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A B S T R A C T

In process analytical technology (PAT) based on near infrared (NIR) spectroscopy, wavenumber selection
is crucial to develop an accurate and robust calibration model. The present research proposes new
efficient spectral dividing and wavenumber selection methods to significantly reduce the computational
load required by conventional wavenumber selection methods such as interval partial least squares
(iPLS). The proposed method, named spectral fluctuation dividing (SFD), divides a whole spectrum into
multiple spectral intervals at local minimum points of the spectral fluctuation profile, which consists of
the standard deviation of absorbance at each wavenumber in a calibration set. SFD is combined with PLS
(SFD–PLS) to select the spectral intervals at which input variables have significant influence on a target
response. The usefulness of SFD–PLS was demonstrated through its application to the problems of
estimating water and drug content in granules. PLS models based on SFD–PLS achieved higher estimation
accuracy than those based on conventional methods including iPLS, PLS-beta, and variable influence on
projection (VIP). In addition, SFD–PLS was more than 10 times faster than the conventional variable
selection methods including PLS-beta and VIP; in particular, SFD–PLS was more than 25 times faster than
iPLS. Consequently, the proposed SFD–PLS is a promising wavenumber selection method.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

Solid formulation represented by tablets is manufactured
through multiple processes such as granulation and blending. To
improve understanding of manufacturing processes is one of the
key goals in Food and Drug Administration’s (FDA’s) process
analytical technology (PAT) initiative (FDA, 2004). The pharma-
ceutical industry has already introduced PAT to enhance product
quality and production efficacy (Kourti and Davis, 2012; Cogdill
et al., 2007). To put PAT to practical use, real-time process
monitoring and rapid measurement have been intensively
explored. For example, real-time monitoring of water content in
granules elucidated that tablet properties depend on the water
profiles during the entire granulation process as well as on the
residual water content in the granules (Hartung et al., 2011). Rapid
measurement of drug content in granules in the blending process

makes it smooth to change a target of tablet weights in the
following tableting process to optimize drug content in the tablets
(Kim et al., 2011). Near infrared (NIR) spectroscopy has been
extensively employed as a PAT tool for monitoring various qualities
due to its rapid and nondestructive characteristics (Reich, 2005;
Roggo et al., 2007). Examples include water content in granules in a
granulation process (Frake et al., 1997; Rantanen et al., 2000),
blend uniformity in a blending process (Wu and Khan, 2009;
Nakagawa et al., 2013), film thickness in a film coating process
(Kirsch and Drennen,1995,1996), and drug content in granules and
tablets after their sampling (Chalus et al., 2005; Porfire et al., 2012).
Nakagawa et al. (2013) conducted a literature survey of blend
uniformity analysis with NIR spectrometers. Quality estimation
using NIR spectroscopy, in general, needs a calibration model that
describes the relationship between NIR spectra and the quality,
e.g., water or drug content in granules.

An NIR spectrum consists of absorbance at several hundreds to
thousands of wavenumber points in the range from about
12,500 cm�1 to 4000 cm�1. To deal with a large number of input
variables and multicollinearity, partial least squares (PLS)
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regression has been widely used for building calibration models.
The use of a whole spectrum, however, is not always optimal and
rather deteriorates the estimation accuracy because a part of
spectrum would have no useful information to estimate the target
quality. Thus, wavenumber selection is important to build an
accurate PLS model (Nadler and Coifman, 2005). It can be made
manually from the basic knowledge about NIR spectroscopic
properties of analyte (Namkung et al., 2008). However, it is difficult
to accurately identify the wavenumbers necessary to estimate the
target response because of the complicated nature of NIR spectra
such as overlap of wide absorption bands, effects of neighbor
functional groups, and effects of physical attributes such as particle
size of granules. To overcome the difficulty, statistical wavenumber
selection methods have been proposed (Xiaobo et al., 2010; Kim
et al., 2011). One approach is to use univariate measures such as
regression coefficients of a PLS model (PLS-beta) and variable
influence on projection (VIP); the wavenumbers at which input
variables have greater influence on the target response are selected
one-by-one (Chong and Jun, 2005). Another approach is to use
intervals of wavenumbers as used by interval PLS (iPLS); a whole
spectrum is divided into several spectral intervals in equal width,
and the spectral intervals at which input variables have significant
influence on the target response are selected (Nørgaard et al.,
2000). Spectral interval-based wavenumber selection is useful
because absorbance at neighboring wavenumbers is often strongly
correlated. Although iPLS was originally developed to enhance a
graphical understanding of important spectral regions, it can be
used as a wavenumber selection tool. Combination of iPLS and
another method such as moving window (Kasemsumran et al.,
2006), changeable size moving window (Du et al., 2004), and
genetic algorism (Leardi and Nørgaard, 2004; Arakawa et al., 2011)
has been also proposed with success in improvement of the
estimation accuracy. These iPLS-based methods, however, often
require a heavy computational load to optimize tuning parameters
through numerous repetitive PLS modeling. iPLS is a kind of group-
wise wavenumber selection methods. Another type of group-wise
wavenumber selection methods, referred to as nearest correlation
spectral clustering-based variable selection (NCSC-VS), has been
proposed and its superiority to other methods such as stepwise,
PLS-beta, VIP, selectivity ratio, Lasso, and group Lasso, has been
demonstrated (Kano and Fujiwara, 2013). NCSC-VS can be applied
not only to spectral data but also to general data. However, it
requires a heavy computational load.

The present study proposes new efficient spectral dividing and
wavenumber selection methods for NIR spectroscopy-based PLS
modeling. The proposed spectral dividing method, which is named
spectral fluctuation dividing (SFD), divides a whole spectrum into

multiple spectral intervals at local minimum points of the spectral
fluctuation profile, which consists of the standard deviation of
absorbance at each wavenumber in a calibration set. SFD can be
combined with PLS (SFD–PLS) to select the spectral intervals at
which input variables have significant influence on a target
response as a kind of spectral interval-based method. In addition,
the usefulness of the proposed SFD–PLS is demonstrated in terms
of both improving the estimation accuracy and reducing the
computational load through its application to the problems of
estimating water and drug content in granules.

2. Materials and methods

2.1. Materials

Granules containing a drug substance (Daiichi-Sankyo, Japan)
were used as analyte. The granules were manufactured at various
scales: 4–100 kg in a granulation process and 0.4–500 kg in a
blending process. In the granulation process, the drug substance
and several excipients were granulated in a fluid bed granulator:
NFLO-5 (Freund, Japan) for 4 kg scale, Aeromatic Fielder (GEA
Pharma Systems, Belgium) for 10 kg scale, WSG-120 (Powrex,
Japan) for 100 kg scale, or GPCG-120 (Glatt, German) for 100 kg
scale. In the blending process, the granules were blended with a
lubricant using a blender: S-3-S (Tsutsui Scientific Instruments,
Japan) for 0.4 kg scale, TCV-10 (Tokuju, Japan) for 2 kg scale,
PM-1000 (Bohle, German) for 100–300 kg scale, TB-1200 (Tanico,
Japan) for 100–300 kg scale, or PM-2000 (Kotobuki, Japan) for
500 kg scale. Granules during the granulation process and those
after the blending process were sampled.

2.2. Near infrared (NIR) measurement

In the granulation process, real-time NIR measurement was
performed using a Fourier-transform NIR spectrometer MPA
(Bruker GmbH, Germany) or equivalent Matrix-F (Bruker GmbH,
Germany) through a fiber-optic probe mounted in the fluid bed
granulator. The NIR spectra were obtained every one minute
during the granulation process. For blended granules, NIR
measurement was performed using a Fourier-transform NIR
spectrometer MPA. About 0.2 g of the sampled granules were
put into a dedicated vial and were measured to obtain the NIR
spectrum. Measurement conditions are shown in Table 1. All the
NIR spectra were recorded by OPUS 6.5 software (Bruker GmbH,
Germany). Periodical calibration of NIR spectrometer caused a
little difference in its recording wavenumber points, even if fixed
wavenumber range from 4000 cm�1 to 12,500 cm�1 was set. In

Table 1
Experimental conditions to prepare the calibration and validation sets used for constructing and validating PLS models.

Water content estimation Drug content estimation

NIR measurement with the diffuse reflectance method
Wavenumber range (cm�1) 12,500–4000 12,500–4000
Resolution (cm�1) 8 8
No. of wavenumber points 2201 2202
Integration time 8 times 64 times
No. of NIR spectra
Calibration set 96 (13 batches) 64 (64 batches)
Validation set 58 (7 batches) 40 (40 batches)

Reference measurement
Measurement method LOD HPLC
Range of value (%)
Calibration set 1.1–17.0 67.7–130.7
Validation set 1.7–15.6 73.1–124.2
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