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ABSTRACT
Introduction: The pharmaceutical sector is constantly evolving and is highly regulated 
with rules to ensure efficacy, safety and quality of medicines. Quality by Design (QbD) 
is a systematic approach to pharmaceutical development, grounded in scientific 
knowledge and risk management associated with the manufacturing process. Applied to 
the development of analytical procedures, QbD has been called Analytical Quality by 
Design (AQbD) and becomes a process for outlining more robust procedures, applicable 
throughout the life cycle of the product with a reduction in the incidence of out of trend 
results or out of specification, related to the method. Objective: Clarify the concepts of 
AQbD and the scope of its key elements for alignment within the pharmaceutical industry. 
Method: Search in databases of scientific articles, as well as national and international 
guides on the subject. Results: AQbD elements include: (1) analytical target profile; (2) 
identification of critical attributes and critical parameters of the analytical procedure; (3) 
development, optimization and understanding of the analytical procedure; (4) robustness 
and definition of the method operable design region; (5) control strategy that includes 
specifications as well as necessary controls. AQbD values prior knowledge, applies risk 
assessment and experiment planning during the design of the analytical procedure. 
Conclusions: As the pharmaceutical industry moves towards the implementation of 
AQbD, a common terminology, understanding of concepts and expectations are needed, 
which will facilitate better communication between those involved in drug development, 
including regulatory agencies.

KEYWORDS: Analytical Quality by Design; Analytical Procedure Life Cycle; Analytical 
Development

RESUMO
Introdução: O setor farmacêutico está em constante evolução e é altamente regulado 
com normas para garantir eficácia, segurança e qualidade dos medicamentos. O Quality 
by Design (QbD) é uma abordagem sistemática para o desenvolvimento farmacêutico, 
fundamentada no conhecimento científico e no gerenciamento do risco associado ao 
processo de fabricação. Aplicado ao desenvolvimento de procedimentos analíticos, 
o QbD vem sendo denominado de Analytical Quality by Design (AQbD) e torna-se um 
processo de delineamento de procedimentos mais robustos, aplicáveis ao longo do 
ciclo de vida do produto com redução da incidência de resultados fora da tendência 
ou fora de especificação relacionados ao método. Objetivo: Esclarecer os conceitos 
de AQbD e o escopo de seus elementos-chave para alinhamento dentro da indústria 
farmacêutica. Método: Busca em bases de dados de artigos científicos, além de guias 
e diretrizes nacionais e internacionais acerca do tema. Resultados: Os elementos AQbD 
incluem: (1) perfil analítico alvo; (2) identificação dos atributos e parâmetros críticos do 
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INTRODUCTION

The production of medicines includes various pharmaceutical 
processes, characterized by a sequence of unit operations that 
transform raw materials in order to generate products with 
efficacy, safety, and quality1. These pharmaceutical processes, 
established during the development of medicines, must be 
approved by regulatory bodies in order to be registered, which 
makes the pharmaceutical industry one of the most regulated. 
Registration ensures that the company has proven it can con-
sistently supply quality products and protects the health and 
well-being of the population2.

Traditionally, pharmaceutical product quality has been guar-
anteed by tests carried out on the final product, with limited 
understanding of the process and critical process parameters. 
As a result, regulatory bodies are focusing on implement-
ing Quality by Design (QbD) as a scientific and systematic 
approach that improves process understanding, reducing vari-
ation, and enabling control strategies3. The concept of QbD 
was outlined by Joseph Moses Juran, who believed that most 
problems concerning a product are related to the way its 
quality was planned in the first place4. In recent years, QbD 
has been increasingly applied by the pharmaceutical indus-
try, following guidelines from the International Conference on  
Harmonization (ICH)5,6,7.

As part of drug development, analytical procedures are critical 
elements, as they are used in the pharmaceutical industries 
to conduct research and development and to control manufac-
turing inputs and outputs. These procedures must continuously 
provide quality data to support decisions while managing risk 
and uncertainty8. Analytical procedures that are not suited to 
the product can lead to inaccurate results, generating incorrect 
information that can jeopardize the quality of medicines and 
the health of the population and generate rework and unnec-
essary costs for the company. According to the Food and Drug 
Administration (FDA), analytical procedures play an essential 
role in the QbD philosophy, since implementing QbD requires a 
high degree of robustness, product quality, and understanding 
of the analytical procedure9. 

Several researchers have reported that there are similar oppor-
tunities for applying QbD to analytical methods as there are for 
manufacturing processes10,11,12. As a result, QbD in the develop-
ment of analytical procedures has been adopted and referred to 
as Analytical Quality by Design (AQbD) to provide a systematic 
process for obtaining robust and applicable procedures in the 

product life cycle13,14,15,16,17. AQbD is rooted in the ICH guidelines 
Q86 and Q97, which have been translated into the analytical 
space through articles15,16,17,18,19, as well as the U.S. Pharmaco-
peia (USP) proposition documents chapter <1220>20 and the ICH 
guide Q1421.

AQbD incorporates considerations of scientific and regula-
tory knowledge, as well as quality control needs, in order to 
achieve regulatory flexibility and a high degree of robustness 
and to reduce out-of-trend and out-of-specification results. 
AQbD exploits scientific understanding in the implementation 
sequences of the procedure and starts from the identification of 
the critical quality attributes (CQA) of the product17.

Despite progress in recent years, the interpretation of AQbD 
concepts and the scope of its key elements is still an ongo-
ing process and will require further clarification and alignment 
within the international and national pharmaceutical industry. 
Most applications of AQbD focus on the use of design of exper-

iments (DoE) without encompassing other essential elements 
of this approach. In addition, many articles are conflicting 
with regard to knowledge about the target analytical profile, 
method performance characteristics, risk assessment, choice 
of DoE tool, and obtaining the method’s operational design 
region. This reflects inadequate knowledge and use of AQbD 
terms. Thus, much effort is still needed to perfect AQbD pro-
cedures and to push the concept forward for all analytical 
procedures that attest to the quality of a drug. This review 
was proposed with the aim of clarifying the concepts of AQbD 
and the scope of its key elements for alignment within the  
pharmaceutical industry.

METHOD

An exploratory descriptive study of the narrative literature 
review type was carried out, which makes it possible to update 
knowledge and identify gaps to be explored on a subject in a 
non-systematized way. The study consisted of the stages of sear-
ching and analyzing the literature and the personal interpreta-
tion and analysis of the researchers involved22.

The guiding question was: what are the definitions and key 
stages of AQbD for implementing the approach in the phar-
maceutical industry? Electronic searches were conducted 
between January 10, 2022, and February 28, 2023, in the Web 

procedimento analítico; (3) desenvolvimento, otimização e compreensão do procedimento analítico; (4) robustez e definição da região 
de concepção operacional do método; (5) estratégia de controle que inclua especificações, bem como controles necessários. O AQbD 
valoriza o conhecimento prévio, aplica avaliação de risco e planejamento de experimentos durante o delineamento do procedimento 
analítico. Conclusões: À medida que a indústria farmacêutica avança em direção à implementação do AQbD, uma terminologia 
comum, compreensão de conceitos e expectativas são necessárias, o que facilitará uma melhor comunicação entre os envolvidos no 
desenvolvimento de medicamentos, incluindo as agências regulatórias.

PALAVRAS-CHAVE: Analytical Quality by Design; Ciclo de Vida do Procedimento Analítico; Desenvolvimento Analítico
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of Science, Scopus, PubMed, ScienceDirect, and Google Scholar 
databases. The searches were carried out using a combination 
of the following terms: “Quality by Design”, “Analytical Qua-
lity by Design”, “fármaco” (drug), “medicamento” (drug pro-
duct), “método analítico” (analytical method), “procedimento 
analítico” (analytical procedure). The terms were used in Por-
tuguese and English. 

Scientific articles considered relevant to the topic were selec-
ted. The inclusion criteria were: being available electroni-
cally, addressing the subject under study, in Portuguese and 
English and without delimiting the period of publication or 
the source of information. Articles and technical publications 
on subjects of no interest to the review were excluded, i.e., 
those that did not cover AQbD for analytical procedures in the  
pharmaceutical industry.

This review also used books on the subject of pharmaceutical 
product development, as well as national and international gui-
des and guidelines.

RESULTS AND DISCUSSION

Regulatory aspects of AQbD

The management of the drug’s life cycle is set out in guide Q10 
of the ICH5, which deals with the pharmaceutical quality system. 
This quality management model requires a harmonized combina-
tion of the concepts described in other ICH guides, such as Q86 
and Q97, as well as those described in the good manufacturing 
practices (GMP) legislation of the Brazilian National Health Sur-
veillance Agency (Anvisa)23. Implementing the guidelines of the 
ICH Q10 guide throughout the product life cycle promotes inno-
vation and continuous improvement in pharmaceutical devel-
opment5. The stages of a drug’s life cycle begin with pharma-
ceutical development, which encompasses pharmacotechnical 
development, process development, analytical procedures and 
scale-up, through to technology transfer, industrial-scale manu-
facturing and product discontinuation24.

With reference to the pharmaceutical quality system, analyti-
cal procedures are a fundamental part of the control strategy15. 
Although GMP regulations have been in force for some years, 
the significant number of quality control-related warnings 
issued by the FDA has shown that companies have difficulties 
with risk management in analytical procedures15. Do Carmo et 
al.25 reported that aspects related to quality control were the 
main causes of rejection of generic and similar drug registra-
tions by Anvisa. The problems involved a lack of selectivity, 
linearity, and precision in dissolution tests and methods for 
detecting impurities. This highlights the need to develop more 
adequate analytical procedures in terms of performance char-
acteristics or validation. 

The principles established in the ICH Q2 guide26 and in Anvisa’s 
Collegiate Board Resolution (RDC) No. 166 of July 24, 201727 gov-
ern the validation of the analytical procedure. The revision of the 
ICH Q2 (R2) guideline26 made it possible to expand the concepts 

of validation beyond a single controlled study. This guideline is 
closely linked to the ICH Q14 concept paper on the development 
of analytical procedures21, since it is not only validation data but 
also information on the development of the procedure that can 
demonstrate its suitability for the intended purpose.

According to the forthcoming ICH Q14 guideline, analytical pro-
cedure development should emphasize understanding and con-
trolling method parameters to obtain the desired results accord-
ing to specifications and intended use. In addition, it is described 
that the systematic approach of ICH Q8 and Q9 can be applied 
to the lifecycle management of analytical procedures21. The 
new ICH guidelines highlight the importance of a comprehensive 
strategy in the development of analytical procedures, involving 
a multivariate approach and risk assessment and, although the 
term AQbD is not used, the researchers refer to the approach 
described in ICH Q1421 as AQbD, covering the same steps and 
using the same tools16,17.

Similarly and recently, experts from the United States Phar-
macopeia (USP) proposed a new general chapter <1220> “Ana-
lytical Procedure Life Cycle”20, in which the term AQbD is not 
used, but a comprehensive view of the method and its risk 
management is integrated to ensure valid data and quality 
improvement of the procedure at all stages of its life cycle. 
The principles described in USP <1220>20 are an AQbD approach 
to the development, validation and continuous monitoring of 
analytical procedures. The procedure life cycle advocated by 
USP <1220> consists of three stages: (1) analytical procedure 
development; (2) analytical procedure performance qualifi-
cation (procedure validation); and (3) analytical procedure 
performance verification (Figure 1). In the proposed general 
chapter, there is greater emphasis on the initial phases of the 
life cycle of an analytical procedure, such as defining the pro-
cedure specification in a target analytical profile.

The biggest difference between the ICH Q2 (R2)26 and Q1421 
guides and the USP <1220>20 chapter is that the ICH guides do 
not consider the continuous monitoring of the analytical proce-
dure in any specific way (Table 1). In addition, ICH Q1421 focuses 
on the operational steps of method development, as described 
in stage 1 in the USP <1220>20 chapter.

Although it is not currently considered obligatory to adopt 
AQbD when developing a procedure, it is likely that regulatory 
agencies will soon encourage the adoption of AQbD principles 
for new submissions, given the movement of bodies to draw up 
documents on the subject. This enhances the role of the analyt-
ical area in the product development cycle to measure critical 
product quality attributes during development, process, control, 
and in the continuous verification of the process and to monitor 
trends in product quality. 

Essential definitions for implementing AQbD

Attribute of the analytical procedure: a specific property that 
must be within an appropriate limit, range or distribution to guar-
antee the desired quality of the measured result. For example: 
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attributes for chromatography measurements can include peak 
symmetry and resolution21.

Critical quality attributes or CQA: physical, chemical, or microbi-
ological properties or characteristics that must be within appro-
priate limits, ranges, or distributions to guarantee the desirable 
quality of the product6.

Risk assessment: systematic process of organizing information 
to support a risk decision to be made within a risk management 
process. It consists of identifying hazards and analyzing and 
evaluating the risks associated with exposure to these hazards7. 
Risk assessment tools can be used to identify the parameters of 
the analytical procedure (factors and operational steps) with a 
potential impact on its performance and to identify and prioritize 
the analytical parameters to be investigated experimentally21.

Performance characteristic: characteristic to guarantee the 
quality of the measured result, such as accuracy, precision, 
selectivity, and range. These are characteristics that, in an ana-
lytical development without the systematic AQbD approach, are 
called validation characteristics26.

Performance criterion: acceptance criterion that describes a 
numerical range, limit, or desired state to guarantee the quality 
of the measured result21.

Total analytical error (TAE): represents the overall error in a 
result that is attributed to imprecision and inaccuracy. It is the 
combination of systematic procedural error and random mea-
surement error21.

Analytical procedure control strategy: planned set of con-
trols derived from the understanding of the analytical 

procedure that guarantees its performance and the quality of the  
measured result21.

Proven acceptable range for analytical procedures (PAR): char-
acterized range of an analytical procedure parameter for which 
operation within that range, other parameters remaining con-
stant, will result in the analytical measurement meeting the 
performance criteria21.

Continuous monitoring: collecting and evaluating the perfor-
mance data of the analytical procedure to ensure the qual-
ity of the measured results throughout the life cycle of the  
analytical procedure21.

Analytical procedure parameter: any factor (including reagent 
quality) or operational step of the analytical procedure that can 
vary continuously (e.g., flow rate) or be specified at single, con-
trollable levels21.

Quality target product profile (QTPP): a prospective summary of 
the qualitative characteristics of a product that should ideally be 
achieved to guarantee desirable quality, considering the safety 
and efficacy of the product6.

Analytical target profile (ATP): prospective summary of perfor-
mance characteristics describing the intended purpose and antic-
ipated performance criteria of an analytical measurement21.

Design of experiments (DoE): a structured and organized method 
for determining the relationship between the factors affecting a 
process and the output of that process6.

Analytical quality by design (AQbD): systematic approach to ana-
lytical development that starts with pre-defined objectives and 
emphasizes the understanding of the analytical procedure and 
procedure control, based on sound scientific data and quality 
risk management.

Quality by design (QbD): a systematic approach to development 
that starts with pre-defined objectives and emphasizes product 
and process understanding and process control, based on sound 
scientific data and quality risk management6.

Method operable design region (MODR): combination of analyt-
ical procedure parameter ranges within which the performance 
criteria of the analytical procedure are met and the quality of 
the measured result is guaranteed21.

Table 1. Comparison of regulatory and compendial documents on the life 
cycle of the analytical procedure.

Phase of the 
procedure’s life cycle ICH USP20

Development ICH Q1421 <1220> Stage 1

Validation ICH Q2 (R2)26 <1220> Stage 2

Monitoring - <1220> Stage 3

Source: Prepared by the authors, 2023.
ICH: International Conference on Harmonization; USP: United States 
Pharmacopeia.

Source: Prepared by the authors, 2023.
QTPP: Quality Target Product Profile.

Figure 1. Stages of the analytical procedure life cycle inserted in the context of Quality by Design.
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Robustness: a measure of the analytical procedure’s ability 
to meet expected performance requirements during normal 
use. Robustness is tested by small, deliberate variations in 
the parameters of the analytical procedure21. This evalua-
tion allows the determination of robust operating regions for  
procedure parameters20,21.

System suitability test (SST): tests developed and used to 
verify that the measurement system and the analytical oper-
ations associated with the analytical procedure are suitable 
for the intended analysis and increase the detectability of  
possible faults21.

Flow of analytical procedure development following the  
AQbD approach

The implementation of AQbD is a parallel process to QbD for 
product development. From the construction of the QTPP, 
which encompasses aspects of pharmaceutical development as 
a whole, the AQCs are defined, which can include: content, 
impurities, dissolution, among others. Once the CQAs have 
been defined, it is necessary to determine control strategies so 
that they remain within the specified limits. With this, analyt-
ical procedures must be developed for application throughout 
the life cycle. The stages in the development of the analyti-
cal procedure using the AQbD approach are shown in Figure 2 
and consist of the steps described in ICH Q1421 and stage 1 of  
USP <1220>20.

The first stage of AQbD is to define the ATP requirements. 
Once these have been defined, an analytical technique capa-
ble of meeting the ATP requirements must be selected and 
initial tests can be carried out to verify the technique’s suit-
ability28. Thus, a prospective phase begins in order to gather 
prior knowledge about the procedure12,29. The next step is to 
select the attributes of the analytical procedure, which are the 
responses measured to control the procedure’s performance. 
The parameters of the analytical procedure are also defined, 
which are factors or operational steps that can impact on the 
attributes of the procedure. This is followed by the method 
development and optimization phase, in which univariate or 

multivariate experiments can be carried out. The robustness of 
the procedure is then determined and an initial control strat-
egy is defined21,30.

Analytical target profile

A well-defined ATP is fundamental to the successful appli-
cation of AQbD, as it ensures that the procedure developed 
is fit for the purpose, provides the criteria for validation of 
the procedure and a mechanism for flexibility of the method 
within the control strategy during its lifecycle. The ATP defines 
the purpose of the test and the quality requirements for the 
reportable result (usually associated with a CQA), aligned 
with the QTPP, and is linked to the attribute to be tested 
and not to a specific analytical procedure18. In other words, 
the ATP focuses the goals of the development of an analytical 
procedure, guides the choice of analytical technology, serves 
as the basis for the procedure’s performance qualification cri-
teria and provides a guide for continuous monitoring during 
its life cycle31.

The ATP can be defined in various ways, but the general focus 
of having a procedure with acceptable accuracy and preci-
sion should be part of the ATP. In addition, other performance 
characteristics can be established, such as limit of detection, 
limit of quantification and selectivity. The robustness of the 
procedure technically can also be delimited in the ATP, but 
it is usually more appropriate for it to be derived from the 
development stage, with the construction of the MODR’s oper-
ational design region. The performance criteria (acceptance 
criteria) should also be described and determined based on a 
number of factors, including: the criticality of the CQA being 
measured; the risk that an error may occur; the acceptance 
range of the specification for the CQA; the potential clinical 
impact on safety or efficacy (if known) that an analytical error 
may have17.

The definition of the TAE can be an alternative approach to the 
individual assessment of accuracy and precision described in 
the ATP21. Table 2 presents a hypothetical example of an ATP, 
where the objective of the procedure is the quantification of 

Source: Prepared by the authors, 2023.
MODR: Method Operable Design Region; PAR: Proven Acceptable Range.

Figure 2. Analytical procedure development flow following the Analytical Quality by Design (AQbD) approach.
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an active pharmaceutical ingredient (API) in a drug, using the 
technique of high-performance liquid chromatography. The 
ATP in this example captures the performance expectations 
that are driven by the product, such as selectivity and the 
TAE. Once the TAE has been defined, accuracy and precision 
can also be included in the ATP, depending on the specific 
needs of the test.

Changes to analytical procedures can occur throughout the prod-
uct’s life cycle and may involve modifying existing procedures or 
replacing them completely. Important changes in performance 
characteristics or additional information on attributes can, in 
certain cases, lead to a reassessment of the ATP15. ATP can be 
applied prospectively to new procedures and retrospectively to 
existing procedures17.

Prospective phase

Once the ATP has been drawn up, relevant information must be 
collected before development activities begin, such as: chemical 
structures and their properties, reference chemicals, reagents, 
instrumentation and any other linked to operational require-
ments. In other words, in the prospective phase, prior knowl-
edge must be gathered to assist in the development activities of 
the analytical procedure. This prior knowledge can be internal 
company knowledge and analytical experience and/or external 
knowledge, such as scientific and technical references or established 
scientific principles19.

Once the analytical technology has been selected, preliminary 
experiments can be carried out to initially select parameters 
that bring the procedure closer to the ATP. In the prospective 
phase, in separation procedures, for example, the stationary 
phases, mobile phases and elution mode, as well as the sam-
ple preparation, are usually quickly evaluated or selected32. The 
prospective phase deserves attention because it deals with the 
general conditions of analysis, which will be extensively investi-
gated and optimized33.

Analytical procedure attributes and Analytical procedure 
parameters

The analytical procedure attributes must be identified prior to 
the definition of the  analytical procedure parameters and after 
the preparation of the ATP, selection of the analytical technol-
ogy and the prospective phase. The attributes of the analytical 
procedure must be within limits, ranges, or distributions to guar-
antee the desired quality of the measured result21. Attributes for 
chromatography measurements, for example, can include reso-
lution, peak symmetry factor, and number of theoretical plates. 
The limits of the procedure’s attributes are usually defined 
through prior knowledge, compendia, literature and/or experi-
ments carried out in the prospective phase. In fact, these attri-
butes are represented by key responses directly correlated to a 
mathematical representation of the quality of the method’s per-
formance and, therefore, to the quality of the analytical data32. 
In the literature, there are different terms for an attribute of the 
analytical procedure, as described in ICH document Q1421, such 
as: critical method attributes (CMA)28,34,35 and CQA36,37, the latter 
being confused with CQA as an element of the QbD for product 
development and not the analytical procedure.

The analytical procedure parameters should be identified by 
risk assessment tools supported by prior knowledge, com-
pendia, literature and/or initial experiments. During the risk 
assessment, the parameters of the procedure are screened and 
investigated to identify those that could potentially affect one 
or more attributes of the method19. Among the main risk assess-
ment tools used are flowcharts, the Ishikawa diagram, cause 
and effect matrix and others. The USP, in the proposed chapter 
<1220> suggests the use of heat maps to support qualitative 
risk assessment, as it provides a visual indication of which pro-
cedure parameters are considered to have a potentially high, 
medium, or low impact on procedure performance20. In the 
literature, there are different terms for analytical procedure 
parameters, a term described in ICH document Q1421 as critical 
method parameters (CMP)28,34,35. 

Table 2. Example of a analytical target profile (ATP) for determining the content of an active pharmaceutical ingredient (API) in a drug.

ATP

Quantify the API content to guarantee the quality of the product batch by batch, as well as assessing stability.

Correlation with the CQA Justification

The procedure must be able to measure the API content from 90% to 110% Effectiveness of the drug product

Method performance Target Justification

Accuracy
Standard uncertainty = 1.25% To ensure that the analytical variation around the estimated mean is 

within the widest specification rangePrecision

Selectivity No interference from impurities or matrix 
components in the API peak

Ensure that the API is dosed unequivocally, with adequate selectivity 
(minimum resolution of 1.5) in the presence of impurities and 

matrix components.

Reportable range 90.0% to 110.0% of declared Range established in the product monograph in an 
official compendium 

Source: Prepared by the authors, 2023.
ATP: Analytical target profile; API: Active pharmaceutical ingredient; CQA: Critical quality attributes.
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Figure 3 shows a hypothetical Ishikawa diagram with the param-
eters of the high-performance liquid chromatography analytical 
procedure for determining the content of an API in the presence 
of its impurities. Initially, the parameters with a potential effect 
on the selectivity of the method were defined, and consequently 
on the resolutions between the peaks (an attribute of the pro-
cedure). With the Ishikawa diagram established, it is possible to 
identify the parameters with the greatest potential to impact on 
the attributes of the procedure using an integrated approach, 
whether it be brainstorming or a cause and effect matrix, for 
example. These should be extensively investigated in the next 
stage, especially using DoE tools32.

Development and optimization of the analytical procedure

The main objectives of developing analytical procedures are 
to identify conditions that minimize bias, optimize variabil-
ity, and establish robust operating parameters to meet the 
ATP20. To this end, the relevant analytical procedure param-
eters can be investigated in univariate or multivariate exper-
iments using DoE21. To better understand the influence of the 
analytical procedure parameters (inputs or factors) on the ana-
lytical procedure attributes (outputs or responses) and their 
impact (directly or indirectly) on the ATP, the use of DoE tools  
is recommended.

DoE is a systematic approach that integrates multifactorial exper-
imentation, mitigation of the impact of variability and response 
modeling to maximize the information obtained38. The applica-
tion of DoE is justified due to the many variables (parameters) 

that affect the results (attributes) of the method. In addition, 
adopting an appropriate DoE protocol allows for the identifica-
tion of MODR and, consequently, a high degree of understanding 
of the analytical procedure21. The procedure parameters consid-
ered as variables in the DoE should be selected based on the risk 
assessment in the previous step.

The decision on the selection of the DoE tool should be made 
based on the number of variables, knowledge of the parameters 
and scientific understanding between result and variable39. For 
example: if the effect of all input variables and their interactions 
are to be measured, DoE can be applied and then considered and 
optimized with the response surface methodology. When many 
variables are studied without the need to evaluate interaction 
effects, the Plackett-Burman method can be used15.

Different strategies for analytical development using DoE can 
be used. In the literature, DoE is applied in two phases of 
development, called screening and optimization15,28,32. In these 
cases, screening DoE is useful for studying the effects of qual-
itative and/or quantitative parameters on the attributes of 
the procedure and with a low number of experiments. Screen-
ing experiments make it possible to identify parameters that 
have no influence on the attributes of the procedure and to 
set their values, as well as to identify parameters for which 
the results indicate the optimum values, which can also be 
set. Another advantage is the possibility of moving the exper-
imental domain to the optimization DoE, leading to the best 
results. The Plackett-Burman design and fractional factorial 
designs are the most commonly used in screening32. Moreira 

Source: Prepared by the authors, 2023.

Figure 3. Example of Ishikawa diagram for risk assessment to define analytical procedure parameters with potential impact on selectivity.
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and Lourenço applied the Plackett-Burman matrix in screening 
experiments for the chromatographic separation of verapamil 
hydrochloride and its impurities with 13 analytical variables 
(type of buffer in the mobile phase, concentration of the buf-
fer, pH of the buffer, type of organic solvent in the mobile 
phase, concentration of ammonium hydroxide in the mobile 
phase, type of C18 column, column temperature, mobile 
phase flow rate, injection volume, elution time of the first 
gradient, elution time of the second gradient, proportion of 
organic solvent in the mobile phase during gradient elution 
and isocratic elution time). According to the effects observed 
in the responses of interest, the factors pH of the buffer, con-
centration of ammonium hydroxide and injection volume were 
selected for the optimization phase40.

It should be noted that the screening phase is not mandatory and 
can be avoided on the basis of preliminary knowledge and/or 
univariate experiments, provided that the information available 
allows for rational planning of the subsequent optimization.

The optimization phase generally consists of applying the 
response surface methodology to estimate the main interaction 
and/or quadratic effects of the parameters on the attributes of 
the analytical procedure. In this case, at least three levels can 
be studied for each parameter in order to assess the presence 
of model curvature, making it possible to obtain a predictive 
regression model and thus draw a map of the values of the 
procedure’s attributes predicted throughout the experimental 
domain (response surface or contour plot)17,32. For the chromato-
graphic separation of verapamil hydrochloride and its impurities, 
the central composite design was selected to adjust a regres-
sion model that explained the chromatographic response as a 
function of the analytical conditions used as factors (buffer pH, 
ammonium hydroxide concentration and injection volume). The 
regression models made it possible to study the response sur-
face, evaluate the interaction between the factors and construct 
the MODR40.

Some articles also use the strategy of using DoE for robustness, 
after the optimization DoE. In this case, a large number of fac-
tors are evaluated and, normally, no effect is expected during 
the tests. However, it should be noted that for robustness eval-
uation, the robustness DoE step may not be necessary, since a 
MODR can be defined as part of the optimization in develop-
ment that provides results that meet the ATP requirements. 
This approach automatically creates robustness in the proce-
dure by defining the MODR associated with the procedure’s 
parameter ranges17.

Robustness

National and international regulatory agencies have recog-
nized that the robustness of the analytical procedure must be 
demonstrated during the development of the method26,27. Thus, 
by implementing the AQbD approach, when multivariate experi-
ments are conducted using DoE tools that generate mathematical 
models for predicting the values of the procedure’s attributes, 
the MODR can be constructed. The MODR can be considered as a 

robustness zone and is the multivariate space of the parameters 
of the analytical procedure that guarantee that the ATP is met 
and therefore provides assurance of the quality of the measured 
value with a specified level of probability21. Figure 4 shows an 
example of a MODR.

When defining the MODR, aspects such as the uncertainty of the 
model’s parameters, as well as the probability of meeting the 
specifications of the procedure’s attributes, must be taken into 
account. Monte-Carlo simulations are useful tools for this task41. 
Furthermore, since working within the MODR is not considered 
a change to the procedure6, a more flexible approach to the 
method from a regulatory point of view is obtained.

Two options represent examples of approaches to MODR valida-
tion, also allowing for differentiated solutions: (1) a single set 
of MODR operating parameters is selected (usually the intended 
operating conditions), which for future changes to the parame-
ters within the MODR, an assessment regarding additional vali-
dation activities must be carried out or (2) intended operating 
conditions and the extremes of the MODR are selected, allow-
ing for total operational flexibility without requiring additional 
validation21. This multi-point verification within the MODR, 
with joint assessment of accuracy and precision, probably rep-
resents the highest probability of the procedure’s ability to 
meet ATP requirements. 

Control strategy for the analytical procedure and establishment 
of analytical procedure conditions

At this stage, the initial version of the analytical procedure’s 
control strategy should be drawn up; this should be defined 
before validation and confirmed after validation has been 
completed. The preliminary control strategy is defined during 
the procedure development process and includes the SST and 
other environmental or procedural controls necessary for it to 

Source: Prepared by the authors, 2023.

Figure 4. Illustrative example of Method Operable Design Region (MODE). 
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meet the ATP. The attributes of the procedure, identified during 
development as critical, must be controlled and their conditions, 
materials or acceptable criteria must be explicitly specified in 
the procedure. Acceptance criteria should be based on perfor-
mance criteria of the analytical procedure and the components 
of the SST should be selected using risk assessment as well as 
knowledge and understanding of the development data. In addi-
tion, the experimental scheme for future parameter movements 
within the MODR can be predefined in the control strategy20,21.

Throughout the stages of the AQbD, the knowledge obtained from 
the analytical procedure should be recorded. It is recommended 
to compile the information on the analytical procedure with the 
following information: performance characteristics described in 
the ATP, acceptance criteria for the attributes of the analytical 
procedure, the parameters of the analytical procedure and their 
definitions (working point), control strategy for the analytical 
procedure, and even the configuration of a validation strategy 
for the analytical procedure for the performance characteristics.

The working points or conditions established for the method are 
the definitions for each analytical parameter evaluated. They 
can be chosen according to various criteria, based on conve-
nience or operational facilities, such as less solvents or addi-
tives, lower costs, shorter analysis time, as well as based on 
statistical criteria, such as greater probability of meeting the 
ATP requirements, and so on. When using the univariate strategy, 
points within the PARs can be established for the analytical pro-
cedure. When using the multivariate strategy, the specific points 
within the MODR selected can be defined as operating points 
before carrying out the validation33.

In the literature, there is no consensus on how the control strat-
egy should be carried out. There is the use of control charts 
to monitor the analytical procedure42, regression models to 
calculate the risks of the method not meeting specifications in 
the routine42 and the definition of SST parameters, along with  
their limits43.

CONCLUSIONS

The implementation of AQbD should be an important part of 
the QbD process, as it supports the development and imple-
mentation of methods with a focus on the product quality attri-
butes that must be controlled to ensure the safety and efficacy 
of the drug. Developing analytical procedures with the AQbD 
approach results in a broader understanding of the method, 
which means easier improvements and more flexible regulatory 
approaches. However, several challenges hinder the full imple-
mentation of this approach, such as the interpretation of AQbD 
concepts and the scope of its key elements. This is because 
the first guidelines for the pharmaceutical industry have only 
recently been drawn up and the scientific literature presents 
studies on the subject, but with differences between the stages 
of AQbD and, above all, with descriptions of only some of the 
stages and not all of them. This article therefore describes the 
steps considered necessary for analytical development based 
on AQbD, combining scientific knowledge with the most recent 
guidelines for the pharmaceutical industry.

The AQbD stages include establishing the ATP, identifying the 
critical attributes and parameters of the analytical procedure, 
developing and optimizing the analytical procedure, assess-
ing robustness, and defining the MODR and control strategy. 
In addition, the entire method life cycle must be considered, 
such as development by AQbD (stage 1), the validation stage 
(stage 2), and continuous monitoring (stage 3), the latter 
being implemented after the establishment of an analytical 
method for quality control. Considering that AQbD has been 
gaining attention from academia, industry, and regulatory 
agencies, it is believed that the requirement to apply this 
approach in the pharmaceutical industry will soon become 
a reality. Thus, this work also makes it possible to publicize 
and demonstrate the wider applicability of AQbD for future 
activities and regulatory standardization for the national  
pharmaceutical industry.
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