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INTRODUCERE

Analiza multivariata a datelor este o tehnica statistica care permite evaluarea simultana
a unui numar mare de variabile, apartindnd diferitor categorii. Este ideala pentru studiul
potentialelor interactiuni care se petrec intr-un set de date complex.
Optimizarea proceselor de fabricatie si cresterea eficientei acestora este in prezent una
dintre tintele principale ale industriei farmaceutice, avant scopul de a reduce costurile si a
creste productivitatea, fara a avea niciun impact asupra nivelului de calitate al produsului finit.
In cazul produselor consacrate, sunt disponibile cantititi enorme de date istorice, care
pot fi folosite pentru imbunatatirea proceselor 3, dar este nevoie ca aceste date sa fie
transformate in cunostinte. Cele trei principii ale Calitatii prin Design (Quality by Design)
descrise In ICH Q8(R2), pot fi utilizate pentru acest scop:
e abordare sistematizata: analiza multivariata a datelor pentru cantitatea enorma de
date istorice
e rationament stiintific: dezvoltarea de modele matematice folosite pentru predictie
si control
e managementul riscului asupra calitatii: identificarea corelatiilor dintre materii
prime, parametri de proces si atributele de calitate ale produsului finit
Principalul obiectiv al acestei cercetdri a fost intelegerea variabilitatii diferitelor
variabile de iesire si identificarea cauzelor pentru acel comportament, printr-o abordare
sistematicd, bazata de modelarea statistica a loturilor (Modele de Evolutie a loturilor - Batch
Evolution Models/BEMs si Modele la Nivel de lot - Batch Level Models/BLMs), folosind seturi
de date extinse, apartindnd catorva campanii de fabricatie la scala industriala. Prin modelarile
succesive s-au identificat variabilele de proces dependente de timp si influentele semnificative
asupra parametrilor investigati.
Rezultatul modelarii statistice a fost un control Imbunatatit al procesului, prin
adaugarea unei componente feed-forward strategiei de control standard de tip feed-back sau
prin actualizarea strategiei de control de tip feed-back.

STADIUL ACTUAL AL CUNOASTERII

Prima parte a tezei este structurata in trei capitole si prezinta un sumar al literaturii de
specialitate revizuite.

In primul capitol, sunt descrise aspecte generale cu privire la abordarea de analizi
multivariata a datelor, incluzand colectarea si organizarea datelor, procesarea preliminara a
datelor brute, tipuri de modele statistice si parametri statistici de interes.

Al doilea capitol descrie felul in care procesele de fabricatie pot raspunde variabilitatii
materiilor prime, conditiilor de operare, tipurilor de echipamente si factorului uman, prin
intermediul diferitelor tipuri de strategii de control.
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Al treilea capitol prezinta o sinteza a potentialelor aplicatii ale analizei multivariate a
datelor in industria farmaceuticd, atat pentru dezvoltarea proceselor cat si de-a lungul ciclului
de viata al formelor orale solide.

CONTRIBUTII PERSONALE

A doua parte a tezei detaliaza trei studii de cercetare individuale.

Primul studiu a ftintit intelegerea variabilitatii timpului de dezagregare si a
randamentului comprimarii unui produs de tip comprimate filmate cu continut mare de
substantd activa (60 %), fabricat prin tehnologia granularii umede cu mixer de mare viteza.
Principalul obiectiv a acestei lucrari a fost identificarea unei amprente ideale a procesului in
ceea ce priveste evolutia parametrilor de proces de granulare umeda si uscare dependenti de
timp, care sa Intareasca strategia de control de tip feed-forward pentru optimizarea atat a
timpului de dezagregare a comprimatelor neacoperite, cat si productivitatea etapei de
comprimare. Un alt obiectiv a fost intelegerea felului in care variabilitatea materiilor prime, a
produselor intermediare si a conditiilor de procesare potinfluenta cele doua variabile de iesire
in scopul studiului.

Abaterile de la evolutia optima a procesului si anumite proprietati ale materiilor prime
au fost corelate cu diferentele observate in variabilele de iesire. S-au identificat oportunitati de
imbunatatire pentru 80 % dintre loturile cu timp crescut de dezagregare. Asadar modelele
antrenate pot si aplicate pentru imbunatdfirea sistematici a procesului, deschizand
oportunitatea pentru un control de tip feed-forward.

Pe baza experienfei castigate In cadrul primului studiu, s-a aplicat o metodologie
similare de evaluare a datelor unui al doilea produs cu contiut mare de subtanta activa, obtinut
prin granulare umeda si care a prezentat duritdti mici si variabile ale comprimatelor
neacoperite. De data aceasta, complexitatea setului de date a fost crescuta prin introducerea a
doua concentratii ale produsului, proporfionale din punct de vedere al compozitiei, avand
marime si forma diferita a comprimatului. Pentru modelarea statistica si investigarea cauzelor
a utilizat un set extins de date compus din proprietati ale substantei active, conditii de proces
si caracteristici ale produselor intermediare.

Eficacitatea actiunilor de imbunatatire definite a fost verificata pe loturi suplimentare,
fabricate In conditiile optime care au fost identificate in urma modelarii statistice. Asadar, pe
langa impactul benefic de reducere a riscului de rezultate in afara specificatiilor pentru
parametri de control pe flux, acest studiu a oferit si oportunitatea unui beneficiu secundar de
evitare a costurilor aferente comprimatelor cu defecte de aspect si cresterea randamentului
procesului.

Obiectivele ultimului studiu au fost investigarea proprietdtilor granulatului si a
conditiilor de procesare care au determinat aparitia fenomenelor de decapare si laminare in
timpul comprimarii unui al treilea produs cu continut mare de subtanta activa, obtinut prin
granulare umeda, prin combinarea evaluarii datelor istorice prin modelare statistica cu date
suplimentare obtinute cu ajutorul unui simulator de comprimare pentru probe de granulat



6 Mathé Rita

finalizat ale unor loturi reprezentative. S-a aplicat o abordare sistematica, bazata pe modelarea
statistica a loturilor pentru identificarea tiparelor dintre loturi conforme si neconforme, care
ar putea fi atribuite unei schimbari in proprietatile materiilor prime, a conditiilor de procesare
sau echipamentelor si accesoriilor.

CONCLUZII GENERALE

Cresterea eficientei proceselor de fabricatie si mentinerea concomitenta a standardelor
inalte de calitate este unul dintre obiectivele principale ale industriei farmaceutice, incepand
din etapa de dezvoltare a produselor si a proceselor si continuand in timpul etapei de fabricatie
de rutina.

Pentru aceste motive, principalul obiectiv al acestei cercetdri a fost aplicarea
metodologiei de evaluare multivariata a seturilor de date generate in timpul fabricatiei
industriale a catorva produse consacrate. Toate studiile s-au efectuat pentru produse de tip
forme orale solide, cu continut mare de subtanta activa, si au fost centrate pe identificarea si
intelegerea cauzelor pentru aparitia de rezultate In afara specificatiilor sau defecte si pe
identificarea de masuri de control suplimentare care ar putea fi implementate pentru a evita
recuren{a acestora intr-un mod consecvent.

Prin intermediul primului studiu, s-a dezvoltat o strategie de control de tip feed-
forward pentru a optimiza atat timpul de dezagregare cat si productivitatea In etapa de
comprimare, prin prezicerea cantitatii de apa suplimentare de adaugat dupa solutia de
granulare, in baza evolutiei procesului si cateva proprietati ale materiilor prime. De asemenea,
s-a identificat un profil ideal de evolutie al pasului urmator de proces - uscarea in pat fluidizat.
S-au dezvoltat si modelele pentru prezicerea vitezei de comprimate, bazate pe ajustari
necesare parametrilor de proces din timpul uscarii In pat fluidizat si proprietati ale materiilor
prime sau ale granulatului. Prezicerea variabilelor de iesire din cele de intrare a fost testata
prin modelare cu metoda celor mai mici patrate (Partial Least Squares - PLS) si retele
neuronale artificiale (Artificial Neural Network - ANN). S-a obtinut o abilitate de predictie
fiabild pentru cantitatea de apa suplimentara (+ 2 kg Intr-un interval de 16 - 31 kg), viteza de
comprimare (* 5000 comprimate/h intr-un interval de 23000 - 72500 compr./h range) si
timpul de dezagregare al comprimatelor neacoperite (+ 100 secunde; Intr-un interval de 250 -
900 sec.) Principala variabild de iesire din acest studiu a fost timpul de dezagregare al
comprimatelor neacoperite, care a putut fi prezis pe baza distributiei dimensiunii de particule
a substanfei active si proprietatile granulatului. Acest model impreuna cu cel pentru
prezicerea apei de granulare suplimentare si evolutia optima a procesului identificata prin
modelarea BEM, ar putea fi folosite pentru a asigra calitatea produsului finit Intr-un mod
consecvent si sa sustind implementarea unei componente feed-forward in strategia de control
a produsului.

Cel de-al doilea studiu a fost compus dintr-o investigare sistematica a cauzelor, folosind
metodologia multivariatd, urmata de Imbunatatirea duritatii comprimatelor nefilmate, prin
integrarea datelor privind evolufia procesului cu dimensiunea particulelor substantei active,
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proprietatile produsilor intermediari si diferite conditii de procesare. S-au identificat patru
variabile principale care afectau duritatea comprimatelor nefilmate si s-au definit intervale
ideale pentru distributia dimensiunii particulelor subtantei active, tipul de duza utilizata in
procesul de granulare, intensitarea descarcarii umede si a uscarii. Dupa implementarea noii
strategii de control, care necesita ca cel putin trei din cele patru variabile sa se incadreze in
intervalele dorite, eficacitatea acesteia a fost confirmata prin cresterea semnificatica a duritatii
medii si scaderea variabilitatii inter-loturi a seriilor din faza de control.

Ultima parte a cercetarii s-a axat pe identificarea si intelegerea cauzelor care au condus
la probleme de performantd in etapa de comprimare din cauza aparitiei fenomenului de
decapare si laminare. Amprenta tipica de proces si variabilitatea normala au putut fi definite
prin modele de evolutie a loturilor si au confirmat ca defectele din etapa de comprimare nu
erau generate de abateri in ceea ce priveste evolutia procesului. Modelarea pe clase a permis
identificarea a diferente semnificative din puncte de vedere statistic pentru variabile de intrare
relevante si ajustari care pot fi facute pentru a minimiza impactul asupra performantei etapei
de comprimare. Diferentele dintre loturi au fost confirmate la scala de laborator prin studii cu
simulatorul de comprimare, iar modelul PCA construit cu parametri rezultati din acestea a
sugerat mecanismul prin care a aparut, cel mai probabil, fenomenul de decapare silaminare -
o ratd mai mare de revenire elastica. Prin calcularea indicelui SRS (strain rate sensitivity -
sensibilitatea la viteza de aplicare a stresului) pentru loturi extreme s-a putut face o evaluare
numerica a riscului de decapare / laminare, aratand o sensibilitate a produsului la anumite
conditii de procesare, inclusiv la uzura matritelor. SRS si densitatea aparenta ar putea fi
utilizate pentru a prezice conditiile potrivite de comprimare pentru imbunatatirea duritatii
comprimatelor si a productiviatii etapei de proces, ca punct de pornire pentru o potentiala
strategie de control de tip feed-forward, prin utilizarea unui parametru simplu de control in
proces.

Prin intermediul celor trei studii, s-a demonstrat utilitatea uneltelor de analiza
multivariata pentru seturi de date de la nivel industrial, dar evaluarea si interpretarea datelor
trebuie facuta folosind cunostinte specifice despre proces si produs deoarece difera de seturile
de experimente pre-definite, din cauza multiplelor variabile cu corelatii ascunse, care sunt
tipice conditiilor nesimulate.

ORIGINALITATEA SI ELEMENTELE DE INOVATIE ALE
TEZEI

Analiza multivariata a datelor permite evaluarea concomitenta a unui numar mare de
variabile, chiar si atunci cand multe dintre acestea sunt inter-corelate, fiind astfel ideale
identificarea si studierea interactiunilor care apar intr-un set complex de date.

Seturile de date istorice, generate de-a lungul anilor de fabricatie de rutina a produselor
consacrate au toate caracteristicile descrise mai sus, formand o matrice lunga si lata de
observatii si variabile.
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Abordarea inovativa aplicatd in cadrul acestei cercetari este utilizarea metodelor
multivariate pentru cresterea sistematizata a cunostintelor specifice despre produs si proces,
pentru produse consacrate, dezvoltate fnainte de era QbD, folosind date istorice generate de-a
lungul a mai multi ani de fabricatie comerciala. Numarul loturilor incluse in studii a fost de la
95 la 287. Un alt element innovativ a fost varietatea datelor de intrare folosite pentru
modelare: proprietati ale materiilor prime, caracteristici ale produselor intermediare si
conditii de procesare, care nu au facut parte dintr-un studiu pre-definit.

Metodele multivariate au fost provocate in mod specific pentru abilitatea lor de de
identifica variabile de material sau proces inter-relationate, care au prezentat cel mai mare
impact asupra variabilelor de iesire din scopul studiilor (timp de dezagregare, viteza de
comprimare, duritatea comprimatelor nefilmate, fenomenul de decapare si laminare).

In cazul celui de-al doilea studiu, un element suplimentar de complexitate si
originalitate a fost evaluarea a doua concentratii diferite, avand compozitie proportionala si
forma si dimensiune diferita a comprimatelor.

Prin implementarea abordarii multivariate, s-a permis identificarea surselor relevante
de variabilitate, care au dus la o decizii fundamentate stiinfific pentru Imbunatatirea
proceselor, impreuna cu dezvoltarea de noi strategii de control de tip feed-forward sau
imbunatatirea strategiei existente de tip feed-back.

Modelele dezvoltate au avut abilitatea de a prezice variabile precum apa de granulare
suplimentard, viteza de comprimare si timpul de dezagregare si, de asemenea, sa identifice
amprenta ideald de proces pentru a fi urmarita in timpul fabricatiei de rutind, prin ajustari
proactive ale procesului.

De asemenea, modelele au pututidentifica cele mai relevante variabile care influenteaza
variabilele de iesire, putand fi folosite pentru a decide ajustari necesare sau pentru a stabili
intervale preferabile pentru anumite variabile de intrare, care au permis o imbunatatire
consecventd a duritatii comprimatelor nefilmate sau evitarea defectelor de decapare sau
laminare.

Desi procesele de fabricatie ale produselor studiate au fost similare (granulare umeda
cu mixer de mare viteza si comprimare), faptul ca variabilele de iesire din scopul studiilor au
fost complet diferite, a permis o analiza extinsa a celor mai frecvente doua etape din industria
farmaceutica, adaugand cunostinte suplimentare inter-dependentei lor complexe.

Teza a prezentat o metodologie detaliata pentru analiza multivariata a datelor istorice,
care s-a dovedit a fi benefica prin cele trei studii de caz diferite. Principalele abordari cu privire
la pasii de modelare pot fi aplicate si altor procese de fabricatie pentru intelegerea mai buna a
procesului si pentru identificarea de oportunitati de imbunatatire.

Primul studiu si al treilea studiu au fost deja publicate Intr-un jurnal international
indexat ISI (International Journal of Pharmaceutics, IF = 5.875, Q1), respectiv intr-un jurnal
national indexat ISI (Farmacia, IF = 1.6, Q4). Cel de-al doilea studiu este In curs de trimitere
pentru publicare. Rezultatele au fost de asemenea prezentate in sesiuni de poster sau
prezentari orale In cadrul simpozioanelor nationale si internationale.
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INTRODUCTION

Multivariate data analysis is a statistical technique that allows the simultaneous
assessment of a high number of variables, from different categories. They are ideal to study
potential interactions occurring in a complex dataset.

Manufacturing process optimization and efficiency increase is currently one of the main
targets of the pharmaceutical industry, having the aim of cost reduction and throughput
increase, without any impact on the quality level of the finished product.

In case of legacy products, there is a huge amount of historical data available, which can
be employed for process improvement purposes 3, but there is the need to transform data into
knowledge. The three principles of Quality by Design described in ICH Q8(R2) can be used for
this purpose:

e systematic approach: multivariate data analysis for the huge amount of historical

data

e scientific rationale: development of mathematical models used for prediction and

control

e quality risk management: identification of correlations between raw materials,

process parameters and final product quality attributes

The main objective of the research work was to understand the variability in different
output variables and to identify the root causes for such behavior through a systematic
approach based on batch statistical modeling (Batch Evolution Models - BEMs and Batch Level
Models - BLMs), using wide datasets belonging to several industrial scale manufacturing
campaigns. Time dependent process variables and significant influences on the investigated
parameters were identified through successive modeling.

The output of the statistical modeling was an improved process control, with the
addition of a feed-forward component to the standard feed-back control strategy or through
the upgrade of the feed-back control strategy.

ACTUAL STATE OF KNOWLEDGE

The first section of the thesis is structured into three chapters and presents a summary
of the revised literature.
In the first chapter, general aspects of multivariate data analysis approach are described,
including data collection and organization, preliminary processing of raw data, statistical
model types and statistical parameters of interest.

The second chapter describes how manufacturing processes can counter the variability
of raw materials, operating conditions, equipment types and human factors through the
different types of control strategies.
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The third chapter presents an overview of potential uses of multivariate data analysis
in the pharmaceutical industry, both for process development and during the product lifecycle
of solid oral dosage forms.

PERSONAL CONTRIBUTION

The second section of the thesis details three individual research studies.

The first study aimed at the understanding of the variability in disintegration time and
tableting yield of high drug load (>60%) tablets prepared by batch-wise high shear wet
granulation. The main objective of this work was to identify an ideal process fingerprint for the
evolution of time-dependent wet granulation and drying process parameters, which would
strengthen the feed forward control strategy for optimizing both the disintegration time of
core tablets and the tableting throughput. Another objective was to understand how the
variability of raw materials, intermediate products and processing conditions influences the
two output variables in scope.

Offsets from the optimal process evolution and certain raw material properties were
correlated with differences observed in the output variables. Improvement options were
identified for 80% of the batches with high disintegration time. Hence, the trained models can
be applied for systematic process improvement, enabling feed forward control.

Based on the experience gained with the first study, a similar data assessment
methodology was applied to a second high drug load wet granulated product showing low and
variable hardness of core tablets. This time, the complexity of the data set was increased by
introducing two proportional composition strengths, with different tablet shape and size. A
wide data set was used for modeling and root cause investigation purposes, composed of active
ingredient properties, processing conditions and intermediate product characteristics.

The effectiveness of the improvement actions was verified on additional batches, which
were manufactured in the optimal conditions identified through the statistical modeling.
Therefore, besides the beneficial impact on reducing the risk for out of specification results for
in-process control parameters, this study offered a second benefit of cost-avoidance and yield
improvement.

The last study’s objective was to investigate the granule properties and processing
conditions leading to capping and lamination phenomena during tableting of a third high drug
load, wet granulated product, by combining the assessment of historical data through batch
statistical modeling with additional compaction simulator testing of final blend samples from
representative batches. A systematic approach was applied, based on batch statistical
modeling in order to identify patterns between compliant and non-compliant batches, which
could be traced back to a change in the properties of raw materials, processing conditions or
equipment and tooling.
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GENERAL CONCLUSIONS

Increase of manufacturing processes efficiency, while maintaining high quality
standards is one of the main targets of the pharmaceutical industry, starting from the product
and process development phase and continuing in the routine manufacturing stage.

For these reasons, the main objective of this research work was to apply the
multivariate assessment methodology for datasets generated during industrial manufacturing
of several legacy products. All studies were performed on high-drug load solid oral dosage
forms and were centered on identifying and understanding the root causes for occurrence of
out of specification results or defects and additional control measures which could be
implemented to avoid similar occurrences in a consistent manner.

Through the first study, a feed-forward control strategy was developed in order to
optimize both disintegration time and tableting throughput, by predicting the additional
granulation water amount to be added after the granulation solution based on process
evolution and several raw material properties. Also, an optimal downstream process evolution
profile was identified for the fluid-bed drying step. Models for predicting tableting speed were
also developed, based on adjustments to fluid-bed drying process and raw materials or
granulate properties. Prediction of output from input was tested with Partial Least Squares
(PLS) and Artificial Neural Network (ANN) modeling. A reliable prediction ability was achieved
for granulation water amount (+ 2 kgin a 16 - 31 kg range), tableting speed (* 5000 tablets/h
ina 23000 - 72500 tabl./h range) and disintegration time of cores (* 100 seconds; in a 250 -
900 sec. range). The main output variable of this study was the disintegration time of core
tablets, which could be predicted based on the API particle size distribution and granule
characteristics. This model coupled with the prediction of water quantity and the optimal
process evolution identified through BEM modeling could be used to ensure the quality of the
final product in a consistent manner and support implementation of a feed-forward
component in the control strategy.

The second study comprised of a systematic root cause investigation using multivariate
methodology followed by improvement of core tablets hardness through integrating process
evolution data with API particle size, properties of intermediate product and different
processing conditions. Four main variables affecting the core tablets hardness were identified
and ideal ranges were defined for API particle size distribution, nozzle type used for
granulation, wet discharge and drying intensity. After the implementation of the new control
strategy, which required at least three out of the four variables to be within these desired
ranges, it's effectiveness was confirmed through the significant average hardness value
increase and between-batch variability decrease of the control phase batches.

The last part of the research focused on identifying and understanding the root causes
leading to tableting performance issues due to appearance of capping and lamination
phenomena. The typical process fingerprint and expected variability could be defined through
batch evolution models and confirmed that tableting defects were not linked to process
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evolution excursions. Class-based modeling allowed the identification of statistically
significant differences between relevant input variables and adjustments to be done in order
to minimize the impact on tableting performance. The differences between batches were
confirmed at small scale through compaction simulation studies and the PCA model built with
the resulting parameters suggested the mechanism through which capping and lamination
phenomenon most probably occurred - higher elastic recovery rate. A numerical evaluation of
capping / lamination risk could be performed by calculating the strain rate sensitivity value for
batches with extreme behavior, which showed a sensitivity of the product to certain processing
conditions, including tooling wear. SRS and bulk density could be used to predict the
appropriate tableting conditions to improve tablet hardness and tableting throughput, as a
starting point for a potential feed-forward control strategy, using a simple in-process control
parameter.

Through the three studies, the usability of the multivariate analysis tools was proven
for industrial data sets, but data assessment and interpretation have to be performed using
product and process-specific knowledge and it differs from pre-defined sets of experiments,
due to the multiple confounded variables which are typical to non-simulated conditions.

ORIGINALITY AND INNOVATIVE CONTRIBUTIONS OF
THE THESIS

Multivariate data analysis allows the concomitant assessment of a high number of
variables, even if many of them are inter-correlated, being therefore ideal to identify and study
interactions occurring in a complex dataset.

Historical datasets generated during years of routine manufacturing of legacy products
have all the characteristics described above, building a long and wide matrix of observations
and variables.

The innovative approach applied in this research work is the use of multivariate
methods for a more systemized product and process specific knowledge gain for legacy
products developed prior to the QbD era, using historical data gathered over years of
commercial manufacturing. The number of batches included in the studies ranged from 95 to
287. Another element of novelty was the variety of input data used for modeling purposes: raw
material attributes, intermediate product characteristics and processing conditions which
were not part of a controlled study design.

Multivariate methods were challenged especially for their ability to identify inter-
related raw materials and process variables with highest impact on the output variables in
scope of the studies (disintegration time, tableting speed, core tablets hardness, capping and
lamination phenomena).

For the second study, an additional element complexity and originality was the
assessment of two different strengths with proportional composition, having different tablet
shape and size.
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By implementing the multivariate approach, the detection of relevant sources of
variability was enabled, leading to a science-based decision making for product improvement
along with the development of new feed forward control strategies or improvement of the
existing feed-back control strategy.

The models developed were able to predict variables like additional granulation water
quantity, tableting speed and disintegration time and also identify the ideal process fingerprint
to be targeted during routine manufacturing, through proactive adjustments to the process.

Also, the models were able to identify the most relevant variables influencing the output
variables and could be used to decide on adjustments to be done or establish preferred ranges
for certain input variables, which enabled a consistent improvement of core tablets hardness
or avoidance of capping or lamination defects.

Despite the similar manufacturing process involved for the products part of the case
studies (high shear wet granulation and tableting), the completely different output variables
in scope, allowed a broad analysis of the two most frequent manufacturing process steps in
pharmaceutical industry, adding more knowledge to their complex interdependence.

The thesis presents a detailed methodology for multivariate analysis of historical data,
which was proven as beneficial through three different case studies. The main approaches to
modelling steps can be applied to other manufacturing processes as well for better process
understanding and identification of improvement opportunities.

The first and third studies were already published in ISI indexed international
journal (International Journal of Pharmaceutics, IF = 5.875, Q1) and national journal
(Farmacia, IF = 1.6, Q4), respectively. The second study is under preparation for
submission. Results were also presented as poster or oral presentations to national and
international symposia.



