important precursors of disintegration such as swelling and liquid imbibition have been found to
be dependent on total tablet porosity (Yassin et al., 2015a,b). However, it is also well known that
total porosity alone is not sufficient to fully describe the liquid imbi%ition process (Berg, 2014) and
that pore anisotropy including tortuosity and connectivity need t- ~e vansidered as well amongst
other factors (Markl et al., 2018b).

Terahertz time-domain spectroscopy (THz-TDS) h«o oeen suggested as a fast and
non-destructive technique for porosity and pore shap: n.~asurements (Bawuah et al., 2016b;
Bawuah and Peiponen, 2016; Bawuah et al., 2016c). “'he .'se of non-ionising radiation and the
advantage of fast (sub-second) measurement acq'!i.’*«0'1 makes it ideal for in-line or at-line control
applications (Bawuah et al., 2020). Furth:rn ore, most pharmaceutical excipients are at least
semi-transparent at terahertz frequencies allov.*ng for measurements in transmission mode (Zeitler
et al., 2007). Due to the nature of the me~surements being performed in the time-domain, the
refractive index can be extracted f-om, the measurements without relying on more complicated
models such as the Kramers-I{ro.ig relations, which may require further interpretation or
constraints applied to succeed (= awuah et al., 2014).

The refractive ind :x .* terahertz frequencies has been found to correlate with the porosity
(Bawuah et al., 2014, 20.5b; Juuti et al., 2009). In addition to being able to measure total porosity,
by using different physical models, it is possible to gain further insight into the pore structure of
tablets. Such advanced analysis of the terahertz data is implemented using models from effective
medium theory. The anisotropic Bruggeman model (AB-EMA) is used most commonly used such
approach and this method has been demonstrated to allow for the extraction of pore shape
information in addition to the tablet porosity (Bawuah et al., 2020).

The focus of this work will be to provide an error analysis of the AB-EMA model for
THz-TDS based porosity and pore shape analysis. It will critically examine the impact and
sensitivity of the following assumptions that are required when applying the model to

experimental data on the accuracy of the results:



1) The AB-EMA utilises the complex dielectric permittivity (¢) which is defined by
€ =i’ =(n—ix)?, where fi is the complex refractive index which is composed of the refractive

index, n,and x, the extinction coefficient. Thus far, all studies published in the pharmaceutical
literature for using AB-EMA for pore analysis only consider n and the effect due to absorption
from the tablet matrix is approximated to be negligible.

I1) The AB-EMA method considers pores of different porosities to have the same shape,
which can be described by the so-called depolarisation factor, L. However, the tablet compaction
process is inherently anisotropic given the tool and process geom~try. It is also well-known that
increasing compaction pressure (i.e. decreasing porosity) can rec'lt ‘n higher tablet anisotropy
(Porion et al., 2010). The elastic and plastic deformation rroc~cses themselves are strongly
dependent on the magnitude and direction of applied pre<su,~ {Lubarda, 2016). Since pores in
tablets are formed by the void space between particles, eicniation of one is considered to affect
the form of the other.

[11) In the most common implementatint. cth; THz-TDS transmission measurement is
performed in axial direction through the rencvar “/olume of the tablet centre. However, in the
subsequent analysis the measurement is cons,lered to represent a function of nominal porosity for
the entire volume of the tablet. This is nni ' strictly valid in the absence of density distribution in
the radial direction. Most tablets in the "harmaceutical industry are of biconvex geometry (Kadiri
and Michrafy, 2013) and it is v en established that the punch geometry influences the pressure
distribution in the tablet during «2n.paction as well as during ejection (Kadiri and Michrafy, 2013;
Mazel et al., 2015). Othe: u.an for flat-faced tablets this can result in density distribution for a
range of common table. ~hapes, such as in biconvex tablets (Sinka et al., 2004). The biconvex
shape of the punch results in a pressure gradient in the radial direction from the centre to the edges.
This may result in a lower pressure in the tablet centre compared to the edges during compaction
and it has been shown that the punch curvature can lead to a density distribution (i.e. porosity
distribution) in the radial direction of a biconvex tablet (Sinka et al., 2004; May et al., 2013).

THz-TDS has been suggested as a method suitable for application as a process analytical
technology to measure and control tablet porosity (Bawuah and Peiponen, 2016; Bawuah et al.,
2016c,b). In this study, we aim to provide a thorough analysis of the merits and limitations of this
technique together with a discussion of the potential sources and magnitude of error and how they

can be mitigated and controlled. In addition, a new concept based on the AB-EMA and the Wiener



bounds effective medium approximation is presented to investigate changes in the pore shape with

porosity as well as to evaluate the applicability of the AB-EMA on a set of test data.

2. Theory
2.1. The Anisotropic Bruggeman Effective Medium Approximation (AB-EMA)

The traditional Bruggeman model is a commonly used approach for EMA that was
developed in the early 20th century by Bruggeman (1935). It describes the dielectric properties of
a composite material (the so-called effective medium) by comk ring the individual dielectric
properties, €, of the volume factions occupied by the isolated m-ue: ‘als where the minor fraction,
the inclusions, are assumed to be of spherical shape and the 1.~jur fraction forms a continuous
phase (Bruggeman, 1935; Bawuah et al., 2020). This fori:alisin was later developed further by
including a depolarisation factor into what is now knc.n a the AB-EMA, where inclusions are
spheroids with their polar axis aligned parallel to tha niopagation direction of the electromagnetic
field (Jones and Friedman, 2000). Egn. 1 de.ci.~e; the AB-EMA model for a porous two

component system composed of air and & sol'd material, denoted by the subscript s, where ¢
and &, denote the complex dielectr.~ permittivities of the solid fraction and the effective

medium respectively and f is the pc.0sity. Here it was assumed that the complex dielectric

permittivity of air is equal to 1.
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The depolarisau~n Sctor, L, describes the overall shape of the inclusions, which in case
of porous pharmaceuticz! .ablets are the tablet pores. It can be converted into the aspect ratio of the

semi-axes of the spheroid using Eqn. 2 where the polar axis, p, is parallel and the equatorial axes,
g and r, are perpendicular to the wavevector of an electromagnetic wave, with q=r (Jones
and Friedman, 2000). For p=q, L becomes 1/3 and the inclusion takes a spherical form (and
Egn. 1 results in the traditional Bruggeman model). Applying Eqn. 2 results in a one dimensional,
needle shaped prolate for L =1 and a two dimensional, flat oblate for L =0.

1
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For multiple solid components it was demonstrated that the dielectric properties of the



different solid components can be combined into a single solid fraction with the average dielectric
properties (Bawuah et al., 2020).

Most pharmaceutical materials exhibit relatively low absorption losses at terahertz
frequencies. Therefore, it is often assumed that the complex part of the dielectric permittivity of
the solid fraction can simply be neglected, resulting in & =n? and &, =n_?, where n_ and n
are the intrinsic refractive index of the combined solid fractions and the effective refractive index,
respectively (Bawuah et al., 2020). Under these assumptions, Eqn. 1 simplifies to Eqn. 3 which is
the common expression used in terahertz porosity analysis.

2 2
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2.2. Bounds for L

The Wiener bounds are a common EMA developea oy Wiener (1912). They describe the
two extreme cases in which a composite matcric i5 formed either through serial or parallel
alignment of the individual components, wk.ich are assumed to behave like planar plate capacitors.
This results in an upper and lower bound for C of the composite material, which again can be

approximated in terms of n., for wei k'y ~hsorbing materials (Wiener, 1912; Markl et al., 2018a).

Eqgns. 4 and 5 show the upper and lower Wiener bound for the general case of a

multicomponent material wit> v solid components with the corresponding mass fractions x;

and refractive indices n j

nesz,l = 13 X 4)
f +zj:1n—’?
J
J
Ny = +ijnj.Z (5)

In case of a two component system of air and one solid fraction, s, Eqns. 4 and 5 simplify to
Eqgns. 6 and 7.

1
nesz,l = -7 (6)




N, = T +(Q- ) (7)
Note that in this concept multiple solid fractions are again represented by one refractive
index, n,, the same approach used in the previous section. For this case the Wiener bounds could
in principle also be extended to their multicomponent equivalents (Eqns. 4 and 5). However, these
do not conform with the AB-EMA model which only considers two phase compound materials
and are therefore not further discussed in this article. We refer to an article by (Bawuah et al.,
2016a) where these equations where utilised in the pharmaceutical setting using terahertz analysis.
Figure 1 illustrates the concept of the upper and lowe  Wiener bound in THz-TDS
measurements. The true value of n, must fall between the :xu-°nia defined by the Wiener
bounds for any given porosity (Bawuah et al., 2016a). Th2 cuncept of the Wiener bounds is
advantageous in cases where the microstructure of a mate::al is unknown since no assumptions
need to be made with regards to the pore shape (Baw.2h 2t al., 2016a; Markl et al., 2018a,a).
Further, the Wiener bounds can be applied indeper.u. 1t of the sample shape.

Figure 1: lllustration of the Wiener bouncs friowing the conventional capacitor model and the
AB-EMA inclusion shape. The spheroi' represents the orientation of the air pore in the dielectric
medium of the solid phase relative to .hv. ~ropagation direction of the electromagnetic field of the
transmitted terahertz pulse.

Interestingly, the san.» e>:pressions as in Egns. 6 and 7 can be derived directly from the
AB-EMA model. Asc'\mi'ng 1 depolarisation factor L =0 (prolate, needle shaped pores) or 1
(flat, oblate pores) results .n the upper and lower Wiener bound, respectively (see Figure 1). It is
therefore possible to convert the Wiener bounds into bounds of L in cases for which n, is
unknown. For f =0 the bounds convergeto n,. The best estimate of n, ina porous material can
therefore be achieved at the lowest porosity where the Wiener bounds are closest together. Eqns. 8
and 9 show these modified expressions of the Wiener bounds resulting in two margins for n,

based on the sample with lowest porosity ( f,) and its effective refractive index (n , ). It should be

noted that the value of n, of a material is a physical constant, similar to the concept of a true

density of a material.
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Other than n in the Wiener bounds (Eqns. 6 and 7), the bounds in Egns. 8 and 9 do not
define values that n, can take dependent on the pore structure but rather describe the margins it
must lie in between. The margins of n, can be interpreted as the refractive index that the solid
fraction must have if the lowest porosity sample has pores (descrioe.' by L) for which L =0 or
1 (or in the Wiener bounds formalism: serial or parallel ali¢ 1ea nores) to result in the measured
value of n,.

Replacing n, in Eqgns. 3 with each margin results .« upper and lower bounds (L, and L,)
for L:

L= el 1 N )+ (10)
| i
eff '__'_nesz +1)_n52,I

2 2 2 2
W T fng, —ng + )
y 2 2 2
et (ns,u — Ngt +1) - r]s,u

L, : (12)

The expressions in Eqns. 8-1. can be used to estimate the values of n, and L when their

true values are unknown.

3. Materials anzl Methods

3.1. Material
Microcrystalline cellulose (MCC, Avicel PH-102, FMC Europe NV, Brussels, Belgium),

lactose « -monohydrate (Tablettose 100, Meggle Group, Wasserburg, Germany) and starch
(Startab, Colorcon Limited, Dartfort, UK) were used as received.

An immediate release formulation of ibuprofen (BLD Pharmatech, Shanghai, China) was
made with dose strength of 10 % w/w. The formulation was composed of common excipients,
MCC, lactose anhydrous (Supertab21 AN, DFE pharma, Goch, Germany), croscarmellose sodium
(CCS, DuPont Nutrition, Wilmington DE, USA) and magnesium stearate (Fisher Scientific, Fair



Lawn NJ, USA).

3.2. Tableting

The powders were directly compressed with 10mm round flat-faced and biconvex tooling
on a Huxley Bertram 50 compaction simulator (Huxley Bertram Engineering, Cambridge, UK)
using a symmetrical compaction profile. The punch depth and radius of curvature of the curved

punches for biconvex tablets was 1.05mm and 12mm, respectively. The compaction profile was

based on a Fette 102i with a rotation speed of 20rpm correspondin? to a die speed of 293 mms™.
Each main compaction was proceeded by a pre-compression ston ith a compression gap of
7.5mm. The pressure during the main compression was in the r~ny2 2f 5160MPa. Tablet mass was
kept constant at 300mg, for flat-faced, and 400mg for bi.oi, o tablets. The material for each
tablet was individually weighed, manually filled into th¢: aie and compressed.

3.3.  Porosity determination
The tablet porosity of flat-faced ar.u bi:onvex tablets was determined based on Eqns. 12

and 13, respectively.

4M
11— 12
" " xDHp,, 4
f =1y M 2 (13)
| Z”DZ(H _Zh)+2(ﬂ2 (3C_h)]i|ptrue
L

where M is the ."blet mass, D is the tablet diameter, H is the tablet height, h is the

punch depth of curved punches, C is the radius of curvature of curved punches, and p,,. isthe

true density with a values of 1.527 for the MCC blend and the lactose powder, 1.439 kg m™ for
the ibuprofen blend and 1.490 kg m™ for the starch powder.

3.4. THz-TDS
THz-TDS measurements were acquired in transmission geometry with the beam
propagating through the entire tablet using a Terapulse 4000 spectrometer (Teraview Ltd.,

Cambridge, UK). The measurement cell was purged with dry nitrogen gas (relative humidity



<1%) to avoid any pertubation by water vapour. For each measurement 20 waveforms were
averaged. An empty measurement cell was taken as reference and the reference signal was

acquired before each tablet measurement.

3.5. Data analysis
Data analysis and simulations were carried out using MATLAB 2020a (MathWorks,

Natick, MA, USA). Extraction of n,, was performed by taking the ratio of the Fourier transform

of the time-domain data for each sample and reference pulse. A rcre detailed description of the
extraction from the optical constants from the time-domain can w< tound in Jepsen and Fischer

(2005). For the data analysis ng was averaged in the froycency range of 0.40.8THz. The
AB-EMA fit was carried out by applying Egn. 3 to the a.*a by varying L between 0 and 1 in

increments of 0.001. The fit with the smallest standard v~viztion in n, at different porosities was

considered best.

3.6. Data simulation

Two phase powder compacts o air and solid fraction were simulated based on the
AB-EMA (Eqn. 3).

3.6.1. Effect of material absc.2ticn

To simulate the e*fa( of material absorption on the AB-EMA model samples were
simulated with a4 ra ang from 0cm™ to50 cm™ in increments of 1 cm™, n, ranging
from 1 to 5 in increments of 0.1 and porosities from 0.05 to 0.25 in increments of 0.05. For each
sample x., was calculated by using the expression x,, = (Ca )/ (47v) where c is the speed
of light. The frequency v wassetto 0.2 and 1 THz. Eqn. 1 was then used to calculate n, with and

without accounting for absorption. For the latter case Eqn. 1 results in Egn. 3. The pore shape was

evaluated based on Egn. 2 witha p:q ratioof 5,1 and 1/5 resultingin L values of ~0.053,
~0.33 and =0.75.



3.6.2. Variations in the pore shape

To simulate a change in L with porosity, a linear model L(f)=a,f +a, was assumed.
The simulated porosity ranged from 0.05 to 0.5 in increments of 0.05. The value for n, was based
on the current in-house estimate of n, of the common excipient MCC which is at 1.86. Different

sets of tablets were simulated by stepwise changing L from 0 to 1 and 1 to O for the highest and
lowest porosity, respectively in increments of 0.02. Porosities in between were adjusted

accordingly. This resulted in the gradient, a , taking on values from -2.222.22 in increments of

0.0889 and resulted in the averaged L over all porosities being ce..~tant at 0.5.

3.6.3. Density distributions of biconvex tablets

To simulate biconvex tablets with different densitv (istributions, the nominal porosity of
the tablets ranged from 0.05 to 0.5 in increments of 0.05. Tie value for n, was 1.86 as described
above. The centre porosity was set 10% higher an 1 'over than the nominal porosity to simulate a
lower and higher density in the tablet centre. “he carresponding n, values were then calculated

for the different centre porosities based on Ey,~» 3 with L ~0.33 (spherical pores).

4., Results and Discuss.ar,
4.1. Limitations of the AB EMA

For most materials 1., rannot be determined directly since a zero-porosity sample is
experimentally inacces.'hic. Instead, n, is determined by an extrapolation from the regression

analysis of n over the experimentally accessible porosity range using the AB-EMA (Bawuah et
al., 2020).

The correct extraction of n, and L is of critical importance since they define the
AB-EMA fitting model, and therefore the correlation function, used for porosity prediction.
Furthermore, knowledge of n, is required for more advanced pore shape analyses based on the

Wiener bound model (Bawuah et al., 2020). In this study the estimated values of the AB-EMA fit

for n, and L will be referredtoas n, and Ly, .



4.1.1. Effect of material absorption on the AB-EMA

Figure 2 depicts the relative error in n, as a function of porosity, tablet refractive index
and absorption coefficient, o , at frequencies of 0.2THz and 1THz and for L values of ~0.16,
~0.33 and ~0.86. The relative error was calculated as |n,,—n,|/n,, where n, and n, are
the real part of the intrinsic refractive index estimated by applying the AB-EMA with and without
accounting for material absorption respectively. The range of «,, was based on a non-absorbing
material with a =0 and a “worst case” scenario in which o, was based on a thin tablet of

1mm thickness with a transmittance of 1%. The porosity range or ¢ 150.25% was based on the

typical values used for pharmaceutical tablets. For n., , commaon ;*terature values were considered

for setting the range (Lu et al., 2020). The two frequencies 1, <stigated are typical limits of the
dynamic range of the spectrometer used in our lab wher measuring entire tablets in transmission.

For L Eqn.2was utilisedata p:q ratioof 5 (prolz.€), * (spherical) and 1/5 (oblate).

Figure 2: Effect of absorption on the AB cMA. Relative error of the extraction of n, without
accounting for absorption as a functior. of ny, « and porosity at frequencies of 0.2THz and

1THz and for L values of ~0.053, = 033 and =0.75. The results are depicted for simulated
data as well as flat-faced MCC (g.>en, Jdot), ibuprofen (Ibu, red, dot), starch (Str, yellow, dot) and

lactose (Lac, blue, dot) tablets.

The data shov.r, ‘n “icure 2 demonstrate that the relative error is highly dependent on n.,
o , L, the porosity and the frequency. However, it should be noted that in any material
absorption decreases with increasing porosities. The magnitude of the relative error was found to
cover the range of 1x107°". A general trend towards larger errors at higher absorption and lower
values for ng can be observed. However, in some simulated sets intermediate values of n
lead to “islands” of higher errors (e.g. at L =0.33, f =0.25, v=0.2THz). An increase in the
effect of absorption can be observed at lower frequencies which is due to the frequency

dependence of x.; (see Section 2). This should be kept in mind during data analysis since clearly

a critical threshold is reached earlier if optical constants are extracted at lower frequencies. The



relative error additionally shows a remarkable dependence on the pore shape, described by L.
Interestingly, under the investigated pore shapes, spherical pores (L ~0.33) resulted in the
smallest error. For non-spherical a more oblate shape (L = 0.75) seems to result in higher errors

compared to more prolate pores (L = 0.053).
Data extraction of n,, typically results in errors on the order of 1x10™* to 1x10~° (see

Supplements Table 1 to 6). Therefore, in most cases the error caused by the simplified model will
be less than that caused by the measurement system itself and the effect due to absorption will be
negligible. For comparison, tablets of the typical pharmaceutica’ excipients MCC, lactose and
starch as well as an ibuprofen formulation are shown for which sr.a.' eivors of magnitudes <10
can be expected. Please note that the pore shape of these table*, . a> not investigated and therefore
the materials are displayed for all three investigated L va'1es.

In non-crystalline materials, such as the meiorit,;' of pharmaceutical excipients, the
absorption spectrum exhibits monotonously increasi,g auvsorption without any sharp spectral
features. In fact, this increase in absorption cons. «rtes the rising flank of the peak due to the
vibrational density of states (Sibik et al., 2F 14) Th.s peak is wider than the spectral bandwidth of
any typical THz-TDS instrument that is cun>ntly commercially available. Such spectrometers
commonly access a range of about 0.17'Hz 2 3THz, and in some cases up to about 7THz, but the
dynamic range of all such instrv..erz is decreasing rapidly with frequency and hence for
measurements of any tablet samule v e usable bandwidth is limited to a maximum of about 2THz.
Therefore, one might expect hig. =r errors at higher frequencies due to the stronger absorption as

well as the reduced dynatic 1 inge. However, due to the frequency dependency of x the effect

of increasing absorption 5 less pronounced. This can also be observed in Figure 2: although
absorption is significantly higher at 1 THz the expected error remains at lower values.

In conclusion, neglecting material absorption during data analysis and application of the
AB-EMA is justified in most cases, and in particular for the materials investigated here. The
choice of materials used in this study was aimed to represent a wide range of material and structure
properties that are typically encountered in pharmaceutical solid dosage forms. In general it is
recommended to chose a suitable frequency window for the AB-EMA analysis where the tablet
matrix exhibits relatively low absorption. This ensures the validity of the simplified AB-EMA

model and further ensures a constant refractive index over a large frequency range in cases where



high material absorption is due to a resonance peak in the spectrum. However, extra care must be
taken to ensure the assumption is justified when applying the method to materials known to form
highly anisotropic pore structures upon compaction as well as with materials with high absorption

at low frequencies, as some materials may exhibit values for «,, above the considered range. In

cases where the validity of these assumptions is uncertain we recommend to extend the AB-EMA
model by including the absorption coefficient and using the complex refractive index instead of its
real part only. This will effectively eliminate the errors associated with absorption and the
AB-EMA model. Since THz-TDS allows for the direct extraction of both parts of the complex
refractive index without requiring any additional tools, such =2s chemometrics or advanced
mathematical models such as the Kramers Kronig analysis, this ', not affect the experimental
setup but only the complexity of the applied model. Ho ve *er, for tablets comprised of such
strongly absorbing materials the deterioration of the sign.'-wo-noise-ratio for a measurement in
transmission is likely to be a more practical limitation t+.at ~ay prevent application of this method

altogether.

4.1.2. Effect of variations in the pore shape 'n the AB-EMA

To investigate how porosity denen.'ant changes in the pore shape, described by L in Eqn.
3, affect the accuracy of the AB-EMA f t, howder compacts were simulated as described in Section
3.6. It should be noted that for grau:=nts above 2.04 the algorithm was unable to fit the data. For a
gradient of 2.04 the corresponai.~a spheroids havea p:q ratio of 6.0 and 0.026, at the highest and
lowest porosity, respectivaly ‘Eqn. 2). Such drastic changes in pore shape are unlikely to occur in
practice and therefore th.> was not investigated further in this study.

Figure 3 illustrates the results for an example set with the simulation parameters, a, =0.5
and a, =0.275 (Set1). Depicted are the simulated values of n. , the different AB-EMA models

for each porosity used in the simulation and the AB-EMA fitting function. Just by visual
inspection it is clear that the AB-EMA fit was unable to follow the simulated data points and

further did not result in a fitting function similar to the simulated AB-EMA models.

Figure 3: AB-EMA fit of Set 1. Depicted is n,, (blue, dot) as a function of porosity, the AB-EMA

fit (blue, solid), and the simulated AB-EMA models with varying L used in the simulation



(green, dashed).

Figure 4 illustrates how the adjusted R® and the root-mean squared error (RMSE) for the

porosity are affected by the gradient (simulation parameter &) of L. The RMSE was calculated
for the independent variable (the porosity) instead of the dependent variable (ny ). This was
considered more practical since for tablet characterisation n. is used to estimate the porosity.

For the set with a, =0 both parameters reached a minimum close to zero. This was to be expected

since L remained constant for this set and could therefore be desc.:ibed by Eqgn. 3. With higher

absolute gradients the fit was impaired gradually. However, the ¢ *feci on the goodness of fit based
on the adjusted R? was marginal and even for strong variatiuns i 1 the pore shape the fit was able

to describe the data with values above 0.99 at all gradi...:=.

Figure 4: Error analysis of the AB-EMA fit as a fui'c*«01 of the gradient. The plot on the top shows
the values of the adjusted R? (blue, dot) an% e »MSE based on porosity (red, dot) as a function

of the gradient a,. The residuals as a functio. of the gradient and the porosity of the AB-EMA fit

are shown on the bottom.

Based on the analysis of the RMSE, deviations in the porosity prediction can be expected
to fluctuate by a maximum of airound 5% for the theoretically most drastic changes in pore shape.
For realistic changes the. ai> more likely to be encountered in tablet processing much lower
deviations are to be ex,ected. However, the error was not consistent throughout different
porosities as illustrated by the residual surface plot (Figure 4). Larger residuals were found for the
centre porosity and the high and low porosity ends. Therefore, larger deviations between the true
and predicted porosity are to be expected at these porosities.

The threshold up to which error a method for porosity prediction is useful will very much
depend on the final formulation and the demands on quality and performance of the product. To
the best of the authors’ knowledge, guidelines currently do not provide specifications regarding
tablet porosity. Since extreme gradients in L with porosity are unlikely to occur in practice, large
deviations in real sets of tablets due to changes in the pore shape are not considered a practical
problem. Due to the porosity dependent distribution of the residuals, one should consider an



arbitrary fitting model instead of the AB-EMA fit when large deviations in the pore shape can be

expected.
The fitting method for the AB-EMA model selects the value of L, for which applying
IS

Eqn. 3 results in the least variation of n_, at the different porosities. The final value of n

s fit s fit

then calculated by averaging. Figure 5 shows a plot of the relative error of n_; atall porosities, as
well its average, as a function of the gradient a, . For sets where L varied, the gradient strongly
affected the accuracy of the fit. For positive gradients an overestimation of n ;. was observed
whereas the opposite was the case for negative gradients.

For relatively modest absolute gradients (m>|0.6|) rei.tive errors in excess of 2.5%,
were determined even without considering any additional e:.peiv.iental errors. In this context, it is
interesting to note that the estimates of n, for the urper and lower porosity limit were least
affected and their relative error remained close to © r~or Ly no single reference value existed
since a range of values were used in the simulaticn. vy, is considered to be a rough approximation

for the description of the pore shape ana ‘hus the range of L values that were chosen in the
simulation (Markl et al., 2018b).

The bottom panel of Figure 5 snows L together with the maximum, L and

max !

minimum, L L values of th2 simulated data. As in the top panel of Figure 5, the AB-EMA fit

min

resulted in a perfect estimation ¥ L for the zero-gradient set. For most other gradients L, lay

outside the range of I. \alues used in the simulation (represented by the grey area in Figure 5).
This result is quite unexp 'cted and disproves the aforementioned hypothesis of L as a rough
approximation of L. Instead L did not describe the pore shape of most of the simulated tablet
sets since it lay outside the range of L values used in most cases. As for the relative error of L,
, negative and positive gradients resulted in an under- and overestimation, respectively. L was
always closest to the highest porosity sample for which at negative gradients L_.. and for positive

n

gradients L ., isthe corresponding L value.

Figure 5: Error analysis of the AB-EMA fitting parameters as a function of the gradient. The



relative error of n.g as a function of the gradient as a mean for all porosities (black, dot) as well

as for each individual porosity shown on the top. L, (black, dot), L, (green, dot), and L,

max
(red, dot) as well asall L values in between used in the simulation (grey, dashed) as a function of

the gradient (bottom). The grey area illustrates the range of L used for each gradient.

Given these results, it is important to be mindful of the limitations of this approach when
adapting the AB-EMA method to data sets where the pore shape, and therefore L, cannot be
assumed as constant. The tableting process is anisotropic in it: nature and deviations in the
anisotropy with the pressure can often be expected (Porion et #i., 2020). The model of using a
linear change in L with porosity that was used for this st.u,” 15 only a simplified model for
illustrative purposes. In reality more complicated, and inded 1usmulation and process dependent,

deformation behaviour can be assumed. Despite the ¢ ser “implification of our model the data

illustrate that false estimates of n, and L can be expected even for small changes (i.e. small

gradients) in the pore shape upon compaction tc diric.ent porosities.
Based on the data shown in Figur: 5 r,ne might argue to base the estimate of L on the

sample with the highest porosity since ‘or this sample the error of n.; and Ly is the smallest.

However, this section demonstrated (17t ..€ AB-EMA model is inadequate to fully describe the
pore shape based on THz-TDS mcasurcments and and hence this approach is not recommended.
For porosity predictior. the effect of variations in L with the pore shape is not considered
a critical issue given that th aui*:sted R® values are close to 1 and the RMSE values are very low.
Therefore, the AB-Els.® 1. ~4ll considered the most suitable approach for porosity prediction. In
cases where the AB-EN . fit of a calibration set results in large residuals one can consider the
application of other fitting functions which better describe the formulations changes of n. with
porosity in order to get a more rigorous porosity estimation. However, a physically meaningful
model, such as the ones based on the formalism of the effective medium approximation, will
enable to learn about the formulation mechanistically beyond simple porosity prediction and is
therefore more desirable over applying non-physical fitting functions. Nonetheless, our results
indicate that a good correlation of the model alone must not be assumed to indicate the correct

extraction of n, and L. A more rigorous method to estimate the applicability of the AB-EMA to

a set of data will be introduced in Section 4.2.



4.1.3. Effect of density distribution in biconvex tablets on the pore shape prediction
Figure 6 illustrates the THz-TDS setup for biconvex tablets. The terahertz beam propagates
through the centre of the tablet from the top to the bottom tablet face. It therefore only measures

ng Of the centre porosity. In contrast, the nominal porosity of the entire tablet is calculated using

the tablet’s dimensions and mass and therefore represents the averaged porosity of the sample

assuming even distribution of density. In practice the porosity of a sample at its centre is unknown.

Figure 6: Schematic of the geometry of the beam propagation in 2 terahertz measurement setup
illustrated for a biconvex tablet. The terahertz beam penetrates the contre of the tablet from one
face to the other and thereby only probes the centre porosity. In tyiral setups the beam waist will
have dimensions of a couple of millimetres. However, in bicarvex tablets, density distribution
(illustrated by different shades of blue) might differ fror« u.~» nominal porosity estimated by tablet
weight and dimensions. Please note that this illustrati~n .- only accurate for single wavelength
beams as the beam width of a Gaussian beam will b fiequency dependent.

To investigate the effect of density di.ribution on the AB-EMA, tablets were simulated as
described in Section 3.6 with ns=18c and L=1/3. Even density distribution and a 10%
higher and lower centre porosity cn.~ared to the nominal porosity were simulated in three
different sets. Density distribut’oin v.2s loosely based on the results of the finite element analysis
method for biconvex MCC table.~ as reported by Sinka et al. (2004), where differences up to 30%
between the tablet centr: an i the nominal porosity were reported. Based on these results the

simulated deviation of 1L was considered realistic.

Figure 7 shows a plot of ng and the AB-EMA fits as a function of nominal porosity.

Compared to the set with even density distribution, n,, decreased and increased with higher and

lower centre porosity, respectively. This was a consequence of the difference between the nominal
porosity and the porosity extracted from the measurement of the tablet centre, which resulted in a

corresponding change of n . Naturally, the AB-EMA fit of the evenly distributed sample led to a

perfect correlation with the adjusted R® being equal to 1. For samples with higher and lower
centre porosity the correlation was only marginally impaired with adjusted R® values of 0.9993

and 0.9997. L, was found at 0.498 and 0.160 for the sets with higher and lower centre porosity,



respectively. Thus, density distribution resulted in a false estimation of L, which was fixed to
~ 0.33 inall samples. By using Eqgn. 2, this correspond toa p:q ratio of approximately 1:2 and
2:1 for the high and low centre porosity, respectively. Without knowledge of the true cause both

could easily be mistaken for plausible pore shapes.

Figure 7: n, and AB-EMA fit as a function of nominal porosity for simulated tablets with

density distribution. The results are depicted for tablets with even density distribution (blue) and a

centre with 10% higher (red) and lower (green) than average porority.

With new insights gained from the analysis of simul=i~a Zuta, non-simulated, flat-faced
and biconvex MCC tablets were investigated. The tablet prupe.tics are listed in Table 5 and Table
6 in the Supplementary Materials.

Figure 8 shows a plot of n, as a function of pcrosity for the two types of tablets.
Averaging in the frequency range of 0.40.8TH. vvas performed to account for any small
fluctuations in ng, as a function of frequ -ncy. The frequency range was based on a previously
suggested range for porosity measurements of MCC tablets (Bawuah et al., 2020). For the
biconvex tablets lower values of n, ‘wv.r2 observed compared to the flat-faced samples. This
suggests a higher centre porositv : smpared to the nominal porosity. For the AB-EMA fit a good

correlation of n, and porosi.’ was found with slightly better results for the flat-faced tablets.

Adjusted R? values werr. a. 1.y993 and 0.9874 for flat-faced and biconvex tablets, respectively.
For the biconvex tablets | reached a higher value of 0.415 compared to 0.357 for flat-faced
tablets.

Based on the previously gained results for the simulated data it is suggested that the higher
value of L, inthe biconvex tablets originated from density distribution in this set. In this case an
assumption of equal centre and nominal porosity would result in an apparent change in the pore
shape compared to flat-faced tablets when using the AB-EMA. Based on the simulation, the higher

value of L; corresponds to a higher centre porosity. This is well in line with the lower values

found for ny in this set compared to the flat-faced tablets.



Figure 8: Averaged n, and AB-EMA fit as a function of nominal porosity for flat-faced (blue)

and biconvex (red) MCC tablets. Error bars indicate the standard deviation. The data for the

individual tablets are shown in the Supplements in Table 5 and Table 6.

Several studies suggest that biconvex tablets often show higher porosity in the centre
compared to the edges (Sinka et al., 2004; May et al., 2013; Diarra et al., 2015). In contrast,
flat-faced tablets are not expected to show significant density distribution in the radial direction, if

any (Diarra et al., 2015). Therefore, the set of flat-faced tablets can be used for the accurate

extraction of the material property, n,, and thus to reliably predict *he ~entre porosity of biconvex

tablets.

It should be noted that for both, biconvex and flat-f-ceu ablets, density distribution in the
axial direction, that is the direction the force is applied in (uring compaction, may very well be
present. The porosity obtained by THz-TDS is alwavs an av2arage measurement that is not able to
resolve any axial density distribution. It is we'l- 1onvn that the vast majority of axial density
anisotropy is removed during elastic reco: ery in w1e unloading step within the die of the tablet
press and the effects due to any residial ren.>ining strain in the tablet is the subject of current
research.

Based on the terahertz ane’,<is, an average ratio between the porosity measured at the

tablet centre to the nominal pore ity >f 0.875 was found for the biconvex tablets investigated here.
As already concluded from the "swer n. values for biconvex tablets, the centre porosity was
therefore higher compare 1 to he nominal porosity. Considering the similar density distribution in
the real tablets and the si nulated tablets with lower centre porosity one would expect a higher
deviation in L, between the biconvex and flat-faced tablets. This could be rooted in the high
variation of density distribution between tablets of different porosities (See Supplements Figure
12). Taking this into account the experimental and simulated deviations in L;, are considered to
be in good agreement by the authors.

Data analysis of simulated data demonstrated that density distribution in biconvex tablets

highly affects the AB-EMA methodology when the nominal porosity of the tablet is considered

equal to the centre porosity. In this case the AB-EMA fit results in an inaccurate estimation of L.

Similar as the variation in pore shape discussed in Section 4.1.2, the goodness of fit was not



impaired significantly by density distribution. This again creates a situation where one might not

be able to establish whether the extracted parameters are accurate based on the ability of the

AB-EMA to correlate n, and porosity. Previously, a change in pore shape with tablet geometry

was reported by applying the AB-EMA on THz-TDS measurements (Bawuah et al., 2019). Based
on the results discussed in this section it is suggested that this may be rooted in the density
distribution of biconvex tablets rather than an actual change in pore shape. This is consistent with
the density distribution suggested for the here reported biconvex MCC tablets.

In conclusion, it is recommended to perform all calibration measurements using flat-faced
tablets rather than biconvex or other shapes that may result in an 2nisatropic density distribution.
The results obtained from the flat-faced tablets can then be irectly used together with the
AB-EMA method to accurately measure the centre porosity <f Ficonvex tablets, a metric which
cannot be determined easily by other methods. The teoic* centre porosity may in many cases
constitute a key critical quality attribute of an immeliate release tablet with regards to
disintegration due to its commonly higher porosity r.onipared to the rest of the tablet matrix.

4.2. Extensions of the AB-EMA moax' to describe variations in the pore shape

Section 4.1.2 demonstrated ho' tav.'et anisotropy affects the AB-EMA and the extraction
of n, and L. Although the AB-EM.A 1 zoulted in a strong correlation, it was unable to extract the
true physical properties of the .Matei.al when pore shape variations or density distribution were
simulated. Therefore, the ac-ura.y of the extracted parameters cannot be assessed based on the
goodness of fit alone. This section discusses alternative models to evaluate the applicability of the
AB-EMA fit and to invesiu gate L as a function of porosity.

4.2.1. Simulated data
To evaluate the new approach based on the concept of Wiener bounds, three sets of

simulated data were used with corresponding linear models of a, =0.5 and a, =0.275 (Set 1),
a, =-0.5 and a,=0.55 (Set2),and a =0 and a, =0.5 (Set 3). Figure 9 depicts L, and L,

for the three sets. The bounds were chosen based on the sample with lowest porosity and thus
information got lost for this sample and the upper and lower bound resulted in values of 0 and 1 by
default.



With increasing porosity, the bounds approach each other and their tangents ultimately
converge parallel to one another and the simulated gradient of L. For Set 3 this results in a
convergence towards a constant value of L, whereas for Sets 1 and 2 a close to linear in- and
decrease, respectively, towards the high porosity end can be observed.

Figure 9 also depicts the values of L, of the AB-EMA fit for the three sets. In Section
4.1.2 it was discussed that variations in the pore shape can result in a false estimate of Ly, . This
can also be seen when comparing L, with the bound progression in Sets 1 and 2. There is a clear
deviation between the constant progression in L; and the grau':nt for the bounds at higher
porosities. Furthermore, for Set 2 L, remained below the boun s fcr porosities between 0.1 and

0.45. This is not possible since the bounds display the two ex.emras in which L must lie in.

Figure 9: L, and L, for simulated sets with varying Jjreient of L as a function of porosity.
Depicted are L, and L, (blue, dot), the tangen.~ b.sed on the two highest porosities (blue,
dashed), true L (red, dot), and L, (red, »olir) as a function of porosity for Set 1 (a), Set 2 (b),
and Set 3 (c).

Therefore, the bounds can oe csed as a simple method to validate the AB-EMA fit. If the

bounds converge towards a steey. aradient, or if Ly, lies outside the calculated bounds at certain

porosities, the AB-EMA fit 1s ‘nvyalid and other methods need to be applied. No prior knowledge
about the deformatior. ~ar.>viour of the material needs to be obtained. The THz-TDS data can be
directly used to estimate t*.e validity of the AB-EMA fit to avoid errors associated with a change in
the pore shape (as discussed in Section 4.1.2) and to chose alternative models for a better
description of the investigated tablet set, one of which will be introduced in Section 4.2.2.
Furthermore, for high porosities a good approximation of the pore shape can be made due to the
proximity of the bounds. Lastly, bounds of multiple sets with different pore shapes can be used to

limit the range of possible L values.

4.2.2. Comparison of different size fractions of MCC applying the bounds for L

Skelbak-Pedersen et al. (2020a) previously investigated the effect of fragmentation during



tableting on the water ingress kinetics using terahertz pulsed imaging. Their data was reused in this
section to evaluate the newly introduced concept of upper and lower bounds for L and the effect
of deformation on the AB-EMA on non-simulated tablets. Two sets of tablets compacted with

different MCC particle size fractions in the range of <125 um and 355 pum to 500 pum were

analysed by THz-TDS. The materials were compressed into round, flat-faced tablets at different
pressures resulting in porosities of 0.05 to 0.3. The powder mass was adjusted accordingly to retain
a constant tablet thickness. For further discussion, the two powders will be referred to as small and

large size fractions for particle sizes of <125 um and 355 pum to 500 um, respectively.

Figure 10 depicts n and the corresponding AB-EMA #i* a_ a function of porosity for
tablets of both size fractions. For the larger size fraction hiyic values of ng were measured.
Both size fractions are composed of the same material and u.~refore, n, must not change between
size fractions. The fitting method was adjusted to result .. *i¢ best model for which n g takes on
the same value for both size fractions. The AB-EN'4. fi: estimated n,; =1.867 and L; at0.259

and 0.339 respectively for the large and smull < ize ‘raction.
This means that the AB-EMA predicic1 more oblate shaped pores for tablets of the small

compared to the large size fraction. 7~ e aluate the accuracy of the fit, L, L,, and L are
plotted as a function of porosity in “ie huwom panel of Figure 10. Measurements of tablets samples
prepared from the small size y.actiun powder resulted in higher values of L, and L,. Thus,
similar as for L; the bouna. si'ggest a more oblate pore shape for the small size fraction. The
values of L fell ousile ne bounds for porosities between 0.200.30 for the large size fraction

and porosities at 0.10; 0.20; 0.25; 0.33 for the small size fraction.

For these samples the extracted values of L, must be erroneous and the AB-EMA model

thus failed to describe the data. The progression of the bounds at high porosities suggests a
negative gradient of L for both tablet sets. Such a change in L would likely result from an
incorrect estimate of L by the AB-EMA fit as discussed in Section 4.1.2. Furthermore, based on

Figure 4 the negative gradient should result in an underestimate of L;, compared to the range of
true L values of the pores. This is in accordance with values of Ly, falling below the bounds at

some porosities for the two types of tablets. It can therefore be concluded that the values of L,



must indeed be underestimated at these porosities. The results suggest that the AB-EMA method is
inadequate to describe the two sets of tablets because of pore shape changes in these tablets under

the conditions studied.

Figure 10: THz-TDS based porosity analysis of MCC tablets of different size fractions. Depicted is
ng (dot), the AB-EMA (dashed), and the mAB-EMA (solid) fit as a function of porosity (left) as
well as L;/L, (dot) and L based on the AB-EMA (dashed) and the mAB-EMA (solid) model
as a function of porosity (right) for two sets of MCC tablets with ir itial particle sizes of <125 pum

(blue) and 355 um to 500 pum (red). Error bars indicate the sta'ia.d Jeviation.

To adjust the AB-EMA and allow for changes in the nore structure with the porosity to be

accommodated, the L term can be replaced by a porosi..’ de pendent expression. It was found that
replacing L in Eqn. 3 with a simple linear mode! v~ the form L(f)=a,f +a, can describe the
data well. It is helpful to highlight that replaci.v L with this model still allows for a constant
value of L in cases where the gradient, &, =9J. The modified AB-EMA (mAB-EMA) model is

shown in Figure 10 as a function of porosi.;*. The mAB-EMA model estimated higher values of n,

at 1.869. It resulted in slightly highz- atiusted R? values of 0.9942 and 0.9991 for the large and
small size fraction compared tc the AB-EMA (adjusted R® at 0.9936 and 0.9984). L, of the
mAB-EMA lay inside the .nun.s over the entire range of porosities (Figure 10). The model
resulted in a clear grar'ier.* of -0.141 and -0.289 of L, as a function of porosity for the large and
small size fraction, respec’.vely. This further supports a change in pore shape towards more oblate
pores at lower porosities as already suggested by the progression of the bounds. Additionally, it

resulted in larger values of Ly, for the smaller size fraction and therefore suggests more oblate

pores compared to the large size fraction, in line with the other models.

Without any further data processing the data shown in Figure 10 already suggest a
difference in tablet microstructure in the two size fractions based on the different values of n, at
a specific porosity. For tablets of the same material with the same microstructure n. should

result in the same value. However, while the work by SkelbAlk-Pedersen et al. did report a

difference in microstructure between tablets of different MCC size fractions (Skelbak-Pedersen et



al., 2020a,b,c), in their study on measuring water ingress into the porous tablet matrix it was not
explored specifically that THz-TDS is able to measure this difference in structure but the work

focused on the liquid transport kinetics (Skelbak-Pedersen et al., 2020a). Further analysis of the
data show that the AB-EMA model, L, and L,, and the mAB-EMA both suggest more oblate

shaped pores, based on higher L values, for the tablets prepared from the small compared to the
large size fraction.

It was furthermore reported that an increase in particle size results in a higher
fragmentation degree during tableting (Skelbak-Pedersen et al., 2020c). Small size fractions are
therefore expected to show less fragmentation. This was demonstrate! on the same size fractions
of MCC as used in this study. If less of the energy during comuoction is converted into particle
fragmentation, plastic deformation must occur to a highe' urarce for tablets of the same final
porosity given the amount of elastic deformation is meei.als dependent and therefore constant.
For MCC it is well-known that plastic deform-tio. is the major deformation route
(Skelbaek-Pedersen et al., 2020c) and therefore tak 'vcr 3 might result in a higher degree of plastic
deformation in smaller size fractions due to a1 ssc* degree of fragmentation.

Such behaviour would be in line with e pore shape analysis presented in this section. The
higher degree of plastic deformation wouic result in relatively more flatter particles in the resulting
tablets. Since pore shape is considerad he indirect result of the shape of the surrounding particles
this would in turn result in a flattzni.~q of pore shape as well. Wu et al. (2008) reported the same for
cubic starch compacts basea on image analysis methodology. Upon compression particle
deformation resulted in “ai.~axe” like structures. Pores were formed by stacking of the particles
and in turn exhibited niy* arusotropy (Wu et al., 2008).

In the AB-EMA 1nodel this would correspond to more oblate pores with L values closer

to 1 as observed in this study. An effect of plastic deformation on L can be further suggested

based on the negative gradient of L, obtained by the mAB-EMA as well as indicated by L, and
L,. This gradient is likely to be the result of particle deformation upon higher compression

pressures. Therefore, both models, the bounds for L and the mAB-EMA, predicted a change in
the pore shape well in line with theoretical considerations regarding plastic deformation of the two

tablet types.



4.2.3. Effect of density distribution on the bounds for L
In Section 4.1.3 the effect of density distribution in biconvex tablets on the AB-EMA
method was discussed. The same sets of simulated and real biconvex and flat-faced tablets are

re-analysed for this section. To evaluate the effect of density distribution on the bounds, L, and

L, , of the simulated tablets were plotted as a function of porosity in Figure 11.

For the three sets the bounds progressed differently. This suggests a difference in the
porosity dependent pore shape. However, L was kept constant at ~0.33 in the simulation. The
difference in the observed trend is therefore purely the result of d:nsity distribution and the false
assumption of equal centre and nominal porosity. Here higher cziiie porosities (as expected for
most biconvex tablets, (Sinka et al., 2004; May et al., 2012, Jania et al., 2015)) resulted in a
strong apparent dependency towards more oblate pores at !\we: porosities.

Figure 11: Evaluation of L, and L, of biconvex ft=hlcts. 1.1e bounds are depicted for simulated

biconvex tablets without density distribution (h ue, und a higher (red) and lower (green) centre

porosity (left) as well as for real flat-faced ‘bli’2) and biconvex (red) MCC tablets (right).

Figure 11 illustrates the samr a..2lysis on non-simulated biconvex and flat-faced MCC
tablets. The porosity range of the tw wablet sets, while being similar, was not the same. This
resulted in the bounds for the fla. faced tablets being further apart since in this set the lower end of
the porosity range was highe. corpared to the biconvex tablets. For the flat-faced tablets, no clear
trend in L, and L, & a."inc.ion of porosity was observed. For the biconvex tablets, L, and L,
indicate a strong trend tow ards higher values at lower porosities. Based on this, one would expect
the AB-EMA to be unable to represent the data, which is consistent with the results in Section
4.1.3.

Since for biconvex tablets density distribution is common, one should keep this in mind

when attributing the trend in L, and L, to a change in pore shape. Based on the results for the

simulated data it is suggested that the strong dependence is in fact the result of the higher centre

porosity estimated in Section 4.1.3. This itself is not necessarily a disadvantage when L, and L,

are used to test the applicability of the AB-EMA fit. Steep gradients of the bounds at higher
porosities indicate that the AB-EMA cannot be applied for the analysed set. It does not matter



whether this is due to density distribution or pore shape changes. Furthermore, it can be useful

when investigating density distribution in biconvex tablets with THz-TDS. To differentiate

between the effect of density distribution and pore shape on L, and L, the results between a

flat-faced calibration set and the biconvex analysis set can be used. As demonstrated in this section

a difference in n, of flat-faced and biconvex tablets at the same nominal porosity indicates

density distribution in the radial direction. When the centre porosity is expected to differ from the

nominal porosity, L, and L, should not be used to investigate the pore shape of biconvex tablets.

5. Conclusion

Different error sources of the AB-EMA for the extre~tio 1 of porosity and pore shape of
pharmaceutical tablets with THz-TDS were investigaicd. Absorption was found to have a
negligible impact on the accuracy of the model. Pore si.=ue changes with porosity and density
distribution did both not significantly impair the qt al’y of the AB-EMA fit for porosity estimation
of pharmaceutical tablets. However, density ~*<ti,"ution and pore shape changes highly influenced

the accuracy of the estimation of n, anu . Further, the only marginal impairment of the

goodness of fit increases the danger of mi_interpreting the extracted parameters.

An alternative model was stigg 2sed to convert the Wiener bounds into bounds of L. It
was demonstrated that the mode! c. be used to evaluate i) whether changes in the pore shape with
porosity occur and ii) the appi.~avility of the AB-EMA fit. Furthermore, a modified AB-EMA
(mAB-EMA) model was 1 truduced allowing for a linear change in L with porosity. The
mAB-EMA model was . ~unu useful as a correlation function as well as for pore shape analysis.

Lastly, density distribution was found to affect the newly introduced bound model for L.
However, it was suggested that for such cases the model is still useful for evaluating density
distribution although the physical description of pore shape is lost.
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7. Abbreviations

a, Gradient of the depolarisation factor as a function of porosity
a, Y-intercept of the depolarisation factor as a function of porosity
AB-EMA /Anisotropic Bruggemen model
API Active pharmaceutical ingredient
Speed of light %
D Tablet diameter B
f Porosity B
f, Lowest porosity in a set of tablets
H Tablet thickness
lbu Ibuprofen formulation v,
L Depolarisation factor )
L Depolarisation factor at the lov.ast porosity
Lo, Estimation of the depo’ai -<au.on factor based on a fitting model
Ly, Lower/upper boun- ot \he depolarisation factor
L amin Maximal/minin.»l c2polarisation factor in the simulation of a tablet set
Lac Lactose -
M Tablet ma>s
MCC Microcrystalline cellulose
n Refractive index
A Complex refractive index
Ny Effective refractive index
Nett 1 Effective refractive index at the lowest porosity
Nett 14 Lower/upper Wiener bound for n

Intrinsic refractive index of the solid fraction




n,. n, estimated with accounting for absorption

N, i Estimation of the intrinsic refractive index based on a fitting model
Nett 1 Lower/upper margin for n,

p Polar axis of a spheroid, parallel to the wavevector

q, r Equatorial axes of a spheroid, perpendicular to the wavevector
RMSE Root-mean squared error

tablename Str [Starch

THz-TDS Terahertz time-domain spectroscopy

Aot Effective absorption coefficient U

s Effective complex dielectric permittivity

¢ Complex dielectric permittivity of the sc 'id 1 act

K Extinction coefficient

K Effective extinction coefficient

Table 1: flat-faced MCC tablets. Physica: dimensions and characteristics, including o(n,) and

o(a. ), the standard deviation of . ard « inthe frequency range of 0.4 — 0.8 THz.

Diameter | Thickness | Weight | Porosity Negr o(Ng) Qs o(ay)
(mm) (mm) (10) ) ) (x10™*) | (em™) | (x102cm™)
10.016 2.980 | 2€8.5 0.1468 | 1.7449 | 11.711 39.384 2.6432
10.017 2.960 | 2937 0.1549 | 1.7377 | 11.741 | 39.5688 2.6736
10.017 2.958 294.5 0.1521 | 1.7416 | 11.775 39.034 2.6392
10.038 3.158 297.1 0.2021 | 1.6908 | 10.708 | 37.8871 2.3994
10.031 3.162 295.3 0.2069 | 1.6858 | 10.663 | 36.6482 2.3180
10.037 3.148 291.8 0.2137 | 1.6800 | 10.673 | 36.1102 2.2942
10.043 3.377 2945 | 0.2612 | 1.6299 | 9.6530 | 33.8056 2.0021
10.044 3.354 289.6 0.2686 | 1.6244 | 9.6861 | 35.1908 2.0984
10.045 3.375 293.7 | 0.2630 | 1.6279 | 9.6466 | 33.6477 1.9939




Table 2: Diameter, thickness, weight, porosity, n, and the standard deviation of ng (0.4 -0.8

THz) of flat-faced Ibuprofen tablets.

Diameter | Thickness | Weight | Porosity Negr o(Ng) it o(ay)
(mm) (mm) (mg) () () (x10*) | (em™) |(x102cm™)
10.041 2.790 300.3 0.1098 | 1.7858 12.802 28.691 2.0567
10.045 2.7191 299.2 0.1141 | 1.7836 12.781 29.345 2.1028
10.045 2.796 301.7 0.1083 | 1.7860 12.776 29.211 2.0895
10.045 2.922 299.4 0.1532 | 1.7466 11.9:% 27.967 1.9143
10.036 2.922 300.0 0.1501 | 1.7470 11955 | 27.705 1.8963
10.044 2.924 300.7 0.1500 | 1.7437 11.:27 28.087 1.9211
10.064 3.119 300.0 0.2082 | 1.6965 | 10.879 27.387 1.7561
10.025 3.114 300.4 0.1996 1.696‘/_.k 10.898 27.791 1.7849
10.025 3.117 299.5 0.2028 | 7.6452 10.877 27.339 1.7542

Table 3: Diameter, thickness, weight, poros:*., n and the standard deviation of n, (0.4 -0.8

THz) of flat-faced lactose tablets.

Diameter | Thickness | Weight [ Forosity Nyt o(Ng) Qg o ()
(mm) (mm) (me ) ) (x10™*) | (em™) [(x102cm™)
10.04 2.952 218.6 0.1121 | 1.7316 | 11.732 28.105 1.9042
10.041 2.951 - 2¢5.8 0.1174 | 1.7207 | 11.662 26.613 1.8037
10.037 2.956 300.3 0.1078 | 1.7248 | 11.670 27.796 1.8807
10.046 3.121 300.1 0.1570 | 1.6830 | 10.786 26.117 1.6736
10.046 3.115 299.6 0.1568 | 1.6870 | 10.832 26.771 1.7188
10.042 3.121 299.7 0.1575 | 1.6846 | 10.795 27.078 1.7352
10.046 3.307 299.6 0.2058 | 1.6419 | 9.9300 28.990 1.7533
10.042 3.312 299.9 0.2056 | 1.6382 | 9.8930 26.086 1.5752
10.045 3.310 299.5 0.2066 | 1.6406 | 9.9129 26.917 1.6264
10.045 3.519 299.5 0.2537 | 1.6078 | 9.1376 26.619 1.5129
10.051 3.512 299.4 0.2534 | 1.5995 | 9.1088 26.820 1.5274




10.049

3.520

300.4

0.2523

1.5995

9.0881

26.340

1.4966

Table 4: Diameter, thickness, weight, porosity, n. and the standard deviation of n, (0.4 -0.8

THz) of flat-faced starch tablets.

Diameter | Thickness | Weight | Porosity Negt o(Ng) Qs o(ay)
(mm) (mm) (mg) ) ) (x10™*) | (ecm™) | (x102% cm™)
10.004 2.767 302.0 0.0907 | 1.7734 | 12.818 28.504 2.0603
10.009 2.766 300.7 0.9516 | 1.7694 | 12.794 28.452 2.0573
10.008 2.162 297.9 0.1021 | 1.7630 | 12.7¢6 'y 27.519 1.9927
10.016 2.922 299.4 0.1484 | 1.7220 | 1..78’ 25.966 17773
10.011 2.923 299.5 0.1475 | 1.7218 ! . 781 25.929 1.7741
10.011 2.921 301.4 0.1415 | 1.7250 , 11.811 26.132 1.7893
10.021 3.110 300.9 0.1966 | 1.57.5 | 10.782 24.383 1.5680
10.022 3.110 298.8 0.2024 | . 6723 | 10.755 24.276 1.5612
10.017 3.107 300.6 0.196v | 1.6764 | 10.791 24.280 1.5629
10.026 3.307 300.7 0.2258 | 1.6337 | 9.8800 22.751 1.3759
10.025 3.313 302.1 U.4>4 | 1.6335 | 9.8610 22.867 1.3804
10.022 3.309 300.0 i_0.2473 1.6317 | 9.8621 22.495 1.3596

Table 5: Diameter, thicknz.2 v.cight, porosity, n, and the standard deviation of ng (0.4 -0.8

THz) of biconvex MCC rbiets.

Diameter Thickness Weight Porosity Negt o(Ng)
(mm) (mm) (mg) () () (x107)
10.014 3.211 300.3 0.1033 1.7760 11.828
10.017 3.226 301.8 0.1041 1.7764 11.771
10.014 3.218 300.7 0.1025 1.7767 11.817
10.009 3.223 301.0 0.1011 1.7802 11.828
10.019 3.218 300.5 0.1028 1.7772 11.828
10.014 3.237 302.7 0.1032 1.7773 11.742




10.023 3.232 318.3 0.150 1.7340 10.895
10.030 3.213 317.0 0.1527 1.7308 10.920
10.022 3.215 317.8 0.153 1.7313 10.895
10.023 3.213 316.9 0.1513 1.7306 10.922
10.020 3.217 317.7 0.1518 1.7299 10.890
10.019 3.227 318.4 0.1509 1.7325 10.882
10.038 3.206 337.2 0.2065 1.6818 9.9748
10.037 3.188 335.4 0.2065 1.6808 10.022
10.034 3.195 335.2 0.2038 ' 6823 10.037
10.027 3.209 336.0 0.2011 1.6820 10.011
10.036 3.228 338.2 0.203. 1.6846 9.9619
10.036 3.205 336.3 N 1.6805 9.9941
10.044 3.205 351.4 0 2397 1.6513 9.3982
10.031 3.209 352.4 0.2389 1.6495 9.3617
10.049 3.203 353.7 0.2458 1.6425 9.2878
10.043 3.206 350.7 0.2378 1.6549 9.4380
10.040 3.213 2004 0.2393 1.6484 9.3553
10.039 3.212 3.2.6 0.2399 1.6512 9.3658
10.044 3.214 375.2 0.2859 1.6081 8.5719
10.049 3.205 373.4 0.2852 1.6081 8.6133
10.048 3.271 3735 0.2839 1.6111 8.6270
10.049 3.212 375.0 0.2854 1.6078 8.5747
10.043 3.218 375.0 0.2845 1.6079 8.5756
10.043 3.219 374.9 0.2849 1.6080 8.5756




Table 6: Diameter, thickness, weight, porosity, n, and the standard deviation of ng (0.4 -0.8

TH2z) of biconvex MCC tablets.

Diameter Thickness Weight Porosity Negt o(Ng)
(mm) (mm) (mg) ) ) (x107)
10.008 3.247 398.2 0.0625 1.8021 9.0512
10.007 3.289 401.0 0.0593 1.8026 8.9904
10.009 3.274 400.4 0.0619 1.7976 8.9791
10.005 3.315 402.1 0.0551 1.8028 8.9670
10.006 3.283 400.9 00605 | 1.8035 8.9972
10.004 3.274 399.6 0.0587 T 1.8049 9.0335
10.007 3.290 410.3 0.087< 1.7595 8.5764
10.004 3.278 407.4 0..320 1.7671 8.6749
10.007 3.298 409.7 0.0838 1.7671 8.6262
10.007 3.290 4105  0.0885 1.7598 8.5738
10.011 3.298 411.. | 0.0885 1.7667 8.5948
10.009 3.330 4,29 0.0879 1.7660 8.5334
10.011 3.272 470 T 0.1215 1.7269 8.2233
10.014 3.274 4201 0.1216 1.7283 8.2280
10.010 3294 | 4214 0.1194 1.7277 8.1998
10.015 3287 | 4208 0.1215 1.7270 8.2081
10.011 2,790 420.9 0.1192 1.7295 8.2182
10.012 27 419.5 0.1207 1.7299 8.2475
10.020 3.291 428.2 0.1400 1.7077 7.9761
10.020 3.296 429.5 0.1422 1.7036 7.9329
10.016 3.286 428.0 0.1403 1.7068 7.9756
10.018 3.296 428.4 0.1390 1.7069 7.9689
10.017 3.291 429.2 0.1423 1.7025 7.9333
10.021 3.281 427.8 0.1417 1.7046 7.9692
10.022 3.276 439.3 0.1728 1.6756 7.6284
10.019 3.297 440.6 0.1704 1.6756 7.6061




10.019 3.283 439.3 0.1707 1.6762 7.6310
10.019 3.275 439.3 0.1727 1.6747 7.6243
10.019 3.287 440.1 0.1717 1.6770 7.6211
10.020 3.276 439.5 0.1731 1.6751 7.6228
10.029 3.288 447.9 0.1916 1.6587 7.4065
10.028 3.305 449.8 0.1918 1.6611 7.3861
10.029 3.285 448.2 0.1930 1.6627 7.4196
10.032 3.257 447.9 0.1995 1.6582 7.4042
10.032 3.282 449.5 0.1972 * 6621 7.3955
10.031 3.299 450.8 01059 | 16579 7.3552
10.028 3.295 460.0 02175 | 16310 7.0915
10.032 3.269 459.2 022" 1.6314 7.1054
10.030 3.278 460.3 0 2222 1.6291 7.0786
10.034 3.278 460.2 - 0.2227 1.6327 7.0958
10.036 3.267 4585 | 0.2218 1.6285 7.1036
10.035 3.288 460.9 0.2220 1.6295 7.0709
10.050 3.281 £07.0 0.2985 1.5674 6.2987
10.050 3.304 4202 0.2963 1.5702 6.2911
10.051 3309  499.0 0.2950 1.5717 6.2994
10.047 3.317 Jf 499.9 0.2945 1.5709 6.2850
10.048 3.201 497.7 0.2962 1.5717 6.3160
10.047 3.20% 495.8 0.2937 1.5732 6.3463
10.059 3.280 543.1 0.3728 1.5050 5.5421
10.059 3.292 542.6 0.3698 1.5110 5.5695
10.057 3.324 546.0 0.3684 1.5086 5.5261
10.066 3.314 550.0 0.3769 1.5037 5.4679
10.061 3.313 544.8 0.3691 1.5093 5.5407
10.064 3.355 551.2 0.3707 1.5064 5.4659

Figure 12: Estimated density distribution in biconvex tablets based on THz-TDS: The error bars



indicate the standard deviation.
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