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Abstract

This research was performed to test the hypothesis that acoustic-resonance spectrometry
(ARS) is able to rapidly and accurately differentiate tablets of similar size and shape. The US
Food and Drug Administration frequently orders recalls of tablets because of labeling problems
(eg, the wrong tablet appears in a bottle). A high-throughput, nondestructive method of online
analysis and label comparison before shipping could obviate the need for recall or disposal of
a batch of mislabeled drugs, thus saving a company considerable expense and preventing a
major safety risk. ARS is accurate and precise as well as inexpensive and nondestructive, and
the sensor is constructed from readily available parts, suggesting utility as a process analytical
technology (PAT). To test the classification ability of ARS, 5 common household tablets of
similar size and shape were chosen for analysis (aspirin, ibuprofen, acetaminophen, vitamin C,
and vitamin B12). The measures of successful tablet identification were intertablet distances in
nonparametric multidimensional standard deviations (MSDs) greater than 3 and intratablet
MSDs less than 3, as calculated from an extended bootstrap error-adjusted single sample
technique. The average intertablet MSD was 65.64, while the average intratablet MSD from
cross-validation was 1.91. Tablet mass (r2 = 0.977), thickness (r2 = 0.977), and density (r2 =
0.900) were measured very accurately from the AR spectra, each with less than 10% error.
Tablets were identified correctly with only 250 ms data collection time. These results
demonstrate that ARS effectively identified and characterized the 5 types of tablets and could
potentially serve as a rapid high-throughput online pharmaceutical sensor.

Keywords: Sound, chemometrics, pharmaceuticals, process analytical technology
(PAT), integrated sensing and processing (ISP)

Introduction

On December 4, 2003, the US Food and Drug Administration recalled 504 bottles of

mislabeled Magno-Humphries, Inc, Dixon’s, Acetaminophen, 325 mg Analgesic Tablets.” A
rapid, nondestructive online method of analysis and comparison with labeling could have

prevented the recall and disposal of the batch of mislabeled acetaminophen, thus sparing the
company considerable cost and a major safety risk. Process analytical technology (PAT)
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encompasses the design and development of processes to guarantee a predefined quality of
pharmaceutical materials at the end of the manufacturing process, as warranted by risk

analysis.‘2 These processes come in various forms, including multivariate data acquisition and
analysis tools, and in-process and endpoint monitoring tools. With the PAT system in effect, it

becomes possible to implement real-time product release and increase pharmaceutical
automation, thus providing the environment for significant reduction in manufacturing and
labeling accidents.

Acoustic-resonance spectrometry (ARS) is an underutilized PAT that could become an
analytical method of choice for the physical characterization of some analytes in
pharmaceutical manufacturing. The wide-ranging measurements that can be made by ARS
include sample compaction and axial strain, deformation, hydration and drying endpoint,
elasticity, molecular stacking, and homogeneity, making ARS a very descriptive method of

sample analysis.3 In addition, ARS provides a rapid and efficient way to nondestructively

identify and quantify an analyte with no sample preparation.4 It has thus far successfully

7-1 71112

analyzed tablets,4'6 powders, % and semisolids and liquids, -~~~ and it has quantified bulk

moisture levels in otherwise identical samples.4 Unlike most methods of analysis using
photons, in ARS acoustic waves penetrate centimeters or even meters of material. Currently,
the industry standard for tablet characterization and identification is high performance liquid

chromatography (HPLC), which, in addition to requiring extensive preparation (tablet grinding,

dissolution, and extraction), destroys the tablet during the analytical process.lgﬂ14 Only a few

samples are collected from each batch for HPLC analysis, but entire batches must be
disposed of if there are a few failed samples. Through chemometrics, near-infrared (NIR) and

acoustic spectrometry are now making their way into the pharmaceutical industry as

alternatives to HPLC testing.l5,16 Though the identification of specific functional groups from

AR spectra is beyond the scope of this research, ARS can easily be applied to the
guantification of active pharmaceutical ingredient (API) or moisture in tablets because of the
high correlation between AR spectral features and chemical composition. Chemical changes
lead to changes in physical characteristics such as density, compressibility, and acoustic
velocity. For example, the density of acetaminophen is 1.2083 g/mL, while the density of
aspirin is 1.3571 g/mL. The velocity of sound, therefore, is much higher in aspirin than it is in
acetaminophen, resulting in a different set of acoustic interactions between each tablet and the
quartz rod. These different interactions permit the extraction of bulk physical properties from
the AR spectra and the characterization of even subtle correlated chemical differences
between tablet groups. The chemical/physical relationship linkage can also be exploited to
differentiate between unique formulations of the same API, as numerous constituents
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contribute to the final formulation, including excipients, compression aids, binders, coatings,
disintegrants, and emulsifying agents.

Vibrational techniques such as NIR and infrared spectroscopy are very sensitive to the
presence of water. In fact, water’s absorption is so strong that it often overwhelms other

signals of interest.*” Much computation can be required to correct for or deconvolve spectra

with a large water absorption to extract other useful features.”?* Acoustic waves are not

necessarily as sensitive to the presence of water and do not suffer from the same limited
penetration depth in water that causes problems in the NIR. ARS can be used along with NIR
spectrometry to decrease interferences from water and increase the range of analytes that can

be determined with good sensitivity.24 The last few years have seen the advent of commercial

instruments for acoustic analysis of liquid and semisolid samples.25 Thus, this technology is
rapidly gaining popularity for the physical characterization of analytes.

Sound is a longitudinal wave—one whose compressions and rarefactions oscillate parallel to

the direction of propagation.26 When an acoustic wave is applied to a sample, the medium
responds by locally expanding and contracting, with particles in the medium drawing closer

together and moving farther apart. The degree to which a particular medium responds is a
product of its bulk modulus, or simply, its incompressibility. For dense materials with very little
compressibility, a sound wave propagates very rapidly, while for less dense samples, sound
travels more slowly.

Figure 1 shows a schematic of the AR spectrometer used for the following discussion. In the
absence of a tablet at the vertex of the quartz rod, the applied acoustic signal received at the
detector is a standing wave that is characteristic of the quartz wave guide. When a tablet
comes in contact with the rod, the acoustic waves propagate through the tablet/quartz interface
and pass to the tablet holder (which may contain a second transmitting transducer). Waves are
transmitted through the tablet or reflected back through the tablet, where they reenter the
guartz rod. The 2 sound paths lead to a pattern of in-phase and out-of-phase interferences
(between the standing wave traveling through the quartz rod from piezoelectric transducer
(PZT) to PZT with no tablet interaction, and the wave propagating through the tablet) that is

characteristic of the tablet.”” This phenomenon is illustrated in an animation in Figure 2. The
guartz rod was chosen as the means of propagation because the speed of sound is
significantly larger in the rod than in the tablet; thus, the difference in delay time between the
reference channel and the tablet channel is maximized. A rod composed of quartz also helps
keep acoustic impedance to a minimum, according to Z,. = P/(vA), where Z_. is acoustic
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impedance, P is pressure (which is proportional to the wave amplitude), v is the velocity of the

sound wave, and A is a unit of area.”’

Radio Computer

Piezoelectric Transducers

4 \
P

Rubber Grommets

Quartz Rod

T Sample

Pressure Transducer/
Sample Holder

Figure 1. Acoustic-resonance spectrometer schematic illustrating the instrumentation. The
piezoelectric transducer on the left receives the excitation signal from the radio, while the one
on the right receives the transmitted signal through the quartz rod.
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Figure 2. Animation demonstrating the principle by which the acoustic-resonance
spectrometer operates. In the absence of a sample, excitation of the rod results in a standing
wave and a consistent frequency spectrum. In the presence of a sample, a second sound
path is introduced, passing through the sample and reflecting off the sample holder, and
recombining with the original standing wave. This results in an entirely new wave, the
interference pattern from the combination of frequencies from the standing wave and the

sample wave.

The next-generation AR spectrometer, which is already in construction and testing, will use
integrated sensing and processing (ISP), encoding the excitation signal source so the detector
output is directly proportional to the analyte concentration or classification (such an excitation
signal is also called an ISP waveform). When the most distinguishing frequencies are
preselected for excitation, the ISP excitation source can be an encoded weighted frequency
spectrum, eliminating the need for postcollection computation and simplifying the AR
spectrometer for use as a PAT sensor. Thus, an ISP excitation waveform is one in which each
frequency in the frequency-domain representation of the waveform is weighted (typically
between +1 and —1) so that the sum of the signals over the frequency and the integration time
Is proportional to the property of interest. ISP has demonstrated significantly reduced analysis
times compared with the full-spectrum approach and appears to perform consistently with full-

spectrum ARS for analyte separation and API quantification.g"7 The utility in the ISP approach
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lies in its ease of application. For example, to differentiate between 2 visually indistinguishable
groups of tablets, one can download from an online database an ISP waveform that is a
prerecorded MP3 file written to distinguish between the required tablets. The final PAT sensor
can be very simple when the waveform is recorded to a CD or an MP3 player and “played”
through the tablets.

The current work represents a step in the direction of ISP-ARS. This research was performed
to test the hypothesis that an AR spectrometer using ISP-compatible waveforms is able to
rapidly and accurately differentiate tablets of similar size and shape. An ISP-compatible
waveform is an excitation signal in which each frequency in the frequency-domain
representation of the waveform is weighted +1. In an ISP calibration process, the calibration
samples are usually tested first with an ISP-compatible waveform to determine the
distinguishing frequencies for the actual ISP encoded waveform. In this research, an FM radio
receiver supplies one source of broadband random excitation for ARS. Such a waveform could
easily be recorded in MP3 format or on a CD for use in a high-throughput PAT sensor.

The ultrasound literature indicates that buffer rods (steel, aluminum, quartz, etc) coupled to
PZTs are commonly used as probes to monitor various online processes, including fabrication

of microfluidic devices,28 polymer processing,‘29 and inline die casting.30 A typical industrial
tablet press is capable of pressing slightly more than one tablet per punch station per

second.*! Each punch station can easily be fitted with a PZT, much like the buffer rod probe.
With one second per punch, there is ample time to collect an acoustic signal from the tablet as

it is being punched. Such technology would be capable of testing 100% of the tablets passing
down the manufacturing line; therefore, no scale-up would be required to reach production
rates. Thus, ARS is a high-throughput assay suitable for 100% product testing.

Theory

AR spectra collected at n frequencies can be expressed as points in an n-dimensional

hyperspace. These spectra usually form complex patterns in that hyperspace as analyte

concentration changes because of the nonlinear nature of acoustic interactions.>?

Nevertheless, a plot of canonical correlation coefficients calculated from the principal
component scores shown in Figure 3 illustrates that spectra from similar tablets tend to cluster

in the same region of hyperspace.?’gl34 However, to prove this assertion more quantitatively,

the bootstrap error-adjusted single sample technique (BEST) nonparametric cluster analysis
algorithm can be employed, and multidimensional standard deviations (MSDs) between
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clusters and spectral data points can be calculated.” To calculate the distances in MSDs, a
population P is created as an m x n matrix in hyperspace R whose rows are the individual

samples and columns are the frequencies. BEST considers each frequency from a spectrum of

n frequencies to be taken as a separate dimension.*°P* is a discrete realization of P based on
a calibration set T of the same dimensions as P*. This realization is chosen one time from P to

approximate all possible sample variations present in P. P* has parameters B and C, where C
= E(P) and B is the Monte Carlo approximation to the bootstrap distribution. The expectation
value, E(P), is the center of P, and C is a row vector with the same number of rows as there
are columns in vector P. New test spectra X are projected into R containing B; rows of B are
mapped onto a vector connecting C and X. C and X have the same dimensions. The integral
over R is calculated from the center of P in all directions. A skew-adjusted MSD is based on
the comparison of the expectation value C = E(P) and C = med(T), the median of T in
hyperspace projected onto the hyperline connecting C and X. The result is an asymmetric
MSD that provides 2 measures of the MSD along the hyperline connecting C and X. Equation
1 defines the MSD in the direction of X, and Equation 2 defines the MSD in the opposite

direction. Skew-adjusted MSDs can be used to calculate mean distances between spectra of
different samples.
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Figure 3. The first 3 canonical correlation coefficients calculated from the principal
component scores from the radio receiver noise source. Ellipses are drawn 3 SDs from the
center of the clusters. (A) Ibuprofen, (B) aspirin, (C) acetaminophen, (D) vitamin B4,, and (E)
vitamin C.

Materials and Methods

A simple schematic of the instrument is shown in Figure 1, and an animated illustration of its
operation is shown in Figure 2.437.% The acoustic range was limited to O to 4 kHz in the
computational model for experiments to ensure compatibility with the simple ISP strategy.
Three different broadband acoustic noise sources were tested: a radio receiver (Model D-
3150, Consumer Electronics Corp, Knoxville, TN) tuned to a local unused frequency (94.9 MHz

FM); a white noise—generating Zener diode amplifier circuit constructed for these

experiment539; and a function generator (FG) (Model DS335, Stanford Research Systems,
Sunnyvale, CA). The PZTs (CUI Inc, Beaverton, OR) were connected directly to the audio-

amplifier leads inside the receiver, and because of the magnitude of the receiver signal, no
pre- or postamplification was necessary. ldeally, a white noise generator creates equal
excitation at each frequency in its spectral range. However, even in the case of the best
possible applied white noise, the PZTs responded much better at some frequencies than at
others. The receiver and Zener white noise generators were compared with an FG
programmed to output a swept 10 V signal from 10 Hz to 4 kHz in steps of 10 Hz. The
following discussion concentrates on a brief comparison of the 2 most effective methods of
generating the noise excitation, the FG and the FM receiver. Typical Fourier transform spectra
of the received signal from both methods are shown in Figure 4. Spectra appear different in the
2 methods because the FG sweeps a signal from 10 Hz to 4 kHz in discrete steps of 10 Hz,
while the FM receiver delivers essentially random noise excitation across the entire range from
0 to 4 kHz. Because the overall magnitudes of the signals per unit time at the receiving PZT
were comparable for the 2 methods, the FG had to deliver a much more intense excitation per
unit time at each of its frequencies, which increased the acoustic nonlinearities caused by
mechanical interface discontinuities in the sampling system. To more effectively illustrate the
distinctions between AR tablet spectra, we have provided Figure 5, which shows second
derivatives of the logarithms calculated from the Fourier transform of the radio data.
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Figure 4. Fourier transform spectra comparison of the received signals between the function

generator and the radio.

0.08 :
— |buprofen
0.06 i Acetaminophen| -
= AEnINn
0.04+ n \ | Vitamin B12
! II | | [— Vitamin C
oo2th I\ | y ]
v A uﬂ,\ f "‘:\\ i)
E‘ oF '|I'|.I | ::IJ | I||“II|I . /"‘ll I{lf - r-w-"«..n.,_‘%__‘,.
oL h fk" |I 1 .‘_f 4 ‘Kl { S
0.02} 1 7 LAy |
Y J
004+ ]UI
-0.06} '
.08, 05 i 15 2 25 3 3.5 4

Fraguency (H2)
Figure 5. Log and second derivatives calculated from the Fourier transform radio data to
better illustrate the differences between the tablet groups.

The vertex of the quartz rod was in mechanical contact with the sample, causing it to resonate
with the rod. Tablet samples were mounted on a scale (Model 3120, Health O Meter,
Bridgeview, IL) to ensure that the pressure on each sample was consistent and reproducible.
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The PZT detector output signal was collected via a 16-bit soundcard (Realtek AC97, Realtek
Semiconductor Japan Corp, Yokohama, Kanagawa, Japan) for processing and analysis in
Matlab 7.0.1 (Mathworks Co, Natick, MA). For each sample, 15 seconds of data were collected
at a sample rate of 8 kHz and a Fourier transform was calculated. Using the spectra of the
blank (quartz rod), a signal-to-noise ratio of 50:1 was calculated by dividing the magnitude of
the largest peak by the SD of its replicates. With the sample rate of 8 kHz, the maximum
frequency collected was 4 kHz, though there was very little signal above 2.5 kHz.

The objective of the initial experiment was to prove that the selected tablets of similar size and
shape could be differentiated unequivocally. Tablets used were ibuprofen (Perrigo, Allegan,
MI), acetaminophen (Leiner Health Products, Carson, CA), aspirin (Wal-Mart Stores, Inc,
Bentonville, AR), vitamin C (Leiner Health Products), and vitamin B, (Weider Nutrition Group,
Salt Lake City, UT). To effectively capture small variations and inconsistencies inherent to
different tablets, we scanned 10 tablets from each group. The instrument was configured so
the quartz rod applied 100 g of pressure to each tablet for the duration of the scan. To
eliminate any effects of instrument drift on the analysis, we scanned tablets in random order.
Each tablet was removed from the sample holder prior to replicate scans, and the quartz rod
was raised and repositioned between each scan.

Tablet mass was determined with a digital mass balance (Mettler BB244, Mettler Instrument
Corp, Hightstown, NJ), thickness was measured to £0.1 mm with a vernier caliper, and volume
for density measurements were determined by water displacement. Figure 6 demonstrates the
correlation between acoustic spectra and these physical properties. For initial data analysis,
principal components and canonical correlation coefficients were calculated from the spectral
data. Principal components were calculated by a singular value decomposition of matrix A
according to Equation 3:

A=USV 3)
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Figure 6. Cross-validation results demonstrating the ability of acoustic-resonance
spectrometry to predict tablet thickness, mass, and density from the acoustic-resonance
spectra of the tablets.

where A is the matrix of original spectra, U is the matrix of eigenvalues (scores), S is a
diagonal matrix of singular values, and V is the matrix of eigenvectors (loadings).

In Equation 4, a multiple linear regression of U indicates which of the components has the
strongest correlation to tablet thickness, mass, or density, y, where a is the y-intercept, b is a
vector of regression coefficients, and c is the residual.

y=a+bU+c 4)
These components were used in a leave-one-out cross-validation to determine how effectively
ARS predicted these physical properties from their acoustic spectra according to Equation 5,

where 02 is the variance and f;(U)) is the prediction of the model for the i-th pattern m in the
training set, after it has been trained on the m-1 other patterns.

6LOOs2=1myYi=1li=m(yi-fi(Ui))2 (5)

These physical properties have a tightly knit relationship, so their individual effects on acoustic
spectra need not be isolated for the purposes of the following discussion. Using a
multidimensional translation of tablet populations, we established the dynamic range of the
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ARS instrument for each of the properties listed above.””

To estimate detection limits for dynamic range calculations, AR spectra between tablet groups
(intertablet spectra) from the 2 tablet populations (P, and P,) with the smallest MSD

separation (aspirin and ibuprofen) were used as m x n matrices.”” The columns of the
matrices were averaged by Equations 3 and 4, giving two 1 x n vectors.

Plave=1mi=1li=mP1i (6)

P2ave=1mYi=1i=mP2i (7)

A difference spectrum X was calculated from P,,,e — P1ave- One population was spatially
translated toward the other, Pagjysted = Y * X + P2, where y (defined on the interval {0 <y < 1})
started at 0 and increased in increments of 0.01 until Py and Pagjysted Were inseparable. To
estimate the smallest possible tablet thickness, mass, and density differences that could still
be separated, the fraction of the final spatial translation was multiplied by the difference in
physical properties.35 The procedure was conducted separately using the 2 tablet groups with
the smallest MSD separation (ibuprofen and aspirin) and the two tablet groups with the largest
MSD separation (acetaminophen and vitamin C).

In addition to ARS data, NIR data were collected from tablets, for comparison. Spectra from
1100 to 2500 nm were collected with an NIR spectrometer (Technicon InfraAlyzer 500,
Tarrytown, NY) interfaced to a computer (OptiPlex GXM 5166, Dell, Round Rock, TX) running
SESAME 3.1 (Bran+Luebbe, Norderstedt, Germany). The data set consisted of 50 tablets, 10
of each type as listed above. To reduce room noise, external interferences, and thermal
detector drift, the tablets were scanned inside the instrument drawer and scanned in random
order. All NIR data were also exported to Matlab 7.0.1 for processing and analysis.

Results

The BEST MSDs for the AR spectra are shown in Table 1. The average intertablet MSD for the
AR spectra using receiver-generated noise was 65.44, and the average for the FG was 38.65.
Leave-one-out cross-validations were calculated to quantify the intratablet variation (variation
in AR spectra for multiple scans of the same type of tablet). A distance in MSDs between a
tablet and a spectral data cluster that is less than 3 is defined as inseparable (a 99.8%
confidence limit). The average cross-validation MSDs were 1.92 for the receiver-generated
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noise and 2.2 for the FG, suggesting that the receiver-generated noise was better for
maximizing intertablet variation and minimizing intratablet variation. While the FG and the radio
provided different excitation signals, the magnitudes of the total integrated signals at the
receiving PZT at any given time were comparable between the 2 methods. Therefore, the FG
had to deliver a much larger excitation at each of its individual frequencies as the frequency
was swept. Because of small mechanical interface discontinuities between the PZTs and the
guartz rod, and between the rod and the samples, the larger excitation signal with the FG
produced more acoustic nonlinearity effects in the spectra. This suggests that a CD/MP3
player with an excitation signal specifically tailored to match the frequencies and amplitudes of
the most distinguishing spectral features will also be more effective than an FG. NIR
spectrometry (with a 120-second sample scan integration time) provided a median MSD
intertablet separation of 363.55 and a median intratablet separation of 1.96. These results
suggest that NIR spectra are superior to AR spectra in differentiating among the tablet classes.
However, it should be noted that the NIR integration time was almost 10x greater than the
ARS integration time, so the distances in MSDs should be almost 3x greater for NIR
spectrometry than for ARS based on the integration time alone. In many process sensing
applications, the fact that NIR spectrometry produces slightly better results will not justify the
much higher cost of using it. It should be noted that both NIR spectrometry and ARS were
perfectly accurate in all of their tablet classifications.

Table 1. BEST MSDs Between the Tablet Groups for the FM Receiver and the FG*

MSDs Ibu APAP Asp Vit B1» Vit C
FM Radio
lbu 2.33 62.29 13.82 74.82 77.61
APAP 1.78 50.08 77.34 105.22
Asp 1.76 74.77 83.57
Vit By, 1.95 36.94
Vit C 1.76
FG
Ibu 2.88 62.32 24.10 29.24 31.77
APAP 2.52 47.49 45.76 75.73
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Asp 1.80 16.65 39.26
Vit By, 1.74 14.21
Vit C 2.07

*Intragroup tablet MSDs are shown across the diagonal. APAP indicates acetaminophen; asp,
aspirin; BEST, bootstrap error-adjusted single sample technique; FG, function generator; ibu,
ibuprofen; MSDs, nonparametric multidimensional standard deviations; Vit, vitamin.

The strong correlation between AR spectra and tablet thickness, mass, and density is
illustrated in Figure 6. ARS predicted tablet thickness with r2 = 0.977, a standard error of
estimate (SEE) of 5.23%, and a standard error of performance (SEP) of 6.17%. ARS predicted
tablet mass with r2 = 0.977, SEE = 5.73%, and SEP = 6.16%, and ARS predicted tablet density
with r2 = 0.900, SEE = 11.0%, and SEP = 12.2%. NIR spectrometry only slightly outperformed

ARS for these measurements, with average leave-one-out cross-validation r2 = 0.998, SEE =
1.30%, and SEP = 1.40% (data not shown).

Discussion

Versatility and Flexibility of ARS

ARS provides an extremely versatile instrument for PAT. The same instrument and

chemometrics can be applied to multiple sample types, including powders,7'lO semisolids, and

quuids.7’1l,12 Because of the large difference in acoustic velocities between a quartz rod and a

sample, there is no practical minimum physical sample size required for this instrument to
function. The rod and excitation can always be scaled to the physical sample size. While the
excitation frequencies passing through the rod and the sample are the same, because of the
difference in acoustic velocity, the waveforms are almost always longer in the quartz. The
sample pathlength is always longer than the reference pathlength. Regardless of the sample
size, the waveforms will never be perfectly in phase as they recombine at the detector on the
rod. This will result in a characteristic pattern of constructive and deconstructive interferences
for every analyte in response to the difference in thickness. Additionally, when samples’ API
and formulations differ chemically, the differences have physical manifestations in such
gualities as mass, density, and compressibility, and these are observed in the AR spectra.
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Speed of Method

A short experiment was conducted to determine the minimum scan time at which the radio
receiver ARS was still capable of separating tablets. Tablets were scanned again for 15
seconds. Rather than calculating the Fourier transform from the time domain data in its
entirety, we calculated the FFT from the first 1 second and from the first 250 ms of data.
Principal components and BEST MSDs were calculated from the shorter data sets and plotted
to verify that tablet groups were still separable by the same success metrics. For 1 second of
time domain data, the average intertablet MSD was 29.30 and the average intratablet MSD
was 1.768. For 250 ms of time domain data, the average intertablet MSD was 19.51 and the
average intratablet MSD was 1.71. These results suggest that although having 15 seconds of
data collection offers an advantage in separation, it is not necessary to collect more than 250
ms, an obvious advantage in PAT.

Freedom From Interferences

The main sources of potential interference for the AR spectrometer in this configuration are (1)
RF cross-talk directly between PZTs, (2) acoustic waves that propagate through the
Instrument’s support structures, (3) spontaneous additional noise bursts in the receiver (this
source of interference is unlikely in the FG), and (4) inconsistent sample placement due to the
manual loading procedure. Studies were conducted to identify and quantify these effects,
which we will discuss individually. First, to assess the possibility of RF cross-talk, a PZT was
suspended 10 cm from the epoxy-fastened receiving PZT; the 2 PZTs had no mechanical
contact. A white noise signal was generated with the suspended PZT and collected with the
epoxy-fastened PZT. No signal was recorded with the sound card, suggesting that the
electromagnetic shielding was sufficient on the PZTs and that when the PZTs are fastened
with epoxy to the quartz, they do not move unless driven by the excitation signal through
mechanical contact. Second, where possible, support structures were made of wood to
dampen sound. Wood is composed of a cellular network of pores that convert sound energy

into heat by frictional and viscoelastic resistance.”” Because of the high internal friction
created by the cellular pore network, wood has more sound dampening capacity than most

structural materials (eg, steel, aluminum, glass). Because the PZT and the sample support
structures were made of wood, there was less sound traveling through the beams than if they
had been made of metal. Additional sound dampening was accomplished by coupling the
guartz rod to the support structure through rubber grommets. Finally, the support structure was
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fixed in place and did not change during the experiment, so any sound traveling through it was
the same for all sample and reference measurements. Third, spontaneous noise bursts (eg,
lightning) from the receiver-generated noise might be a problem if they appeared sporadically
in some tablet scans and not others. Such noises were eliminated by the use of FM and VHF
frequencies. Fourth, 280 tablets were scanned without an anomalous spectrum because of
manual tablet loading. A contoured sample holder helped to maintain reproducible sample

positioning.4

Limits of Detection

The multidimensional population translation experiment35 described in the Materials and
Methods section was used to estimate the theoretical limits of detection. Using the populations

with the smallest multidimensional separation (ibuprofen and aspirin), translation of one cluster
toward the other indicated that tablets with a 0.08 mm difference in thickness, a 0.0046 g
difference in mass, and a 0.01658 g/mL difference in density were no longer separable by
ARS. This corresponds to a translation of one cluster 90% of the distance across hyperspace
toward the other before the 2 begin to overlap (<3 SDs, ie, P =.0013). Using the populations
with the largest multidimensional separation (acetaminophen and vitamin C), translation of one
cluster toward the other indicated that tablets with a 0.27 mm difference in thickness, 0.0756 g
difference in mass, and 0.01157 g/mL difference in density are inseparable. This corresponds
to a translation of one cluster 93% of the distance across space toward the other before the 2
begin to overlap. From these experiments, the dynamic range for these properties appears to
be about a factor of 10.

ARS may be useful within a PAT paradigm of networked sensors throughout a manufacturing

process. The possibility of ISP°.” makes ARS a very attractive method for further investigation.
An ISP-AR spectrometer now under construction employs a tailored excitation signal so the

voltage at the detector becomes directly proportional to the desired analyte concentration or
classification. When ARS becomes a standard sensor on a pharmaceutical manufacturing line,
speed and accuracy of identification and quantification will be paramount. Collecting and
processing full AR spectra for every sample can be too costly in terms of time, hardware, and
computing power. ISP can preselect and weight excitation using only distinguishing
frequencies, obviating the need for a full-spectrum approach. In this manner, the detector itself
will provide the tablet identity signal without the need for postcollection chemometric
interpretation. An ISP-AR spectrometer can be constructed from a CD or MP3 player, a simple,
rugged device perfect for PAT. The sensor could be easily reprogrammed to analyze new
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samples using CDs (or downloaded MP3s) with preprogrammed tracks consisting of
calibration signals specifically written for different analytes and different properties.

Conclusion

This research suggests that ARS is a viable PAT for high-throughput tablet identification and
characterization, because of its speed, performance, low cost, durability, versatility, and
freedom from interferences. The FM receiver used as an excitation source in this research
outperformed the FG, demonstrating that the most effective PAT sensor could be a very
Inexpensive instrument.
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