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Chemical imaging (CI) possesses a strong ability of pharmaceutical analysis. Its great strength
relies on the integration of traditional spectroscopy (one dimension) and imaging technique (two
dimensions) to generate three-dimensional data hypercubes. Data pre-processing or processing
methods are proposed to analyze vast data matrixes and thereby realizing di®erent research
objectives. In this review paper, various pharmaceutical applications of quality control over the
past few years are summed up in two groups of ¯nal product test and industrial utilization. The
scope of \quality control" here includes traditional analytical use, process understanding and
manufactural control. Finally, two major challenges about undesirable sample geometry and
lengthy acquisition time are discussed for prospective commercial or industrial application.

Keywords: Hyperspectral imaging; pharmaceutical application; multivariate data analysis;
quality control.

1. Introduction

Chemical imaging (CI) is a burgeoning technology
that integrates spectroscopic testing and scanning
imaging. It generates three-dimensional hypercubes
DðX � Y � �Þ where X and Y represent two-
dimensional space and � denotes spectral wave-
length. The hypercube DðX � Y � �Þ is unfolded as
D 0ðXY � �Þ to perform the classical spectral
processing as spectroscopic technique does. Com-
pared to traditional spectroscopy, CI owns a theory-
based superiority of additional spatial information

that makes it suitable for broader pharmaceutical
scenarios, especially in the case of component visu-
alization and distribution homogeneity. But indi-
vidual spectroscopic technique could only have
concentration test or polymorph analyzed. In ad-
dition, this plane-based technology enables multiple
planes test of di®erent depths indicating that it is
possible to explore the inner structure of pharma-
ceutical dosage.1

\Hyperspectral imaging (HSI)" is a synonym
of CI in some sense. But strictly speaking, they
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are not the same concept. CI contains a broader
scope, according to spectral resolution (i.e., wave-
bands number), it could be divided into three cat-
egories: multispectral imaging (MSI), HSI and
ultraspectral imaging (USI). It is said that the term
of \hyperspectral imaging" corresponds to more
than 10 wavebands being recorded. With that,
almost all the CI in this paper refers to HSI and two
terms are interchangeable.

Here are several subclasses under the broad range
of CI based on the di®erent spectroscopies coupled.
They are near-infrared (NIR) imaging, Raman im-
aging, terahertz pulsed imaging (TPI), ultraviolet
(UV) imaging and Fourier transformed infrared
(FT-IR) imaging.2–6 NIR imaging and Raman seem
to be the most used ones among them because of the
deep spectral understanding and relatively low pri-
ces but each imaging technique has their own spe-
cial expertise. Data fusion of various spectroscopy
sources is therefore put forward such as the com-
bination between NIR and Raman, or between
visible and NIR (435–1042 nm) and short-wave in-
frared (898–1751 nm).7,8 The inherent complemen-
tarity of di®erent spectroscopic techniques makes
these joints a big success.

CI originates from remote sensing for the ¯rst
time and gains a big boost in the medical ¯eld.9 In
the area of pharmaceutical study, CI is still a new
technique but received increasing interest. Various
applications of quality control have accumulated
over several decades' development ranging from
¯nal product test to industrial manufacturing.
The scope of \quality control" here is go beyond
the traditional analytical use and include process
understanding and manufactural control. That
means researchers could set processing parameters

scienti¯cally (i.e., determine blending endpoint) and
obtain potential insights, such as being transferred
to scale-up or achieve real-time real-test (RTRT)
strategy. All the blueprints are very attractive to
the researchers.

The purpose of this paper is to introduce the
emerging CI technique. Much attention is attached
to its theory-based superiority of additional spatial
information. The instrument con¯guration, imaging
principle and parameter setting are presented in the
¯rst part to give readers a fundamental knowledge
of CI. Several main data pre-processing and pro-
cessing methods are presented afterwards since they
are of great help in handling vast data hypercube.
Subsequent part is about typical pharmaceutical
application. Groups of ¯nal product test and in-
dustrial application are listed, respectively. The
industrial application part covers the work°ow in-
cluding blending, granulation, tableting and coat-
ing. In the end of this paper, two major challenges of
undesirable sample morphology and lengthy acqui-
sition time are discussed.

2. Image Acquisition

2.1. CI system composition

CI instrumentation varies among di®erent scanning
patterns, imaging optic or exciting light used but
typically a CI system usually consists of illumina-
tion source, imaging optic, spectral detector and
computer for data storage and processing. They are
schematically represented in Fig. 1.

A detailed description of imaging system set-up
is beyond the scope of this paper. But in order to
obtain a robust and reliable chemical image, we will

Fig. 1. The composition of a typical CI system.
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pay special attention to illumination con¯guration.
Due to the di®erence in refractive indices, about
5–15% of the photons may show specular re°ec-
tion.9 These photons could never penetrate the
sample and therefore provide no useful information.
It is important to correct illumination angle to
avoid specular re°ection. Figure 2 illustrates a
schematic of illumination con¯guration, where two
halogen lights are mounted at an angle of 45� and
the detector camera is placed down to the sample
stage perpendicularly.10 Similar set is found in an-
other paper but there were three illumination
sources at 45�.11 However, based upon a study in
2012, such 45R0 con¯guration (illuminate at 45�,
detect at 0�) only reduced specular re°ection and
shadows were still existing at the sample boundary.9

In their study, the con¯guration of 0R0 (di®use
light source, detect at 0�) was suggested to achieve
total di®use re°ectance. It has been executed in the
tablet for API content monitoring in 2017, where
the Ulbricht sphere was applied to generate homo-
geneous illumination.12

2.2. Imaging principle

Chemical image is made up of hundreds of adjacent
wavebands for each spatial pixel, comprising a hy-
percube ðX � Y � �Þ of two spatial (X and Y ) and
one wavelength dimension (�). It is currently not
feasible to obtain data in all three dimensions si-
multaneously. According to the way to construct
hypercubes, CI can be grouped into three categories
as illustrated in Fig. 3.

(1) Whiskbroom imaging (Fig. 3 left). This pattern
scans the sample point-by-point in x-y-plane
(sample area) and sequentially measures the
whole plane.

(2) Pushbroom imaging (Fig. 3 middle). The line-
scan pattern moves in x-direction, and the
spectra of whole line in y-axis direction in the
sample area are simultaneously recorded.

(3) Staring imaging (Fig. 3 right). The whole
x-y-plane is scanned at a sole wavelength.
Change the wavelength until the whole spectral
range completed. The pattern is also known as
\wide-¯eld imaging" or \global imaging".

The biggest distinction of three patterns is in the
spatial resolution. High spatial resolution requires
large acquisition time but is suitable for sophisti-
cated scenarios. To rank three patterns from the
highest resolution to the lowest involves whiskb-
room imaging, pushbroom imaging, staring
imaging. Whiskbroom imaging allows for microme-
ter-scale measurement and often seen in the mi-
croscopic imaging device. Pushbroom imaging
harmonizes both spatial resolution and acquisition
speed. When accompanied by mobile conveyor or
moving stage, it is ideally suitable for inline appli-
cation.12,13 While for the poor spatial resolution,
staring imaging is favored for wide-¯eld measure-
ments that do not need re¯ned images.14,15

Fig. 2. A schematic of illumination con¯guration. Reproduced
from Ref. 10.

Fig. 3. Hypercubes constructed with three di®erent patterns.
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2.3. Imaging parameter setting

The high-quality chemical images are the very
foundation for the e±cient CI analysis. Only a good
measurement can provide unbiased information and
further deduce meaningful inferences. Imaging pa-
rameter setting is hence discussed about how to
construct appropriate measurement conditions and
common measurement parameters, such as spatial
pixel size, objective magni¯cation (only for micro-
scale device), sample area and acquisition time, are
taken into account. Here is a research around how
parameters a®ect the imaging quality of pharma-
ceutical tablets.16 The e®ects of focus levels (top,
middle, valley), measurement modes (HR, SL) and
accumulation times (1.0 s/2.0 s for SL, 0.1 s/0.5 s for
SL) were investigated. Measurement mode was
proved as the crucial factor according to the result
of Soft Independent Modeling of Class Analogy
(SIMCA), where groups of two measurement modes
possessed the largest distance and the biggest dis-
similarity. Note that the HR model had a minimum
step size of 0.1 um while SL model of 1.4mm. In
other words, that was the spatial resolution that
in°uenced spectral quality most.

An appropriate spatial resolution does need to be
attached with great importance. Particularly, in the
situation of low-content or small-size pharmaceuti-
cal substance, weak spatial resolution would cause a
high possibility of matrix masking. It was reported
that the CI of 70�m spatial resolution could not
qualify magnesium stearate (MgSt) particles, which
was less than 5�m size and only had 5%w/w
composition.17 But it was also said that with similar
instrument con¯guration and chemometrics method
but a high spatial resolution of 25�m, another ar-
ticle achieved quantitative analysis of the same
substance.18 Such comparison of spatial resolution
was within NIR imaging and a same situation was
found in the Raman imaging. Three objectives (�10
objective, �50 objective, �100 objective) analyzed
the same extrudates but returned inconformity of
solid state.19 The low spatial resolution setting (�10
objective, 30 um pixel) depicted an image of pre-
dominantly amorphous drug. But the high spatial
resolution setting (�100 objective, 0.5 um pixel)
detected crystalline drug particle over 0.5 um size.

But it should be noted that high spatial resolu-
tion is not always the optimum solution as it is

Fig. 4. Super-resolution for tablet evaluation. Reproduced from Ref. 20.
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prohibitively time consuming and reduces sampling
size as a compensation. A lengthy acquisition time
rather limits its routine use in the industrial man-
ufacture and a con¯ned sampling area reduces rep-
resentativeness of the sample studied. The tradeo®
among spatial resolution, sample representativeness
and reasonable experiment time is happening all
the time in all the CI involvements. There seems
to be a good approach to balance three factors si-
multaneously. This is the combination between
staring imaging system and innovative chemo-
metrics methodology of \super-resolution".20 The
global imaging pattern made a large sample area
and a fast speed come true. The super-resolution
method generated high-resolution images based on
the data fusion of several low-resolution images.
The NIR imaging of pharmaceutical tablets has
demonstrated its superiority in a macroscopic scale
(Fig. 4). Sixteen original images were integrated
and the processed images of lactose at 1910 nm and
ca®eine at 2200 nm achieved high-pixel densities
and presented more chemical details.

3. Image Data Analysis

3.1. Data pre-processing

This part targets at correcting the physical per-
turbations rising during the CI measurement. it is
to remove the variations that are not related to
sample constituent and prepare for the next step of
data processing. Eliminating in°uences of irregular
morphology, rough sample texture and detector
artifact are all under the framework of pre-pro-
cessing. Many methods are relevant and a small
part will be said herein. A brief overview of the
main pre-processing techniques is presented as two
classi¯cations: spectral pre-processing and imaging
pre-processing.

3.1.1. Spectral pre-processing

The very beginning step of spectral pre-processing is
the spectral axis calibration. This is about assigning
each point in the spectral axis with a speci¯c
wavelength value.9 Note that in the devices at-
tached to tunable ¯lters (e.g., Acousto-optic Tun-
able Filter or Liquid Crystal Tunable Filter),
calibration is needless since only speci¯c wavelength
can pass through the electronic controller. Other
conventional operations like smoothing, scatter

correction and derivatives are performed as that in
the classical spectroscopy.21

(1) Smoothing: It is about denoising CI spectra in
order to get a good signal-to-noise (SN) ratio.
Here are many relevant algorithms but the
Savitzky–Golay (SG) smoothing might be
regarded as the most familiar one.

(2) Scatter correction: Correction is very necessary
because real di®use re°ectance is too idealized
to be realized. Standard normal variate (SNV)
and the multiplicative scatter correction (MSC)
are the two common algorithms. SNV is in the
spectral normalization and MSC corrects each
spectrum to keep up with the reference one
(often the mean spectrum).22,23 Other methods
in this group include inverse MSC, extended
MSC and extended inverse MSC.24

(3) Derivatives: Derivatives is about baseline cor-
rection. The ¯rst derivative can only deal with
baseline removal and the second derivative
enables it to eliminate both baseline and linear
tendency.24 It would reduce SN ratio and
smoothing is often accompanied before the de-
rivative to suppress noise. Savitzky-Golay (SG)
derivative and Norris–Williams (NW) deriva-
tive are two typical representations.

Beyond that, one has to notice the phenomenon of
\Raman spikes" in the ¯eld of Raman imaging. It
refers to an extremely sharp signal peak of being
103 � 106 times more intense than the normal
peak.23 They are caused by cosmic rays and are
always encountered in the charge coupled device
(CCD) detector because of its capacity of detecting
high-energy cosmic ray.

Raman spikes would mask details of chemical
images and lead to misidenti¯cation of the signal of
interest. Method \Nearest Neighbor Comparison
(NNC)" is therefore raised to detect spikes and re-
cover spectral signal.25 Based on the statistical as-
sumption that neighboring pixels share similar
intensity values, NNC determines an o®set value to
identify spikes and replace them with scaled value of
the most similar neighbors. Most commercial soft-
ware are also able to achieve spikes corrections
and in a real-time manner. But some arguments
are raised about the support post-correction after
measurement so as to reduce the analysis time.26

Considering the massive time spent in Raman im-
aging, that is, tens of times longer than that in NIR

Recent advancement of chemical imaging in pharmaceutical quality control
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imaging, correcting spikes afterwards may help a lot
in terms of the fast acquisition.

3.1.2. Image pre-processing

Here are two missions about image pre-processing:
how to improve image quality and how to select
region of interest (ROI).

For the former part, we should realize that not all
pixels are serviceable or meaningful because of de-
tector artifact. It is estimated that approximately
1% of pixels are \dead pixels" in a NIR chemical
image.27 Dead pixels are anomalous pixels of zero or
extreme high values with their sizes varying from a
single one a cluster to a pixel line. A linear inter-
polation correction method can recover dead pixels,
utilizing neighboring information of suspicion
object.27

Apart from that, chemical imagies could be
in°uenced by illumination con¯guration or dark
current of detectors or any other physical distur-
bance. Image calibration is therefore of great im-
portance in terms of image quality improvement.8

Depending on the white reference image (Rwhite)
and dark reference images (Rdark), a raw image
(Rraw) is calibrated as Eq. (1) and Rcal is the cali-
brated image:

Rcal ¼
Rraw �Rdark

Rwhite �Rdark

: ð1Þ

For the second part of ROI selection, it aims at
extracting the sample area of interest out of the
background. The method of binarization is often
used to select ROI and threshold determination is
the hardest step in the mathematical processing.
Di±culty would be multiplied in the case of particle
size estimation, where ROI is not a part of the data
pre-processing anymore but is in the range of pro-
cessing. A good idea has been o®ered that standard
substance is being measured as a reference at the
same condition as test sample measured.28 In virtue
of the already-known particle size of the standard
substance, an optimal threshold would be chosen
according the similarity between calculated results
and real size.

3.2. Data processing

Multivariate data analysis is of great importance
to deal with tons of information in CI images.
Here, we will introduce some of the most common

multivariate analysis methods in view of their
mathematical principles. Univariate data method
can also be used but it is constrained to the par-
ticular scenario of composition-speci¯c wavelength
being analyzed.14,29

3.2.1. Principle component analysis

Well known as a variable-reduction technique, es-
pecially in the case of spectral data, principle com-
ponent analysis (PCA) method could greatly
decline the large number of spectral variables. PCA
reduces the variable numbers by performing linear
combinations of the original variables. The new
returning combinations are called principal com-
ponents (PCs). Loading matrixes (P ) are those
comprised of weight coe±cient matrix denoting
each original variable's importance in the linear
combination. The projections of original data (D 0)
to the PCs are scores (T ). A PCA model usually
contains several PCs. Each PC is ranked depending
on how much variability from original data it has
explained. The mathematical expression of decom-
position process is indicated in Eq. (2), where E is
the residuals matrix:

D 0 ¼ TP T þ E: ð2Þ
It is widely used in the aspect of semi-quantita-

tive and qualitative study because of its straight-
forwardness and simplicity. Sometimes PC loading
plots are highly associated with pure component
spectrum. The PC score surface image could mani-
fest the trend of studied indicator or sample clus-
tering.3,30,31 But at other times, the score surfaces
do not contain any chemical meaning and the
method is inadaptable, especially when coping with
compositional-complex chemical images.

3.2.2. Partial least squares

Partial least squares (PLS) correlates with PCA in
a sense but the former one projects both indepen-
dent variables (X) and predicted variables (Y ) into
a new space. T and U are score matrixes ofX and Y ,
and P and Q are loading matrixes, and E and F are
error terms, respectively. It is aimed at maximizing
covariance between T and U . The basic PLS model
is presented in Eqs. (3) and (4). PLS is a quanti-
tative method that has been successfully applied in
the many pharmaceutical analysis.14,32,33 Other
relevant algorithms include t partial least squares 2
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(PLS2) and classical least squares (CLS).

X ¼ TP T þE; ð3Þ
Y ¼ UQT þ F : ð4Þ

3.2.3. Multivariate curve resolution

Multivariate curve resolution (MCR) is based on
the fundamental assumption of Beer–Lambert law
in a multivariate scale.2 The spectral intensity is
correlated with pure component concentration and
the total spectral information in each pixel is a
weighted result of each pure component.34 MCR
resorts to a bilinear decomposition of original data
(D 0) into concentration pro¯les (C) and pure com-
ponent spectra (S). If the pure spectra are attain-
able, concentration information can be easily
estimated. Equation (5) shows MCR structure and
E is the residual matrix:

D 0 ¼ CST þE: ð5Þ
The model is built via the iterative algorithm of

alternating least squares (ALS). MCR–ALS starts
with ST estimate inputting followed by alterna-
tively computation. Finally, it ends up with the
converging of residual matrix E (convergence cri-
teria of 0.1% for example). The number of compo-
nents should be given at the very ¯rst stage of the
computation. It could be initialized by singular
value decomposition (SVD) or evolving factors
analysis (EFA) or already-known chemical knowl-
edge of sample system.35–37 In addition, some con-
straints have to be added during the iteration
process such as nonnegative constraint and unim-
odality constraint. The main advantage of MCR–
ALS is the ability of only using bits of the compo-
nent, as pure spectrum estimate, while the PLS
methods above requiring large calibration sets.37

3.2.4. Classi¯cation method

Classi¯cation techniques target at grouping pixels
into di®erent classes according to the chemical
component similarity and specialize in pharmaceu-
tical counterfeiting or group sorting. \Classi¯cation
method" mentioned here is a generalized concept
comprised of \narrow classi¯cation" and \clustering
method". Narrow classi¯cations are same as what we
call supervised classi¯cation. They are based on the
calibration set. But clustering methods are unsu-
pervised and have no requirement of calibration set.

Common narrow classi¯cations are comprised
of k-nearest neighbor (k-NN), PLS discriminant
analysis (PLS-DA), support vector machine (SVM)
and Soft independent modeling by class analogy
(SIMCA).8,38 These methods might return quite
di®erent classi¯cation results of the same study.
There is no one-size-¯ts-all approach nor the best
approach ever. What we can do is to try more
methods and ¯nd the most appropriate one.

The plot of average cluster size against process
time indicates that roller compaction produced
the greatest reduction in cluster size as a respond-
ing sharp decline were observed. The obvious en-
hancement of API distribution was also found in
chemical images. Besides, the complex ingredient in
this study required a multivariate data-processing
method to character drug cluster. A ¯ve-factor
PLS-DA model was built, and only pixels with top
4% model score were utilized. Other isolated pixels
were classi¯ed to the neighboring cluster based on
spatial proximity, and ¯nally achieve cluster size
estimation.

For those clustering methods, K-means clus-
tering has been used in pharmaceutical classi¯ca-
tion.39 Given a predetermined k value of the cluster
numbers and distance information of pixel combi-
nations, the clustering algorithm targets at maxi-
mizing intra-group homogeneity and inter-group
heterogeneity. Nevertheless, K-means clustering
is exclusionary that means one pixel completely
belongs to one cluster. This is apparently unsuit-
able for certain pharmaceutical applications (e.g.,
tablet composition), since one pixel is usually
composed of several substances. Those exclusion-
ary methods are named as \hard modeling tech-
niques", and we can turn to the opposite \soft
modeling techniques" for help. Taking fuzzy
C-means algorithm (FCM) for instance, it assigns
every pixel with a fractional degree to all the
clusters simultaneously. It should be pointed out
that both FCM and KM share similar computation
steps, and the same problems of determining the
appropriate number of clusters (k value) are en-
countered in both the algorithms.40,41

4. Pharmaceutical Application of CI

4.1. Final product testing

CI applications almost cover all the aspects of
pharmaceutical product analysis. To list its use in

Recent advancement of chemical imaging in pharmaceutical quality control
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detail, it includes component content determina-
tion, counterfeit detection, solid state transforma-
tion, dissolution monitoring, particle size estimation,
tablet hardness analysis, etc. We do a brief overview
as represented in Table 1.

When we look into Table 1, we ¯nd that two CI
technologies are performed in the same system, or
two CI technologies in their own studies, which
achieve the same research objective. For the ex-
ample of component visualization and polymorphic
transformation monitoring, both UV imaging and
NIR imaging were put to use in a study of 2014 and
the same use of MSI was found in a study of
2015.35,42 We should have a clear awareness that CI
coupled with di®erent spectroscopy technologies
still have a large extent of overlap among each
other. Back to the study represented above, we
focus on the unique strength of UV imaging. UV
imaging has strong absorptivity than that in the
NIR region and thus enabled scanning time reduc-
tion and fast-speed detection. Furthermore, with
the help of expanding six channels (i.e., six wave-
lengths), UV imaging gets enough chemical infor-
mation and returns similar performance as NIR-CI
did.

Another point noticed from Table 1 is that both
CI technology and individual spectroscopy exist in
the same study and perform similar research work.
In the pharmaceutical scenario of low content
quantitation in 2015,43 Raman imaging provided
spatial pixel histograms against component con-
centration and returned a weighted concentration
value based on histograms. In that way, a larger
sample area was considered and the risk of random
sampling was therefore declined. The prominent
advantage of CI was emphasized again.

4.2. Industrial utilization

4.2.1. Blending

Blending units usually combined with mill module
play a very basic role in the pharmaceutical indus-
try. It targets at producing homogeneous mixtures
with each composition in the desired particle size.
We call it as \blend uniformity". The uniformity
testing of pharmaceutical intermediate enables
early risk detection and lean production and make it
easier to get a quali¯ed ¯nal product. Major blend
testing approach is high performance liquid chro-
matography (HPLC) based.49 We gather several
samples from blend mixture, execute HPLC testing,

and calculate relative standard deviation (RSD).
Another alternative method is NIR spectroscopy
utilizing spectral di®erence to monitor blend uni-
formity.50 NIR method is highly praised for its
ability of noninvasive testing and the suitability for
inline industrial use. But both HPLC and NIR
methods get into the same dilemma of no spatial
information. They can only reach a decision
whether the nominal content meets the speci¯cation
but cannot discover API agglomeration.

When caught in the dilemma of API agglomer-
ation, we can resort to CI technique. Three batches
were performed under various process conditions:
Batch 1 (milled, 0.8mm screen), Batch 2 (no mil-
led), Batch 3 (milled, 1.2mm screen).29 Each batch
under went NIR imaging analysis. Signi¯cant API
agglomeration of about 800 um in diameter was
found in the unmilled Batch 2. Batch 1 employing a
smaller screen had no large API particle at all.
Smaller but occasional agglomeration of about
180 um was found in Batch 3 because of a larger
screen.

CI can also investigate blend e±ciency.33 In a
more complicated blend process consisting of lots of
blend subunits, samples from each step were imag-
ined so as to track the breakdown process of drug
clusters and determine work e±ciency of each sub-
unit. The great sharp decline in cluster size was
observed in the roller compaction unit correspond-
ing to the obvious enhancement of distributional
homogeneity in the chemical images.

Another application is to reveal blend dynamic
mechanism. Ten individual trials were implemented
at various blending time (0.5, 1, 2, 5, 10, 15, 20, 25,
30 and 40min) while keeping all other parameters
the same.51 Power blends were removed from each
trial and compressed as a compact and be taken six
NIR images from top, cross-section, bottom surface
of compact. Multivariate analysis methods were
performed and the PCA score plots denoted API
trajectory during the blending. The blending was
dominated by convective mixing. API accumulated
in the bottom and top surfaces at the very begin-
ning and began scattering along the top surface
from the third trial (2min). Fifteen min was con-
sidered as a recommended endpoint time. In par-
ticular, this study performed in the mini-blender
occupied a similar mechanism with scale-up one,
according to some published literature. The result
impressed researchers with a bright future for CI in
process understanding and optimization.
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4.2.2. Granulation

High shear granulation is a common granulation
equipment in the solid dosage forms manufacturing.
Well-formed granules with good °owability, proper
particle size, or good homogeneity are bene¯cial for
the following tablet steps. However, the phenome-
non of over-granulation happens sometimes pro-
ducing oversized granules and wasting energy in the
meanwhile. To detect over-granulation condition
and explain the internal mechanism, an NIR-CI
study has been completed.32 The study contained
nine batches on a scale of 5 kg under di®erent
granulation times and impeller speeds. Long gran-
ulation time and fast impeller speed were used to
simulate over-granulation condition. The applied
NIR-CI technique captured that particle sizes were
getting more and more larger as over-granulation
went on, like other traditional granulation tests had
done but CI could detect the distribution change of
chemical composition. A model of segregation pro-
cess was therefore proposed. The over-granulation
started with the accumulation of hydrophilic ex-
cipient through the water, then hydrophobic API
segregated, and progressed to a consolidation stage.

Twin-screw wet granulation (TSWG) is another
e®ective granulation equipment. Its feature of con-
tinuous manufacture, di®erent from traditional
batch manufacture, attracts much attention from
pharmaceutical manufacturers. But the granulation
mechanism remains to be explored more. CI has
been proved to be as an e±cient tool in the under-
standing of TSWG, for example, in residence time
distribution (RTD) and axial-directional mixing in
TSWG.13 A set of experiment designs under di®er-
ent screw design parameters and process parameters
were performed and imaged inline by NIR imaging.
Quantitative indexes of RTD and axial-directional
mixing were extracted from NIR imaging. Con-
necting quantitative indexes with independent

variables (screw design parameters or process
parameters), the most in°uential variable has been
identi¯ed as the screw speed. But one thing to be
aware of is that only granules from ¯nal exit com-
partment of TSWG were studied and the middle
compartment was still under limited understanding.
The research group's subsequent work focused on
the inner four compartments: compartment 1
(wetting area), compartment 3 (¯rst kneading
compartment), compartment 5 (second kneading
compartment), compartment 6 (outlet unit), as
shown in Fig. 5. Granules were removed from
four compartments and the cross-sections were an-
alyzed.11 The PCA score images of compartments 1
to 6 showed a clear trend of API redistribution
among the TWSG barrel.

4.2.3. Tableting

Tableting is another essential procedure and has
strong impact on subsequent production. Wahl
et al. were interested in the suitability of NIR im-
aging system in tablet manufacturing and built an
inline system.12 They successfully achieved the
continuous monitoring of component quantitation,
component distribution and crushing strength.
The continuous system was built by a °at belt
conveyor of tablet transporting and a spectral de-
tector that was located directly over the conveyor
at a distance of ca. 50 cm. The conveyor moved at a
speed of 6 cm/s cooperating with the spatial step of
ca. 200 um in the moving direction. It was said that
the NIR imagined set-up has a strong potential to
scale up and to be transferred to production
stream. Such an inline approach is really promis-
ing, but at the same time, we should note the
existing system only ¯ts for single tablet analysis
at one time. More exploration works remain to be
carried out.

Fig. 5. Schematic diagram of the twin-screw granulation. Reproduced from Ref. 11.
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4.2.4. Coating

After a series of operations as blending, granulation
and tableting, it comes to coating as the last pro-
duction procedure. Quite a lot of process analytical
technologies are capable of ¯lm coating monitoring,
such as NIR or Raman sensors. These methods
measure coating thickness in an indirect way
according to the absorbance di®erences, and cali-
bration models and complex multivariate data
analysis are imperative.52–54 But terahertz technol-
ogy is a direct approach making it almost the most
popular one.55,56 Every time the incident terahertz
pulse reaches the interface (e.g., air-coating inter-
face, coating-core interface), it is subsequently
re°ected to the detector. The time delay between
re°ected signals is used to calculate coating thick-
ness straightforwardly. Another advantage of ter-
ahertz technology relies on its strong signal
intensity compared to other spectroscopic methods.
The intensive signal makes it possible to penetrate
tablet surface to detect maximum 300 um-thick
coating layer.57 The broad measurement range
means a great applicability of all kinds of scenarios.

TPI inherits the superiority of direct measuring
and broad measurement range. Besides, it could
resolve inter-tablet coating distribution and three-
dimensional thickness homogeneity. Since TPI
provides the map of coating thickness over the
whole dosage form, it does assist in a better un-
derstanding of tablet coating. Commercial TPI
system coupled with designed laboratory scale pan
coater has been developed to perform inline

measurement as shown in Fig. 6.57 The terahertz
sensor was perpendicular to the center of the coat-
ing unit to ensure specular re°ection of terahertz
pulse. The process of coating growth was tracked
and a steady increase in thickness was observed.
TPI started a great agreement against reference
thickness after 50min of coating process, corre-
sponding to a thickness larger than 50 um. From
another study in 2018 of the same system, it was
found that there were slight discrepancies between
inline and o®line TPI measurement.6 But such dis-
agreement could be corrected by adjusting the
measurement number per minute.

Some other derivative applications have arisen
based on the traditional TPI. It was reported that
the tensile strength could be predicted and surface
roughness could be correlated with the TPI-derived
parameters, that are ¯lm thickness, surface re°ec-
tance, and interface density di®erence (between ¯lm
layer and core table).58 When we look into future,
feedback control is proposed to join in the TPI
system considering its enormous potential of re-
ducing risk of crack defect.

5. Challenges

CI possesses unique strengths because of the addi-
tional spatial dimension but accompanied we some
challenges originating from spatial information
about how to obtain high-quality sample images
and how to image as fast as possible. Here, we
narrow down the ¯rst question into the scale of

(a) (b)

Fig. 6. (a) Schematic diagram of the scale pan coater coupled to the TPI measurement and (b) A technical drawing of the pan
coater in perspective view. Reproduced from Ref. 57.
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undesirable sample geometry notwithstanding illu-
mination con¯guration and imaging parameters
setting are also problem-relevant. A detailed intro-
duction is unfolded in the following part.

5.1. Undesirable sample geometry

Flat surface is obviously preferable to HSI going to
the consistent path lengths between detector and
sample surface. Whereas in the case of not-°at
surface, undesirable artefacts arise and geometrical
correction is necessary to be implemented to remove
morphological e®ects but preserving meaningful
information of interest in the meanwhile.41 We
roughly classify various correction methods into two
groups: instrument-based corrections and data-
based corrections.

These instrument-based corrections always ben-
e¯t from innovative equipment, carry out morpho-
logical correction during the measurement. Take
LiveTrackTM, for example.59 It could constantly
adjust the sample angle and allow for continuous
auto-focus, and achieve a fast acquisition speed and
a large tolerance of surface roughness at the same
time. This technology has been applied in oblong
tablets with embossments on surfaces.

These data-based corrections are performed after
measurement. Here is a software correction relevant
to physical impact adjustment.60 Three predomi-
nant principles are investigated, that are surface
di®use re°ection, special propagation behavior, and
the variation in arc length along the sample surface,
and were applied to modify each pixel intensity
value. The methodology was validated using a
uniform spherical Te°on sample. The corrected in-
tensity pro¯le demonstrated a drastic reduction of
variation from 43% to 7%. The software correction
there is restricted to round objects. For the correc-
tion of relative complex shapes, here is another
approach of spectroscopic pre-treatments with no
shape assumption.61 Three classi¯cations of pre-
treatments are studied including response lineari-
zation, baseline correction and multiplicative cor-
rection. All the methods and their combinations
compete for the optimal performance.

These correction operations are all primary
solutions specialized in simple scenarios. But in the
real industrial or commercial applications, with
more complex sample morphology or physical en-
vironment, more powerful and generalized methods
need to be created in the following study.

5.2. Lengthy acquisition time

CI is always lengthy with up to several hours or tens
of hours being consumed. The time-consuming fea-
ture is not hard to understand. (1) Owing to the
weak spectral response, especially weak Raman re-
sponse, to get a su±cient SN ratio, there is a strong
need of spectra averaging therefore leading to ac-
quisition time increasement. (2) Another reason is
the tiny spatial coverage. The great part of current
commercial Raman instruments is equipped with
global or point laser sources with only sub-millimeter
or sub-centimeter measurement scales. In order to
image enough sample area and increase measurement
representatives, a lengthy acquisition time is inevi-
table. (3) Moreover, the poor detector performance
might have negative in°uence either, in which multi-
channel acquisition is beyond their ability.

In the past few years, several emerging instru-
ments have been proposed to achieve relative fast
imaging. Ishikawa et al. introduced a newly-devel-
oped device that was equipped with an upgraded
InGaAs detector capable of high-quality spectra
acquisition in the broad spectral region from
1000 nm to 2350 nm.10 It took less than 5 s to scan an
area of 150� 200mm in the whole NIR band, while
the traditional instruments need approximately 5–
10min or oven more for the same area. Similar
macro-scale imaging was seen in the Qin's study of
Raman imaging device.62 They constructed a line-
scan Raman imaging system for high-throughput
analysis. This innovative system had a custom-
designed 785 nm line laser as excitation source, and
furthermore, a long 24 cm excitation line that was
re°ect from a 45� dichroic beam splitter. The long
laser length enabled large area scanning along with
the capability of rapid evaluation. It was said the
scanning time could be shortened from hours to
minutes. Other methods of fast Raman imaging
raised here are about the involvement of compres-
sive detection strategy.63,64 Compression was loaded
on spatial light modulator (SLM) in the manner of
compressive ¯lters, which mean data processing was
incorporated into hardware. Multivariate analysis
method PLS could generate these ¯lter functions. To
say it a bit more speci¯cally, the coe±cient vector
was being calculated as the ¯rst step, and next
negative parts in the vector were converted into
positive. Based on the ¯lter functions, it could
compress full spectra into single channel and
achieved scanning speed exceeding 1ms per pixel.
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Special sample preparation is another approach
to achieve fast imaging. For those surface enhanced
Raman spectroscopy (SERS) active substances, we
could make composite samples with SERS colloid
(primarily silver or gold nanoparticles). SERS is
well known as a powerful Raman enhancing tool
and thereby enables collecting times' reduction and
scanning speed increase. The speed improvement
was quite evident in a comparative study.43 The
measuring time of each SERS sample was only
20min with a map size of 49 pixel� 49 pixel, com-
pared to the 4.2 h–53 h of ordinary Raman imaging
with a measurement area of 31 pixel� 31 pixel. In
addition, SERS colloid ¯lm could be fully removed
from composite sample after imaging, indicating it
as a nondestructive method like other ordinary
Raman imaging.

Despite innovative applications mentioned, they
were still questioned for the contradiction between
time-saved and poor spatial resolution (or the
operation complexity). Besides, all the above-
discussed aspects are under the domain of acquisition
time reduction, and the long processing time should
also be well considered. More e±cient chemometric
tools are of real need to handle vast CI hypercubes.

6. Conclusion

There is no doubt that CI is a powerful tool in
various pharmaceutical applications. Two groups of
applications of ¯nal product test and industrial
utilization are summed up over the range from an-
alytical use to process understanding and manu-
factural control. Almost all of the great CI research
works rely on its unique advantage of combination
of both spectral and spatial information. But it has
several shortcomings that limit widespread utiliza-
tion. A major barrier is about the lengthy acquisi-
tion time because of the compromise of large map
size or owing to the poor spectral response. Others
like good image acquisition over the range from
imaging parameter setting to sample geometry
treatment along with e±cient data processing are
also of concern.

References

1. A. Novikova, D. Markl, J. A. Zeitler, T. Rades, C. S.
Leopold, \A non-destructive method for quality
control of the pellet distribution within a MUPS

tablet by terahertz pulsed imaging," Eur. J. Phar-
maceutic. Sci. 111, 549–555 (2018).

2. L. Coic, P. Y. Sacre, A. Dispas, A. K. Sakira, M.
Fillet, R. D. Marini, P. Hubert, E. Ziemons,
\Comparison of hyperspectral imaging techniques
for the elucidation of falsi¯ed medicines
composition," Talanta 198, 457–463 (2019).

3. T. Capkova-Helesicova, T. Pekarek, M. Schongut,
P. Matejka, \New designed special cells for Raman
mapping of the disintegration process of pharma-
ceutical tablets," J. Pharm. Biomed. Anal. 168,
113–123 (2019).

4. L. Ma, L. Zhou, M. Xu, X. Huang, Q. Zhang, S. Dai,
Y. Qiao, Z. Wu, \Investigation of the distributional
homogeneity on chlorpheniramine maleate tablets
using NIR-CI," Spectrochimica Acta Part a-Molec-
ular Biomolecular Spectroscopy 204, 783–790 (2018).

5. A. Novikova, J. M. Carstensen, T. Rades, C. S.
Leopold, \Multispectral UV imaging for surface
analysis of MUPS tablets with special focus on the
pellet distribution," Int. J. Pharm. 515, 374–383
(2016).

6. C. Pei, H. Lin, D. Markl, Y.-C. Shen, J. A. Zeitler,
J. A. Elliott, \A quantitative comparison of in-line
coating thickness distributions obtained from a
pharmaceutical tablet mixing process using discrete
element method and terahertz pulsed imaging,"
Chem. Eng. Sci. 192, 34–45 (2018).

7. F. C. Clarke, M. J. Jamieson, D. A. Clark, S. V.
Hammond, R. D. Jee, A. C. Mo®at, \Chemical
image fusion. The synergy of FT-NIR and Raman
mapping microscopy to enable a more complete vi-
sualization of pharmaceutical formulations," Anal.
Chem. 73, 2213–2220 (2001).

8. C. Ru, Z. Li, R. Tang, \A hyperspectral imaging
approach for classifying geographical origins of rhi-
zoma atractylodis macrocephalae using the fusion of
spectrum-image in VNIR and SWIR ranges (VNIR-
SWIR-FuSI)," Sensors 19, 2045–2062 (2019).

9. B. Boldrini, W. Kessler, K. Rebner, R. Kessler,
\Hyperspectral imaging: A review of best practice,
performance and pitfalls for inline and online
applications," J. Near Infrared Spectroscopy 20,
438 (2012).

10. D. Ishikawa, H. Shinzawa, T. Genkawa, S. G.
Kazarian, Y. Ozaki, \Recent progress of near-in-
frared (NIR) imaging-development of novel instru-
ments and their applicability for practical
situations," Anal. Sci. 30, 143–150 (2014).

11. M. Verstraeten, D. V. Hauwermeiren, L. Kai, N.
Turnbull, D. Wilsdon, M. A. Ende, P. Doshi, C.
Vervaet, D. Brouckaert, S. T. F. C. Mortier, \In-
depth experimental analysis of pharmaceutical twin-
screw wet granulation in view of detailed process
understanding," Int. J. Pharm. 529, 678–693 (2017).

Recent advancement of chemical imaging in pharmaceutical quality control

1930014-13

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
0.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
07

/0
1/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



12. P. R. Wahl, I. Pucher, O. Scheibelhofer, M.
Kerschhaggl, S. Sacher, J. G. Khinast, \Continuous
monitoring of API content, API distribution and
crushing strength after tableting via near-infrared
chemical imaging," Int. J. Pharm. 518, 130–137
(2017).

13. A. Kumar, J. Vercruysse, M. Toiviainen, P. E.
Panouillot, M. Juuti, V. Vanhoorne, C. Vervaet, J. P.
Remon, K. V. Gernaey, B. T. De, \Mixing and
transport during pharmaceutical twin-screw wet
granulation: experimental analysis via chemical ima-
ging," Eur. J. Pharm. Biophar. 87, 279–289 (2014).

14. S. Talwar, R. Roopwani, C. A. Anderson, I. S.
Buckner, J. K. Drennen, \III, determination of
spatially resolved tablet density and hardness using
near-infrared chemical imaging (NIR-CI)," Appl.
Spectroscopy 71, 1906–1914 (2017).

15. J. Cruz, M. Blanco, \Content uniformity studies in
tablets by NIR-CI," J. Pharm. Biomed. Anal. 56,
408–412 (2011).

16. T. Helesicova, T. Pekarek, P. Matejka, \The in°u-
ence of di®erent acquisition settings and the focus
adjustment on Raman spectral maps of pharma-
ceutical tablets," J. Drug Delivery Sci. Technol. 47,
386–394 (2018).

17. J. X. Wu, S. Rehder, F. Berg, J. M. Amigo, J. M.
Carstensen, T. Rades, C. S. Leopold, J. Rantanen,
\Chemical imaging and solid state analysis at com-
pact surfaces using UV imaging," Int. J. Pharm.
477, 527–535 (2014).

18. F. Franch-Lage, J. M. Amigo, E. Skibsted, S. Mas-
poch, J. Coello, \Fast assessment of the surface
distribution of API and excipients in tablets using
NIR-hyperspectral imaging," Int. J. Pharm. 411,
27–35 (2011).

19. M. Ibrahim, J. X. Zhang, M. Repka, R. Chen,
\Characterization of the solid physical state of API
and its distribution in pharmaceutical hot melt
extrudates using terahertz Raman imaging," Aaps
Pharmscitech. 20, 62–69 (2019).

20. M. O®roy, Y. Roggo, L. Duponchel, \Increasing the
spatial resolution of near infrared chemical images
(NIR-CI): The super-resolution paradigm applied to
pharmaceutical products," Chemometric. Intell.
Lab. Syst. 117, 183–188 (2012).

21. M. Vidal, J. M. Amigo, \Pre-processing of hyper-
spectral images. Essential steps before image ana-
lysis," Chemometric. Intell. Lab. Syst. 117, 138–148
(2012).

22. Y. Bi, K. Yuan, W. Xiao, J. Wu, C. Shi, J. Xia,
G. Chu, G. Zhang, G. Zhou, \A local pre-processing
method for near-infrared spectra, combined with
spectral segmentation and standard normal variate
transformation," Anal. Chim. Acta. 909, 30–40
(2016).

23. G. P. Smith, C. M. McGoverin, S. J. Fraser, K. C.
Gordon, \Raman imaging of drug delivery systems,"
Adv. Drug Deliv. Rev. 89, 21–41 (2015).

24. A. Rinnan, F. van den Berg, S. B. Engelsen,
\Review of the most common pre-processing tech-
niques for near-infrared spectra," Trac-Trend Anal.
Chem. 28, 1201–1222 (2009).

25. U. B. Cappel, I. M. Bell, L. K. Pickard, \Removing
cosmic ray features from Raman map data by a re-
¯ned nearest neighbor comparison method as a
precursor for chemometric analysis," Appl. Spec-
troscopy 64, 195–200 (2010).

26. P. Y. Sacre, C. De Bleye, P. F. Chavez, L. Netcha-
covitch, P. Hubert, E. Ziemons, \Data processing of
vibrational chemical imaging for pharmaceutical
applications," J. Pharm. Biomed. Anal. 101, 123–
140 (2014).

27. F. Firtha, A. Fekete, T. Kaszab, B. Gillay, M.
Nogula-Nagy, Z. Kov�acs, D. B. Kantor, \Methods
for improving image quality and reducing data load
of NIR hyperspectral images," Sensors 8, 3287–3298
(2008).

28. A. Kuriyama, Y. Ozaki, \Assessment of active
pharmaceutical ingredient particle size in tablets by
Raman chemical imaging validated using polysty-
rene microsphere size standards," AAPS PharmS-
ciTech. 15, 375–387 (2014).

29. S. Sasic, A. Kong, G. Kaul, \Determining API do-
main sizes in pharmaceutical tablets and blends
upon varying milling conditions by near-infrared
chemical imaging," Anal. Methods 5, 2360–2368
(2013).

30. H. Rebiere, C. Ghyselinck, L. Lempereur, C. Brenier,
\Investigation of the composition of anabolic
tablets using near infrared spectroscopy and Raman
chemical imaging," Drug Test. Anal. 8, 370–377
(2016).

31. M. Khorasani, J. M. Amigo, J. Sonnergaard, P.
Olsen, P. Bertelsen, J. Rantanen, \Visualization
and prediction of porosity in roller compacted
ribbons with near-infrared chemical imaging
(NIR-CI)," J. Pharm. Biomed. Anal. 109, 11–17
(2015).

32. T. Koide, T. Nagato, Y. Kanou, K. Matsui, S.
Natsuyama, T. Kawanishi, Y. Hiyama, \Detection
of component segregation in granules manufactured
by high shear granulation with over-granulation
conditions using near-infrared chemical imaging,"
Int. J. Pharm. 441, 135–145 (2013).

33. M. L. Scherholz, B. Wan, G. McGeorge, \A rational
analysis of uniformity risk for agglomerated drug
substance using NIR chemical imaging," Aaps
Pharmscitech. 18, 432–440 (2017).

34. A. de Juan, R. Tauler, \Multivariate curve resolu-
tion (MCR) from 2000: Progress in concepts and

L. Liu & H. Qu

1930014-14

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
0.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
07

/0
1/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



applications," Critical Rev. Anal. Chem. 36, 163–
176 (2006).

35. J. Østergaard, J. X. Wu, K. Naelapää, J. P. Boetker,
H. Jensen, J. Rantanen, \Simultaneous UV imaging
and Raman spectroscopy for the measurement of
solvent-mediated phase transformations during dis-
solution testing," J. Pharm. Sci. 103, 1149–1156
(2014).

36. L. A. Terra, R. J. Poppi, \Monitoring the poly-
morphic transformation on the surface of carba-
mazepine tablets generated by heating using
near-infrared chemical imaging and chemometric
methodologies," Chemometric. Intell. Lab. Syst.
130, 91–97 (2014).

37. S. J. Mazivila, A. C. Olivieri, \Chemometrics cou-
pled to vibrational spectroscopy and spectroscopic
imaging for the analysis of solid-phase pharmaceu-
tical products: A brief review on non-destructive
analytical methods," TrAC Trends Anal. Chem.
108, 74–87 (2018).

38. P. Y. Sacre, E. Deconinck, L. Saerens, T. De Beer,
P. Courselle, R. Vancauwenberghe, P. Chiap,
J. Crommen, J. O. De Beer, \Detection of counter-
feit Viagra(R) by Raman microspectroscopy imag-
ing and multivariate analysis," J. Pharm. Biomed.
Anal. 56, 454–461 (2011).

39. M. B. Lopes, J. C. Wol®, \Investigation into clas-
si¯cation/sourcing of suspect counterfeit Heptodin-
trade mark tablets by near infrared chemical
imaging," Anal. Chim. Acta. 633, 149–155 (2009).

40. J. M. Amigo, J. Cruz, M. Bautista, S. Maspoch, J.
Coello, M. Blanco, \Study of pharmaceutical sam-
ples by NIR chemical-image and multivariate ana-
lysis," TrAC Trends Anal. Chem. 27, 696–713
(2008).

41. A. A. Gowen, C. P. O'Donnell, P. J. Cullen, S. E.
Bell, \Recent applications of Chemical Imaging to
pharmaceutical process monitoring and quality
control," Eur. J. Pharm. Biopharm. 69, 10–22
(2008).

42. Y. Gut, M. Boiret, L. Bultel, T. Renaud, A. Che-
touani, A. Ha¯ane, Y. M. Ginot, R. Jennane,
\Application of chemometric algorithms to MALDI
mass spectrometry imaging of pharmaceutical table-
ts," J. Pharm. Biomed. Anal. 105, 91–100 (2015).

43. T. Firkala, A. Farkas, B. Vajna, Z. K. Nagy, G.
Pokol, G. Marosi, I. M. Szilagyi, \Quanti¯cation of
low drug concentration in model formulations with
multivariate analysis using surface enhanced Raman
chemical imaging," J. Pharm. Biomed. Anal. 107,
318–324 (2015).

44. M. Khorasani, M. Edinger, D. Raijada, J. Botker, J.
Aho, J. Rantanen, \Near-infrared chemical imaging
(NIR-CI) of 3D printed pharmaceuticals," Int. J.
Pharm. 515, 324–330 (2016).

45. D. Brouckaert, L. De Meyer, B. Vanbillemont, P. J.
Van Bockstal, J. Lammens, S. Mortier, J. Corver, C.
Vervaet, I. Nopens, T. De Beer, \Potential of near-
infrared chemical imaging as process analytical
technology tool for continuous freeze-drying," Anal.
Chem. 90, 4354–4362 (2018).

46. B. Li, A. Calvet, Y. Casamayou-Boucau, C. Morris,
A. G. Ryder, \Low-content quanti¯cation in pow-
ders using Raman spectroscopy: A facile chemo-
metric approach to sub 0.1% limits of detection,"
Anal. Chem. 87, 3419–3428 (2015).

47. T. Puchert, D. Lochmann, J. C. Menezes, G. Reich,
\Near-infrared chemical imaging (NIR-CI) for
counterfeit drug identi¯cation — a four-stage con-
cept with a novel approach of data processing
(Linear Image Signature)," J. Pharm. Biomed.
Anal. 51, 138–145 (2010).

48. Z. Shi, C. A. Anderson, \2-D image localization in
hyperspectral image analysis of pharmaceutical
materials," J. Pharm. Innovation 6, 2–9 (2010).

49. J. Tewari, R. Strong, P. Boulas, \At-line determi-
nation of pharmaceuticals small molecule's blending
end point using chemometric modeling combined
with Fourier transform near infrared spectroscopy,"
Spectrochim. Acta Part a — Molecular Biomol.
Spectrosc. 173, 886–891 (2017).

50. Y. Sulub, M. Konigsberger, J. Cheney, \Blend uni-
formity end-point determination using near-infrared
spectroscopy and multivariate calibration," J.
Pharm. Biomed. Anal. 55, 429–434 (2011).

51. H. Ma, C. A. Anderson, \Characterization of phar-
maceutical powder blends by NIR chemical imagi-
ng," J. Pharm. Sci. 97, 3305–3320 (2008).

52. C. Cahyadi, A. D. Karande, L. W. Chan, P. W. S.
Heng, \Comparative study of non-destructive
methods to quantify thickness of tablet coatings,"
Int. J. Pharm. 398, 39–49 (2010).

53. C. V. Moeltgen, T. Herdling, G. Reich, \A novel
multivariate approach using science-based calibra-
tion for direct coating thickness determination in
real-time NIR process monitoring," Eur. J. Pharm.
Biopharm. 85, 1056–1063 (2013).

54. S. W. Song, J. Kim, C. Eum, Y. Cho, C. R. Park,
Y. A. Woo, H. M. Kim, H. Chung, \Hyperspectral
Raman line mapping as an e®ective tool to monitor
the coating thickness of pharmaceutical tablets,"
Anal. Chem. 91, 5810–5816 (2019).

55. Y. C. Shen, \Terahertz pulsed spectroscopy and
imaging for pharmaceutical applications: A review,"
Int. J. Pharm. 417, 48–60 (2011).

56. K. Korasa, F. Vrecer, \Overview of PAT process
analysers applicable in monitoring of ¯lm coating
unit operations for manufacturing of solid oral dos-
age forms," Eur. J. Pharm. Sci. 111, 278–292
(2018).

Recent advancement of chemical imaging in pharmaceutical quality control

1930014-15

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
0.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
07

/0
1/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



57. H. Lin, Y. Dong, D. Markl, B. M. Williams, Y.
Zheng, Y. Shen, J. A. Zeitler, \Measurement of the
intertablet coating uniformity of a pharmaceutical
pan coating process with combined terahertz and
optical coherence tomography in-line sensing," J.
Pharm. Sci. 106, 1075–1084 (2017).

58. M. Dohi, W. Momose, H. Yoshino, Y. Hara, K.
Yamashita, T. Hakomori, S. Sato, K. Terada,
\Application of terahertz pulse imaging as PAT tool
for non-destructive evaluation of ¯lm-coated tablets
under di®erent manufacturing conditions," J.
Pharm. Biomed. Anal. 119, 104–113 (2016).

59. S. Sasic, T. Prusnick, \Fast Raman chemical imag-
ing of tablets with non-°at surfaces," Int. J. Pharm.
565, 143–150 (2019).

60. R. Ha®, S. Saranwong, S. Kawano, \Methods for
correcting morphological-based de¯ciencies in
hyperspectral images of round objects," J. Near
Infrared Spectrosc. 19, 431–441 (2011).

61. C. Esquerre, A. A. Gowen, J. Burger, G. Downey, C.
P. O'Donnell, \Suppressing sample morphology
e®ects in near infrared spectral imaging using che-
mometric data pre-treatments," Chemometric.
Intell. Lab. Syst. 117, 129–137 (2012).

62. J. Qin, K. Chao, M. S. Kim, \A line-scan hyper-
spectral system for high-throughput Raman chemi-
cal imaging," Appl. Spectrosc. 68, 692–695 (2014).

63. B. M. Davis, A. J. Hemphill, D. Cebeci Maltaş,
M. A. Zipper, P. Wang, D. Ben-Amotz, \Multi-
variate hyperspectral raman imaging using com-
pressive detection," Anal. Chem. 83, 5086–5092
(2011).

64. D. Cebeci-Maltaş, R. McCann, P. Wang, R. Pinal,
R. Romañach, D. Ben-Amotz, \Pharmaceutical ap-
plication of fast Raman hyperspectral imaging with
compressive detection strategy," J. Pharm. Innovat.
9, 1–4 (2014).

L. Liu & H. Qu

1930014-16

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
0.

13
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
07

/0
1/

20
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.


	Recent advancement of chemical imaging in pharmaceutical quality control: From final product testing to industrial utilization
	1. Introduction
	2. Image Acquisition
	2.1. CI system composition
	2.2. Imaging principle
	2.3. Imaging parameter setting

	3. Image Data Analysis
	3.1. Data pre-processing
	3.1.1. Spectral pre-processing
	3.1.2. Image pre-processing

	3.2. Data processing
	3.2.1. Principle component analysis
	3.2.2. Partial least squares
	3.2.3. Multivariate curve resolution
	3.2.4. Classification method


	4. Pharmaceutical Application of CI
	4.1. Final product testing
	4.2. Industrial utilization
	4.2.1. Blending
	4.2.2. Granulation
	4.2.3. Tableting
	4.2.4. Coating


	5. Challenges
	5.1. Undesirable sample geometry
	5.2. Lengthy acquisition time

	6. Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


