AAPS PharmSciTech 2002; 3 (3) article 17 (http://www.aapspharmscitech.org)

__AAPS 5 |
pharmseirech’

ll'l'lll\L']-"lI]l-

Near-Infrared Spectral Imaging for Quality Assurance of Pharma-
ceutical Products: Analysis of Tablets to Assess Powder Blend Ho-

mogeneity
Submitted: April 19, 2002; Accepted: July 1, 2002

Robbe C. Lyonl, David S. Lester?, E. Neil Lewis’, Eunah Lee’, Lawrence X. Yu', Everett H.

Jefferson' and Ajaz S. Hussain®

'Division of Product Quality Research, Food and Drug Administration, Kensington, MD 20895
’Pharmacia Corporation, 100 Rt 206 North, Peapack, NJ 07977

3Spectral Dimensions, Inc, 3416 Olandwood Court, Suite 210, Olney, MD 20832

“Office of Pharmaceutical Sciences, Food and Drug Administration, Rockville, MD 20857

ABSTRACT The objective of this study was to
evaluate near-infrared (NIR) spectroscopic imaging
as a tool to assess a pharmaceutical quality assur-
ance problem - blend uniformity in the final dosage
product. A system based on array detector technol-
ogy was used to rapidly collect high-contrast NIR
images of furosemide tablets. By varying the mix-
ing, 5 grades of experimental tablets containing the
same amount of furosemide and microcrystalline
cellulose were produced, ranging from well blended
to unblended. For comparison, these tablets were
also analyzed by traditional NIR spectroscopy, and
both approaches were used to evaluate drug product
homogeneity. NIR spectral imaging was capable of
clearly differentiating between each grade of blend-
ing, both qualitatively and quantitatively. The spa-
tial distribution of the components was based on the
variation or contrast in pixel intensity, which is due
to the NIR spectral contribution to each pixel. The
chemical nature of each pixel could be identified by
the localized spectrum associated with each pixel.
Both univariate and partial least squares (PLS) im-
ages were evaluated. In the suboptimal blends, the
regions of heterogeneity were obvious by visual in-
spection of the images. A quantitative measure of
blending was determined by calculating the stan-
dard deviation of the distribution of pixel intensities
in the PLS score images. The percent standard de-
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viation increased progressively from 11% to 240%
from well blended to unblended tablets. The NIR
spectral imaging system provides a rapid approach
for acquiring spatial and spectral information on
pharmaceuticals. The technique has potential for a
variety of applications in product quality assurance
and could affect the control of manufacturing proc-
esses.
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INTRODUCTION

Pharmaceutical quality control and quality assur-
ance depend on monitoring the composition and
uniformity of the drug substance during processing
and in the final product. Compendial tests have tra-
ditionally been used to determine identity, strength,
quality, and purity. Vibrational spectroscopic tech-
niques, including mid-infrared, near-infrared (NIR),
and Raman, have been proposed as alternative ap-
proaches [1,2]. Implementation of these approaches
can reduce the time and resources required for
manufacturing, while improving quality control.
These spectroscopic methods provide physical as
well as chemical characterization of the active and
inactive components in composite mixtures. NIR
spectroscopy has been utilized to determine the ho-
mogeneity of pharmaceutical powder blends [3] and
to monitor powder blending processes online [4-6].
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However, traditional spectroscopy (single-point,
bulk spectroscopy) cannot directly determine the
spatial distribution of the components in the final
product. To accomplish this, an imaging technique
is necessary to map the location of each spatially
resolved component.

The combination of digital imaging and molecular
spectroscopy for the molecular analysis of com-
pounds is referred to as chemical imaging. Initially,
Raman imaging [7,8] and infrared imaging [8-10]
were achieved by scanning techniques. Various
mapping techniques were coupled with traditional
single-point vibrational spectroscopy to produce
sample visualization. This approach is time con-
suming and requires mechanical movement of the
sample. Recently, high-resolution multispectral im-
aging has been achieved by passing the image light
through a tunable filter [11]. This approach by-
passes the problems associated with single-point
mapping and simultaneously reveals the type, dis-
tribution, and relative abundance of chemical com-
ponents within a particular system. The image array
is then captured for Raman imaging [12,13] by a
silicon charged-coupled device detector or for infra-
red imaging [14-15] by a focal plane array (FPA)
detector. Additionally, for infrared chemical imag-
ing, light may be modulated by an interferometer
instead of a tunable filter [16-17]. The visualization
of the internal structure of pharmaceutical tablets
has recently been demonstrated by NIR imaging
[18] and Raman imaging [19,20]. NIR imaging has
also been used to monitor powder blend homogene-
ity online [6].

The objective of this study was to evaluate NIR
spectroscopic imaging as a tool to assess a pharma-
ceutical quality assurance problem - blend uniform-
ity in the final dosage product. In this study, the
blend uniformity of furosemide and microcrystal-
line cellulose was determined by evaluating the fin-
ished tablets by NIR imaging and by traditional NIR
reflectance spectroscopy. Intact tablets requiring no
sample preparation were rapidly and noninvasively
analyzed by both approaches. Experimental tablets
were designed to deliberately vary the homogeneity
of the components. The grades of tablets were dif-
ferentiated quantitatively by NIR spectral imaging

and by traditional NIR spectroscopy. In addition ,
NIR spectral imaging provided a visual distribution
of components within each tablet. Each grade of
tablet was clearly differentiated. This study demon-
strates the power of this new imaging tool for as-
sessing pharmaceutical quality assurance.

METHODS

NIR Spectral Imaging

The image data sets of intact pharmaceutical tablets
were collected by the MatrixNIR™ NIR Spectral
Imaging System (Spectral Dimensions, Inc, Olney,
MD) shown as a block diagram in Figure 1. The
imaging system consists of a liquid crystal tunable
filter (LCTF) coupled with an NIR sensitive FPA
detector. The diffuse reflectance image of the sam-
ple is passed through the LCTF. For this particular
study, the tunable filter element rapidly selects
wavelengths at selected nm intervals over a spectral
range of 1000-1700 nm. A series of images are then
captured by the indium-gallium-arsenide near-
infrared FPA detector with a total acquisition time
of approximately 2 minutes. Each pixel in the detec-
tor array corresponds to an approximately 1600 pm?
(40 um x 40 um) area of the sample surface, and the
resulting data set contains 71 wavelength increment
scans per spectrum. The array contains 320 x 240
pixels or 76,800 equivalent spectra. The data sets
are generally referred to as image cubes or hyper-
spectral image cubes. Detecting data in this manner,
the spectroscopic imaging technique bypasses the
problems associated with single-point mapping and
simultaneously reveals the type, distribution, and
relative abundance of chemical components within
a particular system. This is achieved with a system
that contains no moving parts.

The vibrational spectra collected for each pixel on
the array detector create a third dimension. The 3-
dimensional cube (shown in Figure 2) consists of
both spatially resolved spectra and wavelength-
dependent images. The X and Y axes represent spa-
tial information, and the Z axis represents reflec-
tance at the selected NIR wavelengths. The image
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Figure 1. Simplified block diagram of the MatrixNIR™ NIR spectral imaging system.

cube can be seen as a series of wavelength-resolved
images or, alternatively, as a series of spatially re-
solved spectra, one for each point on the image. The
complete integration of spatial and spectral informa-
tion adds a new dimension to data analysis. The
ability to explore the interdependency of spectral
and spatial information is the basis for its unique
capabilities that differ qualitatively from simple
point-by-point spectroscopy. Effectively mining the
immense volume of chemical and spatial informa-
tion contained within the data of spectroscopic im-
ages requires multivariate analysis methodologies.

Data were analyzed using ISys™ (Spectral Dimen-
sions, Inc), a graphical user interface, and an inte-
grated software package designed specifically for
the acquisition, visualization, and analysis of hyper-
spectral image cubes and maps. Localized NIR
spectra associated with each pixel and images asso-
ciated with each NIR wavelength are readily dis-
played. The software package contains standard
spectral analysis and image analysis tools as well as
advanced chemometric qualitative and quantitative
analysis capabilities.

Based on processing, 2 types of images are shown
in this study: univariate images and partial least
squares (PLS) score images. For all images, a Spec-
tralon (Labshere, Inc, North Sutton, NH) back-
ground image cube was used to correct both the
spatial and spectral response of the system; all im-
ages were preprocessed by taking the inverse com-
mon logarithm to convert to log (1/R). The
univariate images were generated by additional pre-
processing using normalization (division of the im-
age cube by a selected image plane) to enhance the
contrast. To observe a spatial image plane from the
image cube, a wavelength is selected. The intensity
of each pixel in that spatial image plane is the inten-
sity of the NIR spectrum at that wavelength. The
complete, localized NIR spectrum can be observed
by selecting any pixel in the spatial plane. PLS
score images were generated using PLS analysis
type 2. The initial preprocessing also included a lin-
ear baseline correction. A library was built from the
pure component spectra representing this binary
system (furosemide and Avicel). The spectral ab-
sorbance for each pixel was decomposed into score
values associated with each component. The inten-
sity values for the PLS score images shown repre-
sent the score values for class 1, furosemide.
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Figure 2. A schematic of the spectral hypercube. Each pixel is spatially located in the X-Y image
plane. A representative NIR spectra associated with one pixel is shown in the third dimension.

Traditional NIR Spectroscopy

In addition to NIR spectral imaging, intact pharma-
ceutical tablets were scanned by NIR spectroscopy.
Reflectance spectra were collected using a Foss
NIRSystems Model 6500 spectrometer (Foss NIR-
Systems, Inc, Silver Spring, MD) equipped with a
NIRSystems rapid content analyzer containing a
tablet holder. The top and bottom surfaces of each
tablet were scanned over the range of 1100-2500
nm to generate a bulk average NIR spectrum for
each tablet surface. Each spectrum was time aver-
aged from 32 scans generated at 0.6 scans/sec. The
background reference was a 1" diameter Spectralon
99% reference reflectance plate (Labsphere, Inc,
North Sutton, NH).

Statistical Analysis of Tablet Variability

The blend uniformity in the tablets could be deter-
mined qualitatively from the NIR images by visual
inspection. A quantitative measure was established
by calculating the % standard deviation of the dis-
tribution of pixel intensities as represented by the
histograms of the PLS score images. The blend uni-
formity in the tablets was also estimated from tradi-
tional NIR spectroscopy by evaluating the
consistency of the reflectance NIR spectra. The
measures of the intra-tablet variability and the inter-
tablet variability were determined from the average
% standard deviations in the NIR spectra. An aver-
age % standard deviation was calculated by averag-
ing the % standard deviations (relative to the mean
intensity value) of 20 spectral peaks in a set of sec-
ond-derivative NIR spectra. These 20 spectral peaks
represented the major contributions from fu-
rosemide and Avicel. For the intra-tablet variability,
the set consisted of 2 second-derivative spectra for
each tablet (one from side 1 and one from side 2).
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Figure 3. NIR chemical image of whole tablet of pure furosemide and enlargement of the

100 x 100 pixel region analyzed.

The average % standard deviation was calculated
for each tablet. This value was averaged for each
group (n = 3). For the inter-tablet variability, the set
consisted of 3 second-derivative spectra from one
side of each tablet in a blend group. An average %
standard deviation was calculated for side 1, and
this was averaged with an average % standard de-
viation calculated for side 2.

Pharmaceutical Samples

Both experimental and commercial-grade fu-
rosemide tablets containing 80 mg furosemide and
240 mg excipient mix (99.67% Avicel PH 102 and
0.33% magnesium stearate) were evaluated. The
experimental tablets differed in the degree of blend-
ing. The homogeneity was controlled by varying the
mixing time. The content uniformity for the ex-
perimental tablets was controlled by individually
weighing the raw materials for each tablet. Experi-
mental tablets were individually prepared by adding

80.0 mg furosemide to 240.0 mg excipient mix,
hand blending, and direct compression using a
Carver Press. Five groups of experimental tablets
(Blends A, B, C, D, and E) were prepared, ranging
from well blended to unblended. In addition, refer-
ence tablets containing pure furosemide and refer-
ence tablets containing only excipient mix were
individually prepared. The commercial-grade fu-
rosemide tablets were manufactured at the Univer-
sity of Iowa. These were prepared in bulk by
machine blending and direct compression using an
automated tablet press. The content uniformity for
the commercial-grade tablets was determined using
USP assay procedures.

RESULTS

The NIR spectral image of a whole tablet (pure fu-
rosemide) is shown in Figure 3. The enlarged region
represents the area (100 x 100 pixels) shown in sub-
sequent tablet images. The reference tablets con
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Figure 4. NIR univariate images (at 1540 nm image plane) and localized spectra of tablet
containing only excipient mix and tablet of pure furosemide. The red spectrum is generated
from the highest intensity pixel, and the blue spectrum is generated from the lowest inten-

sity pixel in each image field.

taining pure furosemide and reference tablets con-
taining only excipient mix were imaged to generate
spectral characteristics of each component.

Representative univariate images and associated
localized spectra are shown in Figure 4. Each NIR
spectrum displayed excellent signal-to-noise charac-
teristics. A slightly different localized NIR spec-
trum is associated with each pixel. Two spectra are
shown for each image. One is generated from the
lightest pixel in the field and the other from the
darkest pixel in the field. For these reference tablets,
each pixel in the image field contained the same
spectral character. The image contrast is due
primarily to slight differences in overall intensity,
rather than variations in the character of the spectra.

NIR univariate images and representative spectra of
the commercial-grade tablets and the 5 experimental
tablets are shown in Figures 5-7. The image contrast
is a function of the intensity of the NIR spectrum
associated with each pixel at a specified wave-
length. The image planes at a wavelength of 1626
nm were selected to maximize the image contrast.
The 6 univariate images in Figures 5-7 were proc-
essed together and were normalized to the same
contrast scale. Each pixel contains spectral
contributions from furosemide and excipients as
indicated by the color scale. The dark red represents
pure furosemide and the dark blue represents pure
excipient. As a result, the spatial distribution of the
furosemide and excipients are visualized. This is an
excellent way to "mine" both spatial and chemical
variance within the sample.
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Figure 5. NIR univariate images (at 1626 nm image plane) and localized spectra of the well-
blended tablets: commercial-grade tablets and Blend A tablets. The red spectra are generated
from the 5 highest intensity pixels and blue spectra from the 5 lowest intensity pixels in each
image field. The same intensity scale is used for Figures 5-7 with the highest intensity repre-
senting furosemide and the lowest intensity representing excipients.

The well-blended tablets (commercial-grade and
Blend A) are shown in Figure 5. The images show a
uniform distribution of components and a minimum
of contrast. Consequently there was little difference
between representative spectra collected from the
low-intensity and high-intensity pixels. The en-
riched spectral character of furosemide in the high-
intensity pixels in Blend A tablets indicates that this
blend is slightly less homogeneous than the com-
mercial-grade tablets.

The images of the tablets prepared from Blends B,
C, D, and E show a progressive increase in hetero-
geneity. The results from the moderately blended

tablets are shown in Figure 6. Small clusters of
high-intensity pixels are evident in the images of
Blend B tablets. The corresponding spectra indicate
that these pixels are enriched with furosemide.
Small clusters of higher intensity pixels are evident
in the images of Blend C tablets. The corresponding
spectra indicate that these pixels are nearly pure fu-
rosemide. The results from the poorly blended tab-
lets are shown in Figure 7. Large domains of pure
furosemide and excipient characterize the images of
Blend D tablets. As expected, the components are
completely separated in the images of Blend E tab-
lets. The images clearly distinguish the degree of
blend uniformity in accordance with the degree of
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Figure 6. NIR univariate images (at 1626 nm image plane) and localized spectra of the mod-
erately blended tablets: Blend B tablets and Blend C tablets. The red spectra are generated
from the 5 highest intensity pixels and blue spectra from the 5 lowest intensity pixels in each

image field.

blending. The spectra identify the relative chemical
composition of each pixel.

PLS score images of the commercial-grade tablets
and the 5 experimental tablets are shown in Figures
8 to 10. The corresponding histograms represent
distribution of pixel values about a mean value
based on class 1 (furosemide). Greater contrast is
observed in these images compared to the NIR uni-
variate images. The well-blended tablets (commer-
cial-grade and Blend A) are shown in Figure 8. Like
the univariate images, these images show a uniform
distribution of components and a minimum of con-
trast. A slight heterogeneity is observed in the im-

age of the Blend A tablet (2 small clusters of high-
intensity pixels) that was not obvious in the univari-
ate image. Both histograms exhibit a symmetric dis-
tribution. The high-intensity and low-intensity
pixels contribute to the slight extension in tailing of
the histogram distribution for Blend A tablets that
was not observed in the histogram of the commer-
cial-grade tablet.

The results from the moderately blended tablets are
shown in Figure 9. A slight asymmetry of the histo-
gram distribution for Blend B tablets is perceptible
because of the clusters of high-intensity pixels rep-
resenting enriched furosemide. The histogram
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Figure 7. NIR univariate images (at 1626 nm image plane) and localized spectra of the poorly
blended tablets: Blend D tablets and Blend E tablets. The red spectra are generated from the
5 highest intensity pixels and blue spectra from the 5 lowest intensity pixels in each image

field.

distribution for Blend C tablets is more asymmetric.
The mode of the distribution has clearly shifted to a
lower value, indicating a diminished furosemide
concentration in the majority of the pixels. The
population of high scores corresponds with clusters
of pixels representing nearly pure furosemide.

The results from the poorly blended tablets are
shown in Figure 10. The histogram for Blend D tab-
lets is nearly a bimodal distribution. Although the 2
populations are poorly resolved, there is a popula-
tion low in furosemide and a population high in fu-
rosemide. The histogram for Blend E tablets is
clearly a bimodal distribution. The mode of the lar-

ger population occurs at zero, indicating that these
pixels are devoid of furosemide contributions. The
furosemide-enriched population is broadly distrib-
uted because of the diffuse interface between active
and excipient.

The width of the distribution shown in each histo-
gram is an indicator of the heterogeneity of fu-
rosemide in that tablet. The standard deviation of
the population was used as a quantitative measure
of the tablet uniformity. A statistical evaluation of
the % standard deviations (relative to the mean) of
the histograms generated by the PLS score images
is shown in Table 1. The % standard deviation of
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8-10, with the highest intensity representing furosemide and the lowest intensity represent-

ing excipients.

the histogram distribution for each tablet and the
average % standard deviation for the 3 tablets in
each group are presented. There was no statistical
difference between the average % standard devia-
tion for the commercial tablets (11.0 £ 1.9) and the
Blend A tablets (11.7 = 1.6). A progressive increase
in the average % standard deviation was observed
as the degree of blending declined.

For comparison with NIR spectral imaging, the
commercial-grade tablets and the 5 experimental
tablets were also evaluated by traditional NIR spec-
troscopy. The top and bottom surfaces of each tablet
were scanned to generate a bulk average NIR reflec-

10

tance spectrum for each tablet surface. For illustra-
tion, the NIR spectra (second derivative) of well-
blended tablets (3 Blend A) and the worst-blended
tablets (3 Blend E,) are shown in Figure 11.

The degree of heterogeneity associated with each
grade was assessed by evaluating intra-tablet and
inter-tablet variability. The methods for calculating
each are described in detail in the methods. In gen-
eral, the variability was determined by comparing
second derivative spectra and calculating % stan-
dard deviations (relative to the mean). The measure
of intra-tablet variability was the % standard devia-
tion of the second-derivative spectrum between side
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Figure 9. NIR PLS score images and associated histograms of the moderately blended tab-

lets: Blend B tablets and Blend C tablets.

1 and side 2 of each tablet. The average % standard
deviation was calculated for each group. The results
are summarized in Table 2.

The intra-tablet variability progressively increased
as the degree of blending declined (with exception
of Blend E tablets). The measure of inter-tablet
variability was the average of the % standard devia-
tion of side 1 and the % standard deviation of side 2
of the 3 tablets in each group. The results are sum-
marized in Table 3. The inter-tablet variability pro-
gressively increased as the degree of blending
declined.

11

DISCUSSION

In this study, NIR spectral imaging and traditional
NIR spectroscopy have been utilized as end-product
tests. Homogeneity testing of the drug product
complements blend analysis. Blend uniformity test-
ing provides feedback to assist in the process devel-
opment, while the end-product test provides
assurance that the blend remained uniform during
processing. This is consistent with the Product
Quality Research Institute Blend Uniformity Work-
ing Group document proposed to demonstrate ade-
quacy of mix by stratified sampling of blend and
dosage units [21].
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Figure 10. NIR PLS score images and associated histograms of the poorly blended tablets:
Blend D tablets and Blend E tablets.

Table 1. Variability of Histogram Distributions from PLS Score Images. % Standard Deviations
(%SD) of Histogram Distributions from PLS Score Images

Blend Tablet 1 Tablet 2 Tablet 3 Average %SD
Commercial 11 13 9 11
A 12 10 13 12
B 25 18 33 25
C 67 64 80 71
D 121 119 93 111
E 203 251 268 240

12



AAPS PharmSciTech 2002; 3 (3) article 17 (http://www.aapspharmscitech.org)

Intensity

Intensity

Figure 11. Traditional NIR spectra of each side of 3 Blend A tablets and 3 Blend E tablets. For
clarity, only a selected wavelength region (1850-2150 nm) of the second derivative spectra is
shown. For each group, tablet 1 is represented by green, tablet 2 is represented by red, and
tablet 3 is represented by blue.

Table 2. Intra-tablet Variability of Second Derivative Spectra from NIR Spectroscopy. % Stan-
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dard Deviation (%SD) between Side 1 and Side 2 for Each Tablet

Blend Tablet 1 Tablet 2 Tablet 3 Average %SD
Commercial 0.3 0.4 0.4 0.4
A 28 1.9 25 24
B 71 4.2 4.9 54
C 24 14 6.9 15
D 52 12 12 25
E 25 5.5 12 14
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NIR spectral imaging was capable of assessing the
quality of tablet blend uniformity both qualitatively
and quantitatively. The spatial uniformity of the
components could be ascertained qualitatively by
visual inspection of the images. In the suboptimal
blends, the regions of heterogeneity were obvious.
The degree of blending was quantitated by statisti-
cal analysis of the pixel compositions. In the well-
blended tablets, all pixels had nearly the same com-
position, as represented by a narrow distribution of
pixel values. As the tablets became less uniform, the
distribution of pixel values broadened until the dis-
tribution separated into 2 distinct classes. The subtle
differences between the well-blended tablets, the
commercial-grade tablets, and the Blend A tablets
could be distinguished only by visual observation
(clustering of components) and not by statistical
analyses.

Table 3. Inter-tablet Variability of Second Derivative
Spectra from NIR Spectroscopy. % Standard Deviation
(%SD) of Side 1 and Side 2

Blend Side 1 Side2  Average %SD
Commercial 2.1 2.3 2.2
A 3.1 2.1 2.5
B 3.8 3.0 3.4
C 8.1 15 12
D 6.8 27 17
E 29 16 23

Traditional NIR spectroscopy was limited in its
ability to evaluate drug product homogeneity. The
qualitative aspect associated with mapping the spa-
tial distribution is lacking with this approach. The
assessment of tablet uniformity was dependent on
the statistical comparisons of NIR spectra from the
same tablet and tablets in the same group. The as-
sumption is made that the combination of intra-
tablet variability and inter-tablet variability trans-
lates into a measure of blend uniformity. The intra-
tablet variability and inter-tablet variability in-
creased with tablet heterogeneity. The intra-tablet
variability was capable of distinguishing each tablet
grade except the Blend E tablets. The average %

14

standard deviation associated with intra-tablet vari-
ability was lower than expected for the Blend E tab-
lets. These unblended tablets were prepared by
placing the components side by side. The similarity
between side 1 and side 2 may be due to this plane
of symmetry. The inter-tablet variability increased
progressively with tablet heterogeneity.

Compared to traditional NIR spectroscopy, NIR
spectral imaging provides the opportunity to inves-
tigate localized microdomains within a drug prod-
uct. A physical or chemical abnormality that makes
a minimal contribution to the bulk tablet may go
undetected by traditional NIR spectroscopy. The
same abnormality could dominate a microdomain
and be detected in the NIR image.

The NIR spectral imaging system provides a rapid
approach for acquiring high-resolution spatial and
spectral information on pharmaceuticals. It is an
exciting new technology capable of providing in-
sight into the structure and function of modern solid
dosage forms. It combines the capability of spec-
troscopy for molecular analysis with the power of
visualization affording precise characterization of
the chemical composition, domain structure, and
chemical architecture. In addition, this technique
delineates the spatial uniformity of the active as
well as each excipient across the final dosage form
— features that may affect product performance. As
demonstrated in this report, NIR spectral imaging
was capable of distinguishing between various
grades of blending in the final dosage form. It is
recognized that the scale of scrutiny in this study
was less than 1 unit. Additional investigations are
planned to address the industrial/regulatory applica-
tions of this technique. The technique has much po-
tential for a variety of applications in product
quality assurance and could significantly enhance
the manufacturing process. It is likely that it will be
widely adopted and deployed in pharmaceutical
analysis in the future and is particularly applicable
to new product formulations and for understanding
manufacturing defects.
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