
ORIGINAL ARTICLE

Analytical Method Development Using Transmission Raman
Spectroscopy for Pharmaceutical Assays and Compliance
with Regulatory Guidelines—Part II: Practical
Implementation Considerations

Julien Villaumié1
& Darren Andrews2 & Kris Geentjens3 & Benoît Igne4 & Gary McGeorge5

& Andrew Owen2
&

Nicholas Pedge6
& Vicki Woodward6

Published online: 3 October 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Transmission Raman spectroscopy is a relatively new technique for quantitative analysis of pharmaceutical products, either
during manufacturing or as a finished product test. As with any new analytical tool, several requirements need to be met for
widespread application. These include assessment of technical capability, integration with quality and manufacturing processes
and successful deployment in a quality-controlled environment. In the first paper of a two-part series, regulatory guidelines and
method development were discussed for the creation of transmission Raman spectroscopic methods for content uniformity (CU),
assay and drug product identity (ID) applications. In this part II, the practicalities of method development are addressed, and an
example of the development of a quantitative method for the determination of drug content uniformity in individual tablet cores
using partial least-squares is presented.
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Introduction

The analysis of solid oral dosage forms is typically performed
by an analytical method based on high-performance liquid
chromatography. Transmission near-infrared spectroscopy
and, more recently, transmission Raman spectroscopy (TRS)
are techniques able to non-destructively analyse dosage forms
quantitatively with successful deployments [1–3] and

acceptance by global health authorities. In the accompanying
paper [4], regulatory guidelines and method development were
discussed for the creation of transmission Raman spectroscopic
methods for content uniformity, assay and ID applications. In
this part II, the practicalities of method development are ad-
dressed, and an example of the development of a quantitative
method for the determination of drug content in individual tab-
let cores using partial least-squares (PLS) is presented. These
results can be used for bulk batch assay, uniformity of content
determination and drug product identification. Although a sin-
gle example is used to illustrate the principles, other product-
specific choices might be made depending on the circum-
stances, several of which are highlighted throughout the paper.

Method Development Considerations

As with the development of any analytical method that fol-
lows the best practices of Quality by Design [5, 6], a struc-
tured process should be employed as outlined below:

& Design requirements and clearly defined acceptance
criteria (performance requirements) for the method
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& Risk assessment
& Method development
& Method validation
& Continuous monitoring and improvement (lifecycle)

A practical embodiment of this workflow is represented in
Fig. 1, which may vary with the specifics of a particular prod-
uct. At the outset of method development, the purpose and
outcomes of the study should be determined, along with the
risk factors that should be explored in the method develop-
ment and the criteria required for successful validation. Since
Raman spectra possess many features (peaks) and are rich in
physical/chemical information that can be used for quantita-
tive analysis, a single model can be developed that may deter-
mine several critical quality attributes. A single TRS model
can be used to determine (a) drug product identity, (b) batch
assay and/or (c) uniformity of content of tablets within a batch.
All three of these attributes are required to release a batch and
it is possible to employ TRS for some or all of these tests in a
regulatory filing. Although the same chemometric model may
be used, the sampling and statistical tests differ—assay has a
relatively high precision and accuracy requirement (using an
average value of multiple samples), CU uses the results from
individual samples and ID requires only specificity to be de-
termined. The validation criteria may include limits for accu-
racy, precision, linearity, etc., [2] and risk factors identified
during the method risk assessment will inform the design of
experiments for the feasibility and be revisited before method
development and validation stages. As part of this process, the
error of the reference method and its impact will be assessed
and measured, and the criteria of equivalency of the spectro-
scopic method to the reference method will be defined.

The process outlined in Fig. 1 can broadly be viewed as
three successive stages: method feasibility, development and
validation.

Method Feasibility

The feasibility stage is a means of assessing the viability of a
TRS application without venturing into a complete method
development effort and also to investigate measurement pa-
rameters. Feasibility may be quickly assessed by overlaying
an active pharmaceutical ingredient (API) spectrum with drug
product, comparing placebo with drug product, a PCA dose-
response analysis or other appropriate assessment of method
feasibility. Measurement parameters such as sample presenta-
tion, laser power, spectral region of interest and measurement
acquisition time can be varied to find suitable conditions.
Sample-specific considerations and risk factors would be ex-
plored at this time, e.g. adequate specificity, influence of fluo-
rescence contribution, any impact of differently coloured cap-
sule ends, multiple sampling requirements for large samples
and influence of layers in bi-layers.

For new drug products, the method feasibility may be car-
ried out on a limited sample set. In this case, care must be
taken to draw the right conclusions, especially if products
are still in development and may ultimately vary during the
product development process. For these reasons, spectroscop-
ic methods are typically employed for assay and CUwhen the
commercial formulation has been finalised. It is important
when developing a reference-quality spectroscopic method
to present sources of variability that will exist during commer-
cial manufacture and avoid, e.g. large reference method errors
or overly large batch to batch variability that may not be rel-
evant to the commercial product.

Method Development

Method development takes the learnings from the feasibil-
ity work, along with the risk factor analysis and validation
criteria requirements, to inform the design of experiments
(DoE) for calibration and validation and sets the protocols
for the spectroscopic method. At this stage, the instrument
collection parameters are optimised, the sample sets are
created and models are optimised (spectral ranges and pre-
processing).

It is important to determine the acquisition time that is
required to obtain a target precision early in the method
development/feasibility in order to have a high confidence that
the validation acceptance criteria will be met at the end. A
useful approach is to determine the evolution of the signal-
to-noise ratio as a function of the collection parameters. For
products with a range of tablet strengths, it is likely that the
acquisition time required to achieve a target %RSD will de-
pend on the tablet strength.

To ensure robustness, it is advisable to include production
samples (if available) if the bulk of the samples were made at
laboratory or pilot scale to ensure that the calibration samples
are representative of the finished product. Additionally, the
physical shape or thickness used may change from develop-
ment to commercial and such sources of variability would also
need to be included in the calibration set (or demonstrated to
not pose any issues during validation). More generally, a risk
assessment should be conducted and the sources of variability
that are expected to affect the model should be included in a
design of experiments that varies API concentration(s), raw
material variability, tablet mass, thickness and possibly the
final film coating. The risk assessment is the mechanism that
drives the creation of the design of experiment used for model
development. The outcome should be that the method is suit-
able across all rawmaterial and manufacturing process ranges.
In other words, the method should be valid across the product
design space.

Whilst HPLC is the most common method used to obtain
reference values for the samples generated by the DoE and
commercial manufacture, other methods are available,

246 J Pharm Innov (2019) 14:245–258



including gravimetric values. Combination of gravimetric (i.e.
for DoE samples) and HPLC analysis (for production sam-
ples) may be suitable.

Similar to common practices for the reference method,
sample randomisation should be considered to account for
true lab variances (different days, instruments, etc.) that will
be essential in demonstrating successful validation. This can
include splitting the samples into several groups so that each
group is composed of a balanced selection of the different
concentrations; also, the different groups can be analysed on
different days and HPLC systems to average out reference
method errors. Specifically, samples should not be analysed
by order of increasing concentration or other systematic vari-
able, which should result in the most robust model, since the
best TRS model comes from having the most representative
TRS and HPLC data.

At the time of writing, existing spectroscopic release test-
ing guidance relates directly to near-infrared (NIR) spectros-
copy and many of the considerations may be considered sim-
ilar to NIR by reviewers, i.e. regulators may approach a TRS
method review by looking for similar information or justifica-
tion. TRS applications are obviously different, but until there
is more evidence considering impact method factors, develop-
ments must leverage NIR-based literature. It is a good practice
to discuss submissions with regulators and the intended ap-
proach for method validation (refer to the first paper of this
series [4] for a discussion of the similarities and differences
between the technologies).

Method Validation

Validation tests the spectroscopic model using a pre-
determined validation protocol. The comparison of the refer-
ence method data with the TRS model is made using the pre-
determined success criteria for method validation, following
ICHQ2(R1), such as accuracy, linearity and precision [7]. The
output of validation is a report containing the validation plan,
data and conclusions based on the comparison of the results
against the validation criteria.

Method validation requires the use of samples that are in-
dependent of the calibration samples to give results that are
representative of the true method performance. The meaning
of Bindependent^ varies from application to application, but
generally entails the following:

& At a minimum, samples from batches that are different
from those used in the calibration, including different lots
of active and excipients

& Preferably, samples from batches made in campaigns that
are different from the campaigns where the calibration
batches were made, so that manufacturing and raw mate-
rial variability are exhibited

& Ideally, samples from batches that were made with raw
material lots different from the lots used in the calibration
batches, under a range of manufacturing conditions (e.g.
equipment, settings) and with a range of analytical prop-
erties (e.g. highest and lowest available assay results)

Fig. 1 Outline of a possible method development and validation process
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Note that robustness is as important to the method lifecycle as
accuracy is tomodel validation. If amodel is built withminimum
variability in raw materials or manufacturing conditions, the
method may give an over-optimistic view of future performance.
The model may subsequently fail to perform well when the
natural variation of the process introduces additional sources of
variability that are new to the model. As a consequence, method
diagnostics must be in place to ascertain whether a predicted
value can be trusted and procedures must be in place to update
the model as part of the lifecycle management of the analytical
method. A discussion of lifecycle management and model diag-
nostics was provided in the first paper of the series [4].

Practical Considerations

Method development and validation involve several factors:

(i) Risk analysis

Using a structured risk analysis methodology, the sources
of variability impacting the TRS measurement and their
potential impact on the model must be identified, ranked
and managed. For instance, risks that can directly impact
model performance should be mitigated (raw material
variability, tablet weight/thickness variability, …); risks
that can be avoided may be controlled by the analytical
process, e.g. minimising water absorption by the sample
before measurement (where water absorption is known to
influence the product); risks that are identified should be
documented. An example of risk analysis is provided in
Fig. 2. The diagram is for illustrative purpose only and
does not show all the risk factors that may be associated
with different transmission Raman methods (readers
should refer to the first article of the series for a discus-
sion of the risk factors [4]).

(ii) Design of experiment

Since production samples are designed to exhibit
minimal variation in active content, and spiking is
not possible as in traditional wet chemistry methods,
the preparation of samples with non-nominal drug
concentrations is required. These off-target standards
are generally prepared on a laboratory scale using a
process that replicates the commercial process.
However, if alternate suitable sample preparation
techniques can be identified, then they could be used.
For multivariate methods, like PLS, the preparation
of a single placebo blend and subsequent addition of
increasing API amounts is not a recommended ap-
proach as it would greatly restrict the spectral vari-
ance provided to the model and fail to build a robust
model. Such practices create high correlation between

the excipients and the active and can make the model
specificity and robustness difficult to validate.
Designed experiments, where API concentrations and

excipient concentrations are varied, are a superior alter-
native that simultaneously demonstrates the method’s ac-
curacy with regard to the API and the method’s robust-
ness to changing excipient concentrations and natural
variations in excipient characteristics. It should be noted
that whilst a reference method for the active ingredient
will be available, it is unlikely that it will be possible to
measure the concentration of the excipients. The advan-
tage of inverse calibration methods such as PLS is that
the concentration of the excipients is not required to build
a model for prediction of the API.
A well-designed DoE can cover the whole calibration

space whilst minimising the number of formulations to be
made. Response surface designs are usually well suited to
reduce the number of samples and provide desirable char-
acteristics such as orthogonality. Awidely used design in
that category is the central composite design. More effi-
cient designs can also be utilised, such as D-optimal de-
signs. They are computationally derived designs and
have demonstrated good performance [8–10].

(iii) Calibration/validation sample manufacture

It is generally desirable tomake calibration samples using
similar manufacturing processes as to the full-scale pro-
duction to increase the assurance that the calibration set is
valid. However, since small-scale granulation, rotary tab-
let presses, etc., require specialist equipment and a large
amount of powder-blend material, it is often a financial
detriment. Surrogate manufacturing processes are there-
fore often sought out for preparing calibration and some
validation samples, which are generally done using labo-
ratory or pilot-scale mixing and small-scale presses.
Whilst advantageous, the suitability of the practice must
be ensured during method validation and the augmenta-
tion of the calibration set with samples made at commer-
cial scale is usually encouraged, e.g. using production
samples from multiple batches.

(iv) Validation

Accuracy

Accuracy is determined by comparing the results from
the Raman method with the results from the reference
method over the method’s intended API concentration.
Since the reference method generally gives a result in
milligram API and Raman methods measure the %w/w
API, sample weight correction may need to be applied so
that results are in the same units and can be compared
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directly. It is also possible to build models normalised in
the same units for comparison, i.e. % label claim.

The key metrics for accuracy are the standard error of
prediction (SEP) and the bias, which are defined as

SEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑n
i¼1 ŷ̂i−yið Þ2

n

s

and

Bias ¼ ∑n
i¼1 ŷ̂i−yið Þ

n

where n is the number of validation samples, and y and ŷ
are, respectively, the reference method and Raman meth-
od values for validation sample i. These values should be
compared to the calibration and cross validation errors to
demonstrate the absence of over-fitting of the model.

Precision

Precision is determined by takingmultiple Ramanmeasure-
ments and determining the amount of variation (e.g.
%RSD) between these measurements. Since Raman spec-
troscopy is rapid and non-destructive, the same samples can
easily be repeatedly analysed. Analysis by the reference
method is not required to determine the %RSD of the
Raman results, but precision samples can be the same sam-
ples as those used for accuracy.

Precision is typically a function of the stability of the
instrumentation. For example, variability in the total sig-
nal intensity will change the signal to noise of the mea-
surement. The repeatability of sample placement in the
auto-sampler holder and the precision positioning perfor-
mance of the auto-sampler are other examples that could
be explored.

The precision should be determined, at a minimum, at
the target/nominal concentration. Determining the precision
at all the concentration levels tested for the purpose of
accuracy/linearity by doing multiple Raman measurements
is advisable, as the precision can varywith the concentration
of API in the formulation. Repeat Raman measurements
can be carried out for the same samples over multiple days
by multiple analysts, with removal of the samples from the
instrument and repositioning of the samples in the sampling
system each time, to demonstrate intermediate precision. In
situations where more than one TRS instrument will be
used, inter-instrument precision needs to be demonstrated.

Specificity

Raman spectroscopy is characterised by sharp peaks that
contain specific information about the chemical composi-
tion of the samples. For spectroscopic methods that use
chemometrics, specificity relies on the comparison of the
spectral characteristics of the analyte of interest and the
latent variables/principal components used by the method
to quantitate the analyte. This ensures the model is truly
predicting active content and not that from any of the ex-
cipients or artefacts of the measurement.

Linearity and Range

For quantitative methods like bulk assay or uniformity of
content, linearity can be demonstrated by

& Plotting the Raman results against the matching refer-
ence method results over the range of active concentra-
tions, and determining the correlation coefficient

& Analysing the residuals (difference between the Raman
results and the reference method results) over the range

Fig. 2 Ishikawa diagram of potential risk factors associated to a tablet assay/content uniformity method
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of API concentrations and ensuring that there is no
practical impact on quadratic curvature

& Plotting the norm of the net analyte signal for each
sample against its reference value. The net analyte sig-
nal is the multivariate contribution to a spectrum that is
useful for the prediction of y. This plot demonstrates
that the magnitudes of the net analyte signals for a set
of samples are correlated to the reference value it is
predicting.

One aspect of linearity that is inherently different from
HPLC methods is that in an HPLC method, one is
simply assessing that the detector response produces
a linear response for the reference material at differ-
ent concentrations. Whilst for a spectroscopic meth-
od, it is the comparison between the two methods
that are being assessed.

System Suitability

A spectral quality test is necessary to ensure the similarity
between the sample spectrum and the calibration spectra
and evaluate whether the recorded spectrum is located
within or outside the model space. Such spectral check
can be performed by using Hotelling’s T2 and Q residual
values that can be calculated by the chemometric soft-
ware used for the quantitation. Hotelling’s T2 expresses
how extreme the spectrum is relative to the spectral li-
brary (typical spectra will have low T2 values). The Q
residuals express how much of the spectral features are
not explained by the chemometric model (unexpected

peaks from a contaminant, unexpected peaks due to a
source of variation not included in the spectral library,
or excessive noise in the data will increase the Q
residuals).

The spectral check must be able to accept spectra from
correct samples that conform to the method’s spectral
library and also be able to reject spectra from incorrect
samples that do not conform to the method’s spectral
library, e.g.:

& Samples with an excipient not intended for the prod-
uct’s formulation

& Placebo
& Samples made with an incorrect grade of a material,

e .g . lactose anhydrous instead of lactose
monohydrate or the wrong API polymorph

Robustness

The extent of robustness testing is application dependent,
but should cover the following sources of variation at a
minimum:

& Chemical variation (e.g. concentration of API and
concentration of excipients, which can be addressed
at the same time with designed experiments)

& Raw material variation
& Sampling (e.g. presentation/orientation of the sample

in the instrument)
& Sample preparation, if any

Table 1 Blend composition for the design of experiment (X, Y, Z and T represent factors used to vary each component)

Condition API Excipient 2 Excipient 3 Excipient 4 Excipient 1 (main excipient)

1 Nominal − 2 * X Nominal − 2 * Y Nominal − Z Nominal + T To 100% w/w

2 Nominal − 2 * X Nominal − Y Nominal + 2 * Z Nominal − 2 * T To 100% w/w

3 Nominal − 2 * X Nominal + Y Nominal − 2 * Z Nominal + 2 * T To 100% w/w

4 Nominal − 2 * X Nominal + 2 * Y Nominal + Z Nominal − T To 100% w/w

5 Nominal − X Nominal − 2 * Y Nominal − 2 * Z Nominal − T To 100% w/w

6 Nominal − X Nominal − Y Nominal + Z Nominal + 2 * T To 100% w/w

7 Nominal − X Nominal + Y Nominal − Z Nominal − 2 * T To 100% w/w

8 Nominal − X Nominal + 2 * Y Nominal + 2 * Z Nominal + T To 100% w/w

9 Nominal + X Nominal − 2 * Y Nominal + Z Nominal − 2 * T To 100% w/w

10 Nominal + X Nominal − Y Nominal − 2 * Z Nominal + T To 100% w/w

11 Nominal + X Nominal + Y Nominal + 2 * Z Nominal − T To 100% w/w

12 Nominal + X Nominal + 2 * Y Nominal − Z Nominal + 2 * T To 100% w/w

13 Nominal + 2 * X Nominal − 2 * Y Nominal +2 * Z Nominal + 2 * T To 100% w/w

14 Nominal + 2 * X Nominal − Y Nominal − Z Nominal − T To 100% w/w

15 Nominal + 2 * X Nominal + Y Nominal + Z Nominal + T To 100% w/w

16 Nominal + 2 * X Nominal + 2 * Y Nominal − 2 * Z Nominal − 2 * T To 100% w/w
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In addition, robustness to the spectral acquisition pa
rameters may need to be demonstrated by deliberately
changing the acquisition time and/or laser power. This
is equivalent to testing the robustness of a HPLC meth-
od by introducing small changes in flow rate or mobile
phase composition. The data normalisation typically
performed as part of spectral pre-processing should
eliminate absolute intensity variation caused by optical
throughput variations of the samples. If absolute inten-
sity variation is of interest for the application, then data
normalisation should not be included, and the method
will not be robust to changes in data acquisition param-
eters, nor will it be robust to other variables affecting
signal intensity (e.g. tablet thickness).

(v) Submission to a regulator

It is recommended to discuss the potential submission,
particularly the first one by a company, with the relevant

authorities before commencing work. By agreeing the
principles of the method development and validation
criteria in advance, the development process can be tai-
lored to address any specific concerns for the filing
variation.

Case Study Example

In this case study, a Raman method was developed as a replace-
ment for the reference HPLCmethod used to quantify the API in
a 100-mg tablet manufactured by direct compression. The tablets
nominally contained 5 mg of active. The product was frequently
manufactured by the site, leading to high volumes of HPLC
testing following the manufacturing campaigns. Transmission
Raman testing, which avoided sample preparation, would be
expected to be a quicker alternative to liquid chromatography
resulting in time-saving for quality control personnel.
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Fig. 3 Predicted vs. HPLC
reference plot for the calibration
set

Table 2 Example of high-level validation criteria

Validation category Validation criteria

Accuracy Fit for purpose based on the specifications and requirements of the method

Precision Repeat measurements error is acceptable with and without repositioning, by operators, at different concentration levels.

Specificity The model is specific to the parameter of interest.

Linearity Model predictions are linear over the range of interest.

Range Covers the range ± 30% of target

Robustness Robust to batch variability as evaluated by predicting validation samples from pilot and commercial batches
The model is able to identify samples different from the calibration set.
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Note that in this example, the choices of measurement pa-
rameters, tests and analysis that were made are related to this
product and the desired outcome—other products and
methods are likely to require a modified approach.

Method Development

In order to develop the method, several commercial batches
were selected, after review of the warehouse records, such that
a wide variation in the raw materials (lots of active and excip-
ients, and, where possible, suppliers) was encompassed in
their composition; part of the retain samples placed in storage
as is commonly done for commercial product was used to
provide samples for the Raman method development. Some
of the selected batches were assigned to the calibration data
set, and others to the validation data set. Commercial batches,

even when selected in that fashion, exhibited very little vari-
ation around the nominal active content as expected.

To introduce additional systematic variation into the
composition of the calibration sample, a design of exper-
iment was used to make calibration blends on a small
scale (75 g each) (Table 1). The DoE was a fractional
factorial with 16 different compositions in which the con-
centrations of the API relative to the excipients and the
concentrations of excipients relative to each other were
varied. The API concentration was varied to mimic the
expectations for a traditional method validation (e.g.,
HPLC), between 70 and 130% of nominal as per ICH
Q2(R1). Excipients’ concentrations were varied to make
the model more robust and widen its design space, and for
logical reasons, an API concentration of, e.g. 70% nomi-
nal in a tablet, where the method is intended to work, can

-5 -4 -3 -2 -1 0 1 2 3 4 5

%Label Claim

Mean: -0.09 %LC
Standard Deviation: 1.35 %LC
N: 330

Fig. 4 Distribution of the %LC
difference for each sample

Fig. 5 Example of experimental plan and results obtained to determine method precision and intermediate precision
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only occur if the amount of API relative to excipients is
not nominal and, in that situation, one would expect the
excipients to also be non-nominal relative to each other.

For the API and all the excipients except the major one, the
%w/w of each component was varied at four different levels
centred around the nominal %w/w. For instance, the amount of
API could set at one of the following levels; 70%, 85%, 115%
or 130% of the nominal w/w composition. The nominal %w/w
of 5% (equivalent to 100%LC) was already present in

commercial product, and therefore not repeated in the DoE.
Similarly, for the other excipients, four discrete levels centred
around nominal were used; nominal concentration was not
included in the DoE. For the API and those excipients, five
concentrations were therefore possible: four non-nominal
from the DoE and one nominal from commercial batches.

The design of the DoE was balanced and orthogonal such
that, between the 16 blends, each concentration (other than nom-
inal) for each component represented an equal number of times
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Fig. 6 Summary of a precision
study (left), overall distribution of
the %RSD values; (right),
breakdown of the %RSD values
by drug content
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(4) and that for each concentration of each component, the other
components would be an equal number of times at each of their

possible concentration levels. The main excipient was used to
reach 100% w/w. No two blends had the same composition.

Fig. 7 Spectral comparison of the
placebo tablet (raw (a); pre-
processed (b)), first latent variable
of the model (c) and active ingre-
dient (pre-processed (d); raw (e)).
The green shaded areas show
feature similarity between the ac-
tive ingredient that model loading

Fig. 8 Example of linearity plot
and statistics
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Each blend was prepared in a small-scale blender and
for each DoE blend, a small number of tablets (6) was
made using a lab-scale tablet press; the compression
force was varied between three levels to have some of
the six tablets with a low hardness, some with nominal
hardness and some with a high hardness to span the
specification range of hardness. This was to ensure that
differences in tablet porosity were captured in the cali-
bration set.

Similarly, for the validation, blends at different API
concentrations were made (only 1 per API level, e.g. at
70% nominal, 85% nominal, 115% nominal and 130%
nominal) and the excipient concentrations were also var-
ied to validate that the Raman method worked within its
intended design space. Commercial batches were used
for the nominal API concentration. The calibration and

validation blends had different formulations, and the
batches used for calibration and validation were differ-
ent to ensure that the samples were completely
independent.

The Raman analysis utilised a Cobalt Raman TRS100
with an auto-sampler tray. A laser spot size of 4 mm
and a medium collection optic was used. Instrument
settings were evaluated to ensure that the precision
was sufficiently high. With a measurement time too
short, the optimum RMSEP would not be achieved be-
cause the precision would be compromised by the lim-
iting noise, in this case photon shot noise. If the optical
illumination and sampling areas were too low, the
RMSEP would not be optimised because of subsam-
pling. The total accumulation time was 32 s per sample
(32 scans of 1 s each). It was determined to provide a
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Fig. 9 Hotelling’s T2 and Q
residuals are one possible way to
detect compositionally incorrect
samples, and samples that are not
in the scope of the method

Table 3 Example of high-level validation criteria with results from the case study

Validation
category

Validation criteria Results

Accuracy Fit for purpose based on the specifications and requirements of the
method

With an error of 1.35%LC, the model is fit for purpose for the
requirements of the method.

Precision Repeat measurements error is acceptable with and without
repositioning, by operators, at different concentration levels.

The %RSD is acceptable over the range of the calibration set.

Specificity The model is specific to the parameter of interest. Features of the active in the first latent variables are present,
indicating specificity.

Linearity Model predictions are linear over the range of interest. The predictions are linear over the range of the calibration.

Range Covers the range ± 30% of target The range is covered by the calibration and validation sets.

Robustness Robust to batch variability as evaluated by predicting validation
samples from pilot and commercial batches

Themodel is able to identify samples different from the calibration set.

No statistical difference could be observed between different pilot
and commercial batches, indicating robustness.
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relative standard deviation under 2% for precision. The
Raman data acquisition for the method (with the appro-
priate acquisition time and optical configuration) was
deliberately randomised with replications on multiple
days, using API concentration, batch, type (lab-made/
production), day and operator as the randomised vari-
ables, to help the model account for instrumental effects
such as systematic spectral variation due to instrument
temperature changes. Potential instrumental variation
may be latent additional variables in the model or will
produce latent variables that more accurately describe
the sample properties related to API concentration. A
well-trained model can account for and compensate in-
strumental effects, giving a better precision.

Subsequently, analyses by the reference HPLC meth-
od were carried out on the same tablets, keeping indi-
vidual samples separate from each other to allow 1:1
TRS:HPLC comparison. The HPLC method was a vali-
dated method used for batch release and was therefore
validated as per the applicable guidelines. Nevertheless,
to minimise the risk of building in any bias from the
reference method, the samples were purposely split into
several stratified groups to each be analysed indepen-
dently by HPLC (i.e. not all on the same day by the
same analyst). Each group contained a balanced selec-
tion of calibration and validation samples from the dif-
ferent concentrations/blends and commercial batches.
Having each HPLC run dedicated to a certain API con-
centration was specifically avoided. New HPLC stan-
dards were prepared each day and tablets analyses were
performed by different HPLC runs. This ensured that,
even if an HPLC run did have some systematic varia-
tion (e.g. a run 1% too high or too low), the error
would be spread between all the concentrations and
not introduce a bias into the chemometric model.

The PLS model was developed over the frequency range
200 to 1800 cm−1. The spectra were pre-treated with second
derivative, normalised to unit area and mean-centred. Five (5)
latent variables were selected. Figure 3 shows the predicted
vs. HPLC reference plot.

Method Validation

Table 2 presents a high-level example of what a validation
protocol could look like for the present case study. There
can be many more items to demonstrate that the method is
meeting all the required validation criteria. However, it
purposefully does not contain statistical criteria because
each criterion will be unique to each application and
targeted use of the method. (Readers should refer to the
first paper of the series [4], ICH [7], EMA [11] and FDA
[12, 13] documents for examples of criteria and ASTM
standards [14–16] for details about the calculations of

some of these statistics.) Concepts of analytical Quality
by Design can also be used to set these criteria to develop
a fit for purpose method [17, 18].

(i) Accuracy

Figure 4 shows the distribution of the % label claim
from the HPLC reference values. This includes the
error from the laboratory (operators, instrument and
other variances) by appropriately setting the calibra-
tion testing protocol so no systematic bias can affect
the results. The TRS-predicted values cannot be
smaller than the error of the HPLC since the compar-
ison with the reference values will always include
this error.

The SEP uses the squared value of each difference to
summarise the lack of agreement between the Raman and
reference methods; the wider the distribution of differ-
ences, the higher the SEP. The model showed a
RMSEP of 1.35%LC.

(ii) Precision

The precision was determined by calculating the
%RSD between repeat API content measurement
by Raman for a number of samples (here 6) shown
in Fig. 5. Precision can vary with the drug con-
tent; therefore, determining the precision over the
range of the method is required by the guidelines
[10]. If the repeat measurements were taken by
different analysts on different days, then the inter-
mediate precision can be determined. For each
sample analysed multiple times by Raman spec-
troscopy, a %RSD value can be determined, giving
as many %RSD values as there are samples.
Figure 6 shows an example of output from a pre-
cision study. A total of six measurements were
performed per sample.

(iii) Specificity

Figure 7 shows the comparison between the spec-
tra of the active ingredient, the placebo tablet and
the first latent variable of the model. The specific-
ity of the method can be easily proven by exam-
ining the spectral features in the green shaded
areas.

(iv) Linearity and range

Figure 8 shows a plot of reference API concentration
values vs. TRS prediction values. The linearity was de-
termined by the coefficient of determination (r2).
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(v) Robustness

Figure 8 summarises the fit between the HPLC and TRS
data. It included validation data from commercial produc-
tion samples with variability in the raw material lots. If
there were unexpected differences between the validation
samples and production values, it would indicate a robust-
ness issue and may require further developing the method
at the calibration stage (e.g. adding the required sources of
variance). However, the figure shows that within normal
operating conditions, the commercial data are well predict-
ed by the model.

(vi) Validation summary

Table 3 presents the criteria outlined in Table 2 outlining
if each category was successfully validated.

System Suitability

Once the model is built and validated, a system suitability test is
needed to ensure that the instrument is performing as expected
and that themodel is suitable for predicting the new samples (refer
to the first paper of the series for a discussion on system suitabil-
ity). For the present case study, Fig. 9 shows how Hotelling’s T2

and Q residuals could be used to monitor the suitability of the
model. Batches 179-22 and 179-23 were deliberately adulterated
at a pilot scale by changing excipient grades to show the ability of
the diagnostics to identify known deviations. This was performed
with placebo tablets as well (not shown on the plot).

Whilst shown here in a static configuration where the
diagnostic statistics are used to differentiate between
normal and intentionally different batches, they could
be used with statistical limits to demonstrate that as a
function of time, the samples are within a relevant (i.e.
95%) confidence interval with respect to the calibration
set. In the present case study, the statistical limits of the
diagnostics were set after a prolonged production period
and as part of the method lifecycle to ensure their ro-
bustness and the suitability of the variability included in
the calibration data. Cogdill presents a good example of
such application of diagnostics [19]. One should also
note that these outlier diagnostics can also be used for
the basis of an identity method if demonstrated to be
suitable.

Conclusions

In this paper, a description of the steps involved in method
development and validation was presented for the creation of a

transmission Raman model for the prediction of the active
ingredient concentration in final oral solid dosage forms. A
case study was used to illustrate the concepts and demonstrate
the suitability of transmission Raman as a fast and practical
technology for replacing wet chemistry methods with robust
and accurate measurements.
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