Establish methodology for estimating process performance
capability during the design phase for biopharmaceutical
processes
by
Rashmeet Sangari

B.S. Chemical and Biochemical Engineering, Rutgers University, 2006

Submitted to the MIT Sloan School of Management and the Institute for Data, Systems, and
Society (IDSS) in Partial Fulfillment of the Requirements for the Degrees of

Master of Business Administration
and
Master of Science in Systems Engineering

[MASSACHUSET 15 INSTITUTE
. . . . OF TECHNOLOGY
In conjunction with the Leaders for Global Operations Program at the
Massachusetts Institute of Technology AUG 15 2016
September 2016
d LIBRARIES
© 2016 Rashmeet Sangari. All rights reserved. ARCHIVES

The author hereby grants to MIT permission to reproduce and to distribute publicly paper and
electronic copies of this thesis document in whole or in part in any medium now known or
hereafter created.

Signature of Author S |g N atu re‘ red aCted

MIT Sloan School of Management and Institute for Data, Systems and Society

] Aug 5,2016
cerifieaty  Signature redacted g

Daniel Whitney, Senior Research Scientist, Emeritus/MIT Institute for Data, Systems and Society

Certfied by Signature redacted

Roy E. Welsch, Professor of ‘$tatistics and Management Science, MIT Sloan School of Management

spovedBy  Signature redacted

John N. Tiitsiklis, €larence J. Lebel Professor of Electrical Engineering, IDSS Graduate Officer

moeasy Signature redacted

Maura Herson, Director, MBA Program; MIT Sloan School of Management
1




This page is intentionally left blank



Establish methodology for estimating process performance
capability during the design phase for biopharmaceutical

processes
by

Rashmeet Sangari

Submitted to the MIT Sloan School of Management and the Institute for Data, Systems, and
Society (IDSS) on August 5, 2016 in Partial Fulfillment of the Requirements for the Degrees of
Master of Business Administration and Master of Science in Systems Engineering.

Abstract

It is highly desirable to apply a systematic methodology in order to measure, improve and ensure
robust process performance during process development (PD) for biopharmaceutical processes.
Designing a standardized approach to leverage process performance capability or Ppk during the
process design phase will enable processes to consistently meet pre-defined targets for performance
and facilitate continuous improvement. The project goal is to define the criteria, which includes
recommendations on optimal sample sizes, techniques to account for measurement variation, and
options to leverage platform variation knowledge, for determining Ppk during process design of a
biopharmaceutical product. This can be especially challenging to ascertain in early phase for
biopharmaceutical processes due to low sample sizes and long product cycle times. The scope of this
project includes performance measurements in drug substance manufacturing from unit operations:
vial thaw to final drug substance formulation. The assessment begins with selection of an upstream
or downstream process parameter followed by evaluation of variation due to the analytical method
and concludes with the determination of optimal sample size and appropriate next steps. A novel
decision matrix using Intraclass Correlation Coefficient (ICC) and Precision to Tolerance (P/T)
ratios is being recommended to determine the method variation. A procedure has also been designed
to filter out method variation to calculate the Ppk of only the process. Additionally, the effect of
sample size on Ppk has been established. Based on the results from bootstrapping, a multi-tiered
approach taking into account the differing complexity of parameters to estimate Ppk at small sample
sizes is being recommended. To elaborate, sample sizes greater than 11 independent batches
typically provide sufficient confidence in Ppk estimates. Sample sizes from 8 to 11 batches will
require uncertainty to be evaluated along with Ppk calculation, due to the width of confidence
intervals. For sample sizes less than 8, the confidence intervals for the Ppk statistic are too large and
not reliable. In this scenario, Bayesian analysis, a powerful tool for prediction of data, is conducted
using data from other scales and molecules as historical database to estimate Ppk and the credible
interval around it.
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1.0 Introduction

The content within this thesis summarizes the outcome of a six-month internship with Amgen
Inc., a multinational biopharmaceutical company, from January 2016 to July 2016. This

internship is being championed by the process development organization at Amgen.

The key deliverable of this thesis is to establish standardized a methodology for estimating
process performance capability (Ppk) during the design phase of process development for
biopharmaceutical processes. I am the team lead for this project and my core team includes my
supervisor, a principal engineer, and an engineer in the Process Monitoring Analysis and Control
(PMAC) group within process development. My extended team consists of scientists and
engineers from Pivotal Drug Substance, PMAC, Drug Substance Technology and Engineering

and Attribute Sciences.
1.1 Problem Statement

The role of process development at Amgen is to develop the processes that deliver Amgen’s
products to patients. The Process Monitoring Analytics and Control (PMAC) group, where this
thesis has been conducted, provides process monitoring and remote commercial support for
Amgen’s drug substance manufacturing facilities and conducts process capability assessments
during the development lifecycle for Amgen’s pipeline molecules. These deliverables ensure
process consistency, identify any excursion outside of normal process variability, and provide

basis for corrective or lifecycle improvement opportunities.

Currently, in the biopharmaceutical industry, it is not routine to assess process capability during
the process design phase, which is the first stage of process validation (reviewed in more detail
in Chapter 2). Process capability data are typically assessed for commercial products during
continued process verification (CPV), which is the third and final stage of the validation

lifecycle. During this stage, the sample size becomes large enough for robust evaluations.

In the biopharmaceutical industry, performing Ppk analysis during the process design phase is
especially challenging due to low sample sizes, long product cycle times, cost and resources to

generate more data or information. Predicting process capability during process design can
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ensure robust and capable performance during the process performance qualification (PPQ)
phase and post-launch during the CPV phase of the validation lifecycle. This can have significant
impact on cost, resources and compliance. Early pilot studies have demonstrated the value to
predicting capability during the process design phase when some low capability parameters were
detected and risks were mitigated. This resulted in a successful PPQ campaign and avoided

delays for an important pipeline program.

1.2 Project Goals

The over-arching goal of this project is to establish standardized methodology for estimating
process performance capability during the design phase of process development. This project

. includes three sub-projects.

First and foremost, the criteria for performing process performance capability assessments
specifically for small sample sizes during development or design phase needs to be defined.
Based on the literature, a sample size of 30[1] is established as the current threshold to
performing process capability assessments and in the process design phase, we typically have

much smaller sample sizes than 30.

Second, this methodology also needs to include techniques to assess and filter out measurement
system variation (i.e. measurement error) from overall process variation. This assessment is
critical to ensure that the process capability we are focusing on is actually of the process and

does not include measurement system variability.

Third, since we are working with a small data set in the process design phase, the techniques to
improve estimates of process performance capability when the sample size is below a minimum
threshold need to be recommended. Similarities in design and performance from other processes

and molecules need to be taken into account to achieve this objective.

The results from the above three sub-projects will serve as an input to answering how process

capability can inform process design.
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1.3 Project Scope

The scope for the thesis includes looking at the drug substance process (vial thaw to drug
substance formulation). Parameters from various unit operations from a drug substance
manufacturing process have been evaluated to develop and test the recommended methodology.
These include Seed bioreactor final viability (%), Column 1 step yield, Host cell protein after
column 1, Final UF/DF protein concentration, Drug substance glycan content, Drug substance %
relative potency and Drug substance pH. An explanation of these parameters is included in
Section 5.2. The recommendations or the methods developed will also be evaluated for

application to other phases of product life cycle e.g. Drug Product development in the future.

1.4 Project Approach

The key goal of this project is to establish a methodology to reliably estimate process capability
in the design phase of process development. The problem has been separated into 3 research

areas and the approach for these areas is outlined below:

L. Process Capability Methodology: Conduct Statistical analysis to determine the

appropriate metric, sample size, and process for capability estimation.

e Selecting the appropriate Process capability metric to use: This includes
evaluation of different process capability indices and determination of the most
appropriate metric for process development and biopharmaceutical
manufacturing. This topic is covered under a separate chapter (chap 4) in the

thesis.

* Statistical analysis to establish the relationship between Ppk and sample size.
Different statistical approaches have been evaluated to determine how this

relationship should be established.

* Development and testing of a framework to determine optimal sample size for

Process Performance capability (Ppk) calculations.
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1L Evaluation of Measurement Variation: Evaluate and propose methods to quantify

measurement system variation, criteria for when measurement system variation is
unacceptable, and approaches for filtering it from process capability calculations when

the variation exceeds pre-defined thresholds.

* Understanding sources of measurement variation: Sources of measurement

variation were evaluated for selected measurement systems.

» Selecting the appropriate measurement capability metric to use: Measurement
capability metrics have been evaluated based on different industry use cases to
determine the most appropriate metric for pfocess development and

biopharmaceutical manufacturing.

* Propose a procedure to filter out measurement system variation: A procedure has
been established to separate measurement system variation from process

variation. Case studies have been performed to test this process.

1L “Big” Data Analytics: Leverage additional data from different scales and platforms to

supplement small data sets to improve the reliable estimation of Ppk

* Improve estimates of average & standard deviation when datasets are below
an optimal sample size: Conduct statistical tests to evaluate if variances are
‘similar. If variances are determined to be similar, Bayesian statistical
approaches are being used to incorporate additional data sources in the

estimation of Ppk values and credible' intervals around the metric.

" A credible interval is an interval in the domain of a posterior probability distribution or predictive distribution used
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1.5 Thesis Outline

This thesis is organized into eight chapters and the content of each chapter is summarized below.

Chapter One describes the context of the problem statement, the objective and scope of this

project and details how the research was conducted.

Chapter Two discusses the biotechnology industry, explains the manufacturing process of a
biologic and the different stages of process validation, topics that are applicable to this thesis.

and ends with an overview of Amgen.

Chapter Three gives an overview of the literature that was consulted to understand the different
methods, statistical tools and metrics used for Process capability, analytical method variation and

making predictions based on historical data.

Chapter Four lays the groundwork by explaining the importance of process capability, describing
the difference between Ppk and Cpk and discusses which metric is suitable to be used for

biopharmaceutical process development.

Chapter Five describes the work done to determine the optimal sample size for Ppk calculation-

bootstrapping analysis and development of a tiered approach.

Chapter Six describes the analysis performed to evaluate and propose methods for filtering out

variation from analytical method (assay).

Chapter Seven discusses “Big data” analytics and how Bayesian analysis can be used to estimate

Ppk values in the future.

Chapter Eight closes the thesis with the suggested methodology, key recommendations and

potential future work in each research area.
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2.0 Biotechnology Industry and Organizational Analysis

2.1 What is Biotechnology?

Biotechnology is the use of living systems, organisms or derivatives to develop or make
products. Biotechnology has many industrial applications including food, health care,
agriculture, biofuel and other environmental applications[2]. In medicine, modern biotechnology
finds applications in areas such as pharmaceutical drug discovery,
production, pharmacogenomics, and genetic testing (or genetic screening). Biotechnology has
contributed to the discovery and manufacturing of traditional small molecule pharmaceutical

drugs as well as drugs that are the product of biotechnology - biopharmaceutics.

Biologics can include a wide range of products including, but not limited to vaccines, blood and
blood components, allergenics, somatic cells, gene therapy, tissues, and recombinant therapeutic
proteins [3]. Biologics are medicinal products produced from biological sources (human, animal
or microorganism). Biologics can be composed of sugars, proteins, or nucleic acids or complex
combinations of these substances, or may be living entities such as cells and tissues. Most
biologics are given via parenteral (or non-oral) routes [4] such as intravenous therapy (IV),
subcutaneous (SC) or intramuscular injection (IM)[5]. Biologics are also much more complicated
to manufacture than the traditional small molecule drugs since biologics are produced through a
living organism compared to drugs which are made through a series of chemical synthesis steps.
Additionally, biologics have very complex structures and modifications required for their desired

functions that may also impact efficacy or other quality attributes.
2.2 Recombinant Biologic Manufacturing Process

A recombinant biologic is a genetically engineered protein produced in living systems such as a
microorganism (e.g. E. coli), plant or animal cells. Most biologics are very large, complex

molecules or mixtures of molecules and are produced using recombinant DNA technology.

Recombinant monoclonal antibodies are a common form of biologic medicine and can be

produced using Chinese hamster ovary (CHO) cells. The manufacturing process shown in Figure
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1 is a typical process flow used for the commercial production of drug substance for a CHO

based biologic.

Figure 1: Manufacturing process of a Biologic

LJ

0 — A —_— “l; —
Vial
Flask Centnfuge -

_Seed
Bioreactor Production
Bioreactor Harvest

— Ulerafileration/
— Diafiltration Dru,
Capture Polnshmg Viral Substagnce
Chromatography Viral Chromatography Filcration
Step Inactivation Step

As shown in Figure 1, the process can be split into upstream and downstream processes.
Upstream processes consist of processes from thawing of cell bank vials with frozen, genetically
modified CHO cells through cell expansion to harvesting of cells via centrifugation and
filtration. Downstream processes consist of purification, filtration, formulation and filling drug

substance into storage containers.

The upstream process begins when recombinant CHO cells that have been engineered to produce
a target molecule are thawed. From the initial thaw, the cell culture is expanded through a series
of flasks and expansion bioreactors to increase the cell mass. The expansion bioreactors can
consist of bioreactors that mix the cell culture through a rocking motion or in stainless steel
based stirred tank bioreactors. Disposable polymer based-bioreactors can also be used. The
expanded culture is used to inoculate a production bioreactor, where protein expression occurs.
Overall, the process from vial thaw to harvest can take up-to six weeks. The production
bioreactor contents are typically harvested using centrifugation and filtration. The primary

function of centrifugation is to remove host cells and cell debris from the cell containing
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production culture. The resulting centrate is further clarified using depth and membrane

filtration.

In the downstream process, the protein is purified from the harvest filtrate through a series of
chromatography steps, a viral inactivation step, virus filtration, and formulation that typically
utilizes tangential flow filtration. The first chromatography column typically utilizes an affinity
chromatography column e.g. Protein A for antibodies. Protein A enables removal of host cell
(CHO) proteins, DNA and other process related impurities such as medium components. During
Protein A chromatography, the antibody binds to the Protein A ligand and is then eluted at low

pH following multiple wash steps. Affinity chromatography can clear the majority of impurities.

Following initial chromatography, it is common to use a series of polishing chromatography
steps, e.g. using ion exchange resins to specifically purify the desired product while clearing
additional impurities, such as leached protein A, host cell proteins, DNA and other product-
related impurities including higher order aggregates. This decision of column types to be used
depends on the molecule or on specific company technology. The product is then concentrated
and buffer exchanged into the Drug Substance formulation buffer using an
ultrafiltration/diafiltration step. Finally, the Drug Substance is filtered into storage containers for

long term storage (typically frozen).

2.3 Process Validation

Effective process validation contributes significantly to assuring drug quality. The Food and
Drug Administration (FDA) requires that each step of a manufacturing process of a drug is
controlled to assure that the finished product meets all quality attributes including specifications.
The Process Validation effort ensures that a process, operated within established parameters, can
perform effectively and reproducibly to produce an intermediate, active pharmaceutical
ingredient (API), Drug substance, or Drug product, meeting predetermined specifications and
quality attributes. Effective validation is achieved through a three stage Process Validation

Lifecycle approach [6] as shown in Figure 2.
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Figure 2: Three Stage Process Validation Lifecycle
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Stage 1 is the process design phase., which is focused on designing the commercial process and
the process control strategy to ensure product quality expectations are consistently met. In this
stage. Product development activities and early process design experiments such as DOEs
(Design of Experiments) are conducted to provide key input to the process design phase.
Additionally, a strategy for establishing process controls is also set during this stage.
Biopharmaceutical companies establish In-Process Control (IPC) parameters to monitor and
control processes. These IPCs typically have acceptance criteria and/or action/rejection limits

and are typically classified as critical or noncritical.

Stage 2 of the lifecycle approach to validation is process performance qualification (PPQ). PPQ
combines the actual facility, utilities, equipment, and the trained personnel with the commercial
scale manufacturing process, control strategy. and materials to produce commercial batches. A
successful PPQ will confirm the process design and demonstrate that the commercial
manufacturing process performs as expected in a reproducible manner. Success at this stage
signals an important milestone in the product lifecycle as a manufacturer must successfully

complete PPQ prior to gaining approval to manufacture and distribute product.
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Stage 3 of the lifecycle approach to validation is CPV or the continued process verification stage.
The goal of this stage is continued assurance that the process remains in control during long term
commercial manufacturing. During this phase, a system for detecting unplanned process
deviations or issues in the process needs to be established to assess process variability. This is
done through a process monitoring program where process data is collected and evaluated for
process performance and/or process capability. Based on the results, assessments are made to

take action to correct or mitigate based on trends or patterns in the data.
2.4 Company Background

Amgen, previously known as Applied Molecular Genetics, is headquartered in Thousand Oaks,
California. It is a multinational company founded in 1980 and has a presence in over 75
countries. Amgen’s mission is to serves patients across the globe through the discovery,
development, manufacturing and delivery of transformational medicines. With over 18,000
employees worldwide, the company has $20.1 Billion in revenue and spends approximately 20%

of its revenue on R&D ($4.1 Billion) [7].

Amgen’s products cover several therapeutic areas such as bone health, cardiovascular, oncology,
inflammation, metabolic disorders, nephrology and neuroscience. Amgen has internally
developed molecules such as Repatha® (evolocumab) , Xgeva® (denosumab) and has acquired
products through external acquisition such as Enbrel® (etanercept) and Vectibix®

(panitumumab).

Though a significant amount of Amgen’s current drugs are monoclonal antibodies (mAb),
Amgen’s pipeline of drugs include 11 different [8] modalities including BiTe® (BiSpecific T
Cell Engager) Antibody Constructs, fusion proteins, peptides, small molecules and others.
Amgen is now also venturing into Biosimilars, which are biological molecules highly similar to
an innovator product that has lost exclusivity. To commercialize its products, Amgen has to go
through very strict regulatory approval process from US FDA (Food and Drug Administration)

and other regulatory agencies around the world.
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From an organizational structure standpoint, Amgen has a functional structure, which facilitates
innovation and collaboration across teams. Key functions are led by Executive Vice Presidents
(EVP), who report directly to the CEO, Bob Bradway. The five key functions represented by
EVP’s at Amgen are Operations, R&D, Global Commercial Operations, Finance, and Value
Delivery. In addition, there are multiple Senior Vice Presidents (SVP), spanning functions from

Business Development to Manufacturing.
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3.0 Literature Review

A detailed literature review was carried out prior to developing the proposed techniques outlined
within this thesis and prior to defining the recommendations to estimate process capability
during the design phase of process development. This review encompasses literature to

understand the different methods, statistical tools and metrics used to estimate process capability.

3.1 Resampling techniques: Bootstrapping

3.1.1 What is Bootstrapping and Why is it needed?

During analysis of data using a sample or samples, we have to estimate the uncertainty in the
magnitude of an effect representing the relationship between predictor and dependent variables.
This uncertainty refers to the fact that a different sample would give a different value for the
magnitude [9]. Uncertainty is expressed as confidence limits or a confidence interval,
representing the range of values within which we are reasonably certain the true magnitude of
the relationship would fall. Here True refers to the value we would get if we had the luxury of a
huge sample, and reasonably certain is the level of confidence, such as 90% or 99%. These
confidence limits and probabilities are inferential statistics that help us make a probabilistic

decision about the magnitude of the true effect.

Bootstrapping is an approach to generating the uncertainties (i.e. confidence limits and
probabilities) about the true value of the effect or the statistic from a study of a sample. The idea
behind the bootstrap is that the sample is an estimate of the population, so an estimate of the

sampling distribution can be obtained by drawing many samples (with replacement).

Bootstrapping is the only approach when the sampling distribution is either not known or too
difficult to quantify [9]. This feature makes this technique very applicable for small sample sizes
where there is not enough data to make an accurate assessment on the distribution of data and
interpret results statistically. Alternative and usual approaches include making assumptions on
how the value of the effect statistics would vary, if we repeated the study again and again. These

values make up the so-called sampling distribution of the statistic.
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3.1.2 How do you conduct Bootstrapping analysis?

Bootstrapping is a numerical sampling technique where a dataset is first sampled with
replacement randomly. Figuratively, this means that we pick a sample, place it back and select
another sample several hundred or thousand times. The end result is the generation of many
sample sets with each sample set having the same size as the original sample dataset. The value
of a statistic is then calculated for each of the thousand or more sample datasets by treating each
sample dataset as if it came from the repetition of the study. After this calculation, the sample
distribution of the statistic is determined using the confidence limits given by appropriate
percentiles of the values, and probabilities are determined by using the proportion of values
falling above or below chosen magnitude thresholds. Note that the precision of the confidence

interval is completely determined by the initial sample size.

In this manner, various descriptive statistics such as mean, median, mode, variance and
correlation can be bootstrapped. Bootstrapping statistics allows the researcher to analyze any
distribution and make inferences. The sampled data becomes the population and the resampled

data are the samples.

3.1.3 Benefits and Challenges in using Bootstrapping

Below are some of the benefits as well as challenges in using bootstrapping.
Benefits include:

* Bootstrapping determines a confidence interval by generating a lot of possible samples so
this can be very useful especially in the analysis of small data sets.

* No need to determine the underlying sampling distribution for any population quantity.

* Assumptions of normality and equality of variances for the population are not required to

infer the results from bootstrapping [10]{11].
Disadvantages include:

e Languages such as R or SAS might be required for conducting bootstrapping if the
sample data is very large and Excel cannot handle.

* Randomness generated from the technique must be understood
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®* Need to have at least 8 or more samples to be bootstrapped in order to have a rich enough

estimate of the confidence interval [12].

3.2 Gaussian Distribution

3.2.1 What is Gaussian distribution?

The normal distribution, also known as bell curve, is the most important and most widely used
distribution in statistics. It is also called the "Gaussian curve" after the mathematician Karl
Friedrich Gauss. Normal distributions are defined by two parameters, mean (p) and standard
deviation (o) and are symmetric around their mean. As we can see from Fig 3, about 68% of
values drawn from a normal distribution are within one standard deviation o away from the
mean; about 95% of the values lie within two standard deviations; and about 99.7% are within
three standard deviations. This fact is known as the 68-95-99.7 (empirical) rule, or the 3-sigma
rule. The mean, median, and mode of a normal distribution are equal to each other and can be

used as a measure of central tendency.

Figure 3: Normal Distribution
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3.2.2 Why is this distribution important?

The normal distribution is useful because of the central limit theorem, according to which,
averages of random variables independently drawn from independent distributions converge in

distribution to the normal i.e. become normally distributed when the number of random variables
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is sufficiently large. Additionally, most of the statistical tests such as t-tests, linear regression,
analysis of variance etc. assume that data is normally distributed. Therefore, it is important to
understand whether or not the data is normally distributed before we begin using these tests

otherwise we run the risk of getting inaccurate results.
3.3 Outliers and Statistical control

3.3.1 What is an outlier?

An outlier is an observation that lies an abnormal distance from other values in a random sample
from a population. Usually, this abnormal distance is specified as more than 1.5 times
the interquartile range” above the third quartile or below the first quartile, which is more than +/-
2.698 ¢ (standard deviation) from the center i.e. mean or median in a normal distribution) as

shown in the below Figure 4.[13]

Figure 4:Probability Density function of a Normal distribution
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3.3.2 What kind of outlier tests are there?

Test for normal distribution of a data set can be done in the following ways:

* Review the distribution graphically (via histograms, boxplots, normal quantile plots)

* Analyze the skewness and kurtosis

? The interquartile range (IQR) is a measure of variability or statistical dispersion, based on dividing a data set into

quartiles, which divide a rank-ordered data set into four equal parts.
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* Employ statistical tests (esp. Shapiro Wilk, Chi-square, Kolmogorov-Smironov, Jarque-

Barre, D’ Agostino-Pearson)

3.3.3 Which statistical test is the best and what does it measure?

Shapiro-Wilk test (also known as the goodness of fit test) has been shown to be more powerful
than alternative tests (such as Anderson Darling or Kolmogorov-Smironov tests) to check the
distribution for a departure from a normal distribution [14]. The test checks whether or not our
data is normally distributed as it checks the distribution of the data set that we provide against
normally distributed data. The final result is given in the form of a p or a probability value. If the
P value is less than 0.05, the null hypothesis that there is no difference between the data
distribution and normal distribution is rejected. However, if the P value is greater than 0.05, we

conclude that our data is normally distributed and ready to be used for further statistical tests.

Note that all such tests have low power with sample sizes less than 30, which are considered
small for statistical analysis. Therefore, it is helpful to look at combinations of few different
methods to evaluate outliers for small sample sizes. These methods could include analyzing the
data graphically through outlier box plots and normal quantile plots as well as a goodness of fit
test. This is the strategy employed for this project and it was very effective to help identify
outliers. Note that outliers are an indication of non-normality but not a proof as the data might

inherently have a non-normal distribution.

Lastly, a non-normal distribution can be transformed to a normal distribution through several
statistical techniques if needed. We decided not to do the transformation for our project to avoid
the overly complex situation of using logarithmic values for Ppk calculation that could have

affected the accuracy of the results as well.

3.3.4 What is Statistical Control?

There are two common sources of variation within a process: common cause and special cause
variation. Common cause variations are the many ever-present factors (i.e. process inputs or
conditions such as common input material variation, equipment variation) that contribute in
varying degree to relatively small, apparently random shifts in outcomes in the short term and

long term [15]. This variation is inherent to a system and it is usually difficult, if not impossible,
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to link random, common cause variation to any particular source. Special cause variations, on the
other hand, are factors that are induced by special effects not always present or built into the
process. Some examples include: uncontrolled environmental factors, power surges, human error
etc. Special causes are often referred to as assignable causes because the variation produced can

be tracked down and assigned to an identifiable source.

A process is in statistical control or considered stable if only random variation or common cause
variation is present. Control charts, which represent a picture of the process over time, are one of
the most popular SPC (Statistical Process Control) tools used by manufacturers to determine
whether a process is in a state of statistical control. Control charts include control limits, which
are set at +/-3 standard deviations of the plotted statistic from the statistic’s mean and they are
used to detect signals in process data that indicate if a process is not in control and, therefore, not
operating predictably. If the process goes outside the control limits or has a potential to fail these
limits, the process will be considered out of control. This guidance is covered under a set of rules
used across the industry such as Western Electric, which will be covered in Section 3.6.3a. Note
that in a normal process, 3 standard deviations in the long term (assuming a 1.5 sigma shift)
represent 99.87% values within range as shown in table 1 so 0.14% values will “naturally” fail

the control limits in the long term.

[t is also important to note that a process not in statistical control can still be within predefined
specifications. Specifications and control limits are very different limits-Specification limits
represent the voice of the customer and control limits represent the voice of the process. As
mentioned above, control limits are calculated as +/- 3 standard deviations from the mean of the

plotted statistic while specifications are defined based on patient requirements.
3.4 Relationship between Ppk and Yield

Process capability analysis is a prominent technique to predict how well a process will operate
within its specification limits. This analysis is based on a sample of data taken from a process
and often produces: an estimate of the dpmo (defects per million opportunities), one or more
capability indices, an estimate of the sigma quality level at which the process operates and the

yield or the % of values within the spec limits [16].
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The relationship between Ppk, Sigma, DPMO and yield is given below for sigma levels from one

through six[17].

Table 1: Relationship between Ppk, Sigma level, DPMO and yield

Ppk Value Short term Long term sigma | DPMO %o of total % of total
Sigma ast olt (assumes 1.5 values within values outside
sigma shift) range range
0.33 1

0.5 690,000 31.00% 69%
0.667 2 0.5 308,537 69.14% 30.86%
1 3 1.5 66,807 93.319% 6.68%
1.33 4 2.5 6,210 99.379% 0.621%
1.5 45 3.0 1350 99.865% 0.135%
1.667 5 3.5 233 99.98% 0.02%
2 6 45 3.4 99.99966% 0.00034%

The reporting convention for sigma is short term so process capability is also reported in short
term since it is difficult to predict how the process will change in the long term. This is the
reason 1.5 sigma shift is assumed to account for special cause variations as we move from short
term to long term[18]. As we can see from table 1, sigma level is decreased by 1.5 in the long
term to represent the sigma drop that will fit between the process mean and the nearest
specification limit over time, compared to an initial short-term study. For example a process that

fits 6 sigma in the short term will typically fit to 4.5 sigma in the long term.

All of these outputs (Ppk, Sigma level, DPMO and yield) are inter-related and represent process

capability. These inter-dependencies are explained below in detail.

First, for a process, based on the provided spec limits and the data, we calculate standard

deviation and mean. These values can then be used in the below formula to calculate Ppk.
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(USL - )7) ()7 - LSL)
3s0 = 3%0

Ppk=min[ ]

Now we need to understand, what the Ppk value will tell us. It will help us understand 2 things-
First, It will help us understand how close mean is to the center of the upper and lower spec limit
represented by USL — X and X — LSL respectively. Second, it will tell us the spread of the data
based on o in the denominator. If the Ppk value is 1, it basically means that the mean is 3
standard deviations away from the spec limits. With Ppk of 2, we have a 6 sigma process, which
helps us understand how well a process is performing with respect to its specifications. These

values are shown in Table 1.

Let’s now discuss the DPMO or Defects per million opportunities.

Defects per million opportunities (DPMQO) or Non conformities per million opportunities

(NPMO) is a measure of process performance and is given by the below formula

1,000,000 x number of defects

DPMO = - — .
number of units x number of opportunities per unit

Here, a defect is defined as a nonconformance of a quality characteristic (e.g. strength, width,
response time) to its specification and an opportunity is the total quantity of chances for defect.
Highly capable processes experience very few defects per million units produced. Note that the
DPMO can be drastically improved by a relatively small improvement in the capability index as

shown in Table 1.

The relationship between Sigma and DPMO is calculated using the inverse of the cumulative
probability distribution function®. This calculation is done in excel as NORMSINV(1-Defect Per
Opportunity) + 1.5 (accounts for 1.5 sigma shift in the long term) [19]. The sigma level is raised

here to calculate sigma level in the short term.

3 A normal random variable is continuous so the Cumulative distribution is the integral of the density
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Note that the defects Per Million Opportunities are put in the formula as Defect per opportunity.
For e.g. 69000 defects per Million Opportunities will be entered as 0.69 Defects per opportunity.

Based on the above formula, the sigma level is calculated for the below defects.

Table 2: Relationship between Sigma level and Defects

Defects Per Million

Sigma | Opportunities

1 690,000

2 308,537

3 66,807

4 6,210

5 233

6 3.4

Last, we move on to Yield, which is another measure of the quality level and can be understood
as classic yield, ﬁrsf pass yield and Rolled throughput yield. Classic Yield (YC) is the ratio of
units passed and final units tested, First time yield is the ratio of the units passed and units input
for first time and Rolled Throughput Yield (Ytp) is a multiplication of different yields to

calculate a final yield.

The relationship between Yield and DPMO is as follows [20]:
Yield= 1- (DPMO / 10°6)

Therefore, once we have a Ppk value, we can use it to get an understanding of a lot of different
measures- sigma level, DPMO and % of total values within range. In general, a lot of companies
strive for achieving 6 sigma level in the short term or 4.5 sigma in the long term (taking into
account the 1.5 sigma shift in the long term) as 6 sigma level in short term it means that

99.9996% values are within range for normally distributed data.
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3.5 Measurement variation

3.5.1 Types of Method or measurement system variation

In order to understand method variation, we first need to understand overall process variation.
Overall variation in a process can be broken down in two parts: Actual Process Variation and

Measurement Variation. Both these variations are independent of each other. This relationship is

presented in the below formula where variation is represented by o or variance.

¥ B b
O Observed Process — O Actual Process = O° Measurement System

The actual process variation consists of variation in the short term as well as in the long term to
a certain extent. The measurement variation, which we are interested in understanding, can be
classified into two categories: Accuracy and Precision. Accuracy refers to how close
measurements are to the "true" value and characterizes the location of the measurement,
while Precision refers to how close measurements are to each other and characterizes the actual
variation' in the measurement system. Figure 5 demonstrates this difference between two

categories through different systems [21].

Figure 5: Systems with different Accuracy and Precision
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The accuracy of a measurement system can be understood by looking at 3 factors [21]: Bias,

which is a measure of the distance between the average value of measurements and the true or

" The actual variation refers to the spread of the measured values whereas the overall variation mentioned earlier

includes location of the values, also referred to as accuracy of the measurement system and the spread.
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actual value of the sample; Linearity, which measures the consistency of bias (i.e. linear or non
linear) over the range of use of the measurement system and Stability, which refers to the
capacity of a measurement system to produce same values over time for the same sample. This
also means the absence of special cause variation and the presence of only common cause

variation (random variation).

A measurement system can have both accuracy and precision issues’. Generally, precision is the
principal concern and measurement errors or variation measures the degree of precision [22].
Inaccuracy issues due to linearity can be typically be corrected through calibration. We will also
be looking at Precision for this project to measure and filter out method variation from overall

process variation.

3.5.2 Measuring Precision

Precision of a measurement system expresses the closeness of agreement (degree of scatter)
between a series of measurements obtained from multiple sampling of a homogeneous sample
under a set of conditions. Precision is usually expressed as the variance, standard deviation or
coefficient of variation, which is standard deviation dividled by mean of a series of
measurements. Precision can be considered at three levels: repeatability, intermediate precision

and reproducibility.

Repeatability assesses whether the same appraiser can measure the same part/sample multiple
times with the same measurement system over a short interval of time and get the same value
[22]. Repeatability is also termed intra-assay precision and essentially provides us the variation

due to the equipment itself with all operating conditions kept consistent.

Reproducibility conditions stipulate that the same method be conducted on identical test items in
different laboratories, which necessarily involves different operators and equipment, as well as

differences in other factors such as laboratory environment, management and quality control

* Together, Accuracy and Precision define the quality or the integrity of the measurement system. Accuracy helps us

understand the location of measurements and Precision helps us understand the spread of the measured values
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policies. Therefore, all measurement factors (working environment, appraiser, and apparatus) are

changed to measure reproducibility.

Intermediate precision is determined under conditions that are intermediate between repeatability
and reproducibility conditions, which represent the two extreme conditions for determining test
method precision. It assesses whether different appraisers can measure the same part/sample with

the same measurement system and get the same value in the same lab or working environment.
Table 3 lays out these differences and conditions for measuring precision [23].

Table 3: Conditions for Precision

Factors in | Repeatability Intermediate Reproducibility

Measurements Condition Precision Condition | Condition

*This situation can be different instruments meeting the same design requirement.

"Standard test method dependent, typically does not exceed one day.

® The conditions listed above for time between tests are observed in general. Overall, the time between test depends

on the speed with which the process varies.
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3.6 Measurement capability indices - P/T, % R&R and ICC

There are many indices to understand the relative utility or the capability of a measurement
system. In this section, we will be covering some of the well-known indices such as precision to
tolerance (P/T), %R&R and a very useful but less known index- Interclass Correlation
Coefficient (ICC).

3.6.1 Measurement capability index — Precision/Tolerance Ratio

Precision to tolerance ratio is a very common measurement index and addresses what percent of
the tolerance or the difference between spec limits is taken up by measurement error. The

formula is given below P/T = 6 * 6MS

Tolerance

= 6 * é'MS
USL — LSL

Note: Here, sigma hat represents the standard deviation of a sample data set.

The number 6 in the formula is an industry standard and denotes the standard deviations, which

accounts for 99% of Measurement System (MS) variation given as Oiss 7. Prior to the 1990s, the
number 5.15 was used rather than the number 6.00. Based on the guidelines, good measurement
systems will have a P/T ratio that is less than 0.10, while adequate measurement systems will
have a P/T ratio that is less than 0.30.

P/T ratio is also related to capability ratio. P/T ratio is an inverse of the capability ratio which is

given by
USL — LSL

6*o

7 The techniques for finding the measurement system variation will be covered in sections 6.2 and 6.3
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3.6.2 Measurement capability index — % R&R

%R&R is another very common measurement index and addresses what percent of observed

process variation is taken up by measurement error. The formula is given below

Ous

x 100

%R&R = —

OObserved Pr ocess Variation

Note: Here, sigma hat represents the standard deviation of a sample data set.

As a target, a good and capable measurement system has a %R&R less than 30%. There are
several limitations with the %R&R ratio and the Gauge R&R study conducted to determine this
ratio. Though the study starts out with a sound strategy for collecting data to conduct
experiments (DOE), it overstates the impact of measurement error since the guidelines used to
interpret these inflated ratios are very conservative. For example, the Gauge R&R study
recommends that we need to modify our measurement system if the %R&R i.e. ratio of
measurement variation and overall process variation is greater than 30%. There is neither an
explanation given for this nor a logical solution given besides changing the measurement system,
which might not be necessarily required or possible for many industries. Additionally, research
studies done by noted Statistician Donald Wheeler have found out that the calculated ratios from

the study are made to look like proportions when they really are trigonometric functions [24].

3.6.3a Western Electric Rules

Before we define the next and last measurement capability index i.e. ICC, let us first define the 4
Western Electric rules, which this index utilizes. The Western Electric rules were developed by
the Western Electric company in 1950s and are widely used in statistical process control studies
to assess process stability and detect any issues or out of control process by plotting the data on
control charts. The rules, as listed below, interpret the points outside the three sigma limits as

signals to detect process stability.
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* Rule No.1 detects a signal when any single point plots outside the three-sigma limits.

* Rule No.2 detects a signal whenever two out of three successive values are on the same
side of the central line on the control chart and are more than two sigma units away from
the central line.

* Rule No.3 detects a signal whenever four out of five successive values are on the same
side and are more than one sigma unit away from the central line.

* Rule No.4 detects a signal whenever eight successive values are on the same side of the

central line.

These rules utilize historical data and look for a non-random pattern that can signify that the
process is out of control, before reaching the normal +/-3 sigma limits. Therefore, these rules are
extremely beneficial in understanding if a process is stable, though sometimes these rules can
lead to false positives. For this reason, it is important to consider these rules together with other

ratios to confirm our observations.

3.6.3b Intraclass Correlation Coefficient (ICC)

ICC is a traditional measure of relative utility introduced by Sir Ronald Fisher in 1921. ICC
measures the proportion of variation in product measurements attributed to measurement system
using well defined “Western Electric” to help understand process stability. The formula of ICC is
given as:
32
UMS

ICC=(1-
CC=(1-— )

Observed Process Variation

Note: Here, sigma hat represents the standard deviation of a sample data set.

As we can see, the ICC formula is similar to %R&R in that both are ratios of variation of
measurement system and observed process variation. However, to measure variation, ICC uses
variance rather than standard deviation. Variance is much easier to work with mathematically
than standard deviations, which cannot be added or subtracted easily. Also, ICC lays out very
clear guidelines to help us understand the capability of the measurement system based on the

severity of the measurement issue.
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The general ICC guideline is as follows: ICC>0.8 denotes minimal measurement variation due to
the assay while ICC <0.2 means that we are working with an ineffective measurement system.
When the ICC values are between 0.2 and 0.8, we can use the western electric rules to

understand the capability of our measurement system as shown below [25]:

When the intraclass correlation exceeds 0.80, we are virtually certain to detect our three-
sigma shift using rule No. 1 alone. In this case the measurement system will be said to
provide a first-class monitor for the product being measured.

*  When the intraclass correlation exceeds (.50, we have better than a 90-percent chance of
detecting our three-sigma shift using rule No. 1 alone. Therefore, when the intraclass
correlation is between 0.80 and 0.50, the measurement system will be said to provide a
second-class monitor.

*  When the intraclass correlation exceeds 0.20, we have better than a 90-percent chance of

detecting our three-sigma shift using rules No. I, No. 2, No. 3, and No. 4 together.

Therefore, when the intraclass correlation is between 0.50 and 0.20, the measurement

system will be said to provide a third-class monitor.

® As the intraclass correlation falls below 0.20, the probabilities of detecting our three-
sigma shift will rapidly vanish. When the intraclass correlation is below 0.20 the

measurement system will be said to provide a fourth-class monitor.
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3.7 What is Statistical Hypothesis Testing?

A statistical hypothesis is a method of statistical inference to compare two statistical datasets or a
data set obtained by sampling against a simulated data set. This is either to understand the effect
of a variable or simply to understand if the two data sets are different statistically. An idealized
null hypothesis is used in these tests, which means that there is no difference between the data

sets. The alternate hypothesis proposes statistical significant difference.

To determine whether the difference between the two data sets is, in fact, statistically significant,
a p-value, which is the probability of observing an effect given that the null hypothesis is true, is
calculated. The null hypothesis is rejected if the p-value is less than the significance level of the
test or o (which is usually set at 5% or 1%), thereby confirming that the datasets are statistically

significantly different.

3.7.1 Different types of statistical inference tests

There are many different types of tests that can be used for hypothesis testing. The two most
common hypothesis tests are t-test and one way ANOVA, which stands for Analysis of
Variances or F test. Both these tests compare the mean of the two groups to determine statistical
significant difference. ANOVA is preferred over a t-test because it can compare more than 2
groups effectively and because it has less chance of committing a type I error, which refers to
incorrectly rejecting a null hypothesis (a false positive) [26]. However, ANOVA which is
actually a misnomer, since it is not comparing variances, actually makes many assumptions
before even conducting the test. One of them is that the variances of the two populations are
same. This assumption is actually made by many other statistical tests including a type of t-test.
Therefore, it is important to determine if the variances are in fact equal before performing the

statistical test otherwise the results will not be accurate.

3.7.2 What is Homogeneity of Variance test? Why do we need it?

As we know, variance is the average squared deviations between a group of observations and

their means and helps us understand the “spread” of the data. It is given by the below formula.
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R

n-1

2
=

Here, s represents the standard deviation of a sample.

It is important to test for homogeneity of variances for two key reasons: First, many tests which
compare two datasets or analyze the impact of a change (such as t-tests or ANOVA) based on the
means assume that the variances are equal as we saw above. Second, testing the homogeneity of
variance is useful for testing meaningful hypothesis. For example, if we are comparing two
datasets, which are very different in terms of their sources or other factors and trying to decide
whether we can use them together, it will not make sense to compare their means. The means of
these two very different datasets will more than likely be different. What we will need to
compare is the variance of the spread of the data and is a reliable statistic to determine if the

datasets are comparable.

3.7.3 Why use the Brown Forsythe Test?

There are four kinds of tests that can be done to test group variances. The first three tests of equal
variances perform an analysis of variance on a new response variable constructed to measure the
spread in each group. These tests are called Brown-Forsythe, Levene and O Brien test [27]. The
fourth test is Bartlett’s test, which is similar to the likelihood-ratio test under normal
distributions. Out of all these tests, Brown Forsythe test is most commonly used. We will be

covering this test in detail and comparing it with the other tests.

The Brown and Forsythe Test tests equal population variances. It is a robust test based on the

absolute differences within each group from the group median.

The Brown-Forsythe Test is relatively insensitive to departures from normality and it is not
sensitive to skewed distributions (e.g., chi square or %2) and extremely heavy-tailed distributions
(e.g., Cauchy). In these cases, it is more robust than Bartlett’s test, which requires a normal
distribution and is sensitive to unequal sample sizes. Additionally, Brown Forsythe compares the

datasets against median of the group unlike Levene’s test, which uses the mean. Statistically,

41



comparison against median is better especially for giving robust results for non-normal
distributions. Therefore, Brown-Forsythe is much more commonly used and recommended over

these tests.
To perform the Brown-Forsythe Test:

1. Calculate each z;; = |yjj — y.i | where y.; is the median for the i th group, yj; is the value in the

dataset and z;; represents the absolute differences within each group.
2. Run a one way Analysis of Variances test on the set of z;; ’s.

3. If p-value < a, reject Ho or null hypothesis and conclude the variances are not all equal.
- 3.8 Bayesian Approach

3.8.1 What is Bayesian Approach?

Bayesian approach is a method based on Bayes theorem to statistically infer the true state of an
event or a condition based on related conditions to the event. Bayesian analysis gives us
information about unknown parameters by using probability statements. In Bayesian analysis,
prior knowledge about model parameters is updated with the evidence from observed data to
form the posterior distribution. Bayesian analysis uses this posterior distribution to form various
summaries for the model parameters including point estimates such as posterior means, medians,

percentiles, and interval estimates [28].

The relationship between posterior and prior distribution can be expressed as follows:
Posterior probability o Likelihood x Prior probability.

Where, posteriz)r density of the parameters is computed using Bayes theorem by multiplying the

likelihood function of the data and the prior density of the parameters.

The interval estimates that define the posterior density or probability distribution are called
credible intervals. Credible intervals are analogous to confidence intervals in frequentist

statistics. Key difference is that Bayesian intervals treat their bounds as fixed and the estimated
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parameter as a random variable, whereas frequentist confidence intervals treat their bounds as

random variables and the parameter as a fixed value.

3.8.2 How do you conduct Bayesian analysis?

The first thing we need to be concerned with is obtaining the Prior [29]. Mathematically, Prior is
written as p(0), a probability distribution called “Prior distribution” and refers to the current

knowledge about the parameters. This is usually developed based on historical information
before any evidence is taken into account and forms informative prior. However, sometimes
prior information is not available in which case, we want a prior with minimal influence on the
inference [30]. We call such a prior a non-informative prior. Very commonly, a non-informative
prior called Jeffrey’s prior is used in this case. Jeffrey’s prior takes the motivation from Fisher’s
information 1(0), which is an indicator of the amount of information brought by the model
(observations) about 0. As 1(0) becomes large, the influence of prior minimizes and thus,
Jeffrey’s prior is very appropriate as a non-informative prior. It is proportional to the square root

of the determinant of the Fisher information, I(8) and is given by the below formula.
7(6) «1/2(0)
I(8) or Fisher information and is given by the below formula

dlog f(X|6)
00

1(0)=E,( )’

In case of informative prior, we use an inverse gamma function distribution [31] represented

below.

IG(x|a, ) = % Xt exp(%)

Here a is a shape parameter and S is a scale parameter. The larger the scale parameter, the
more spread out the distribution is.

Moving on to the other factors in Bayesian analysis- when new data becomes available, the

information of the model parameters is expressed in the "likelihood", which is proportional to the
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distribution of the observed data, given the model parameters. The likelihood is represented as p
(v106) where y is the new data. This information is then combined with the Prior to produce an
updated probability distribution called the "posterior distribution", on which all Bayesian

inference is based. The expression then becomes [29]:

p(9) x p(y| 0)

POI9) = Jop(8) x p(y| 6)do’

The denominator is termed the marginal likelihood or "model evidence" and can be expressed as
an integral. It is the same for all possible hypotheses being considered and therefore, doesn’t
affect the relative probabilities of different hypothesis. The posterior distribution is more

commonly written as follows:

0)p(6
(8] y) = p(y [ 9)p(6)
p(y)
Bayesian inference computes the posterior probability according to Bayes' theorem, which is

expressed as follows [32]:

P(B|A) P(4)

P(A|B) = 5)

Bayes' theorem describes the probability of an event, based on conditions that might be related

to the event and is a way to understand how the probability of an event is affected by a new

evidence.
Here | denotes a conditional probability, A and B are events.

* P(A4) and P(B) are the probabilities of events 4 and B

+ P(4|B), aconditional probability, is the prdbability of observing event A4 given that B is

true.

* P(B|A) is the probability of observing event B given that A4 is true.
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Note that when Bayes approach is applied, A becomes the Hypothesis and B becomes Evidence.

3.8.3 Why use Bayesian analysis?

Bayesian analysis is a powerful and an important analytical tool for statistical modeling,
interpretation of results, and prediction of data. Bayesian approach can be universal as it is based
on a single rule of probability, the Bayes rule, which is applicable to all parametric models. This
greatly facilitates its application. On the other hand, the more traditional frequentist approach
relies on é variety of estimation methods designed for specific statistical problems and often

inferential methods from one class of problems cannot be applied to another one[31].

Bayesian analysis also assumes that all model parameters are random quantities and thus can
incorporate prior knowledge. We can therefore use prior information to get a more accurate
response especially for unknown quantities. For example, we can use prior information to
mitigate the effect of a small sample size. This assumption is in sharp contrast with the more
traditional, also called frequentist, statistical inference where all parameters are considered
unknown but fixed quantities. However, one needs to ensure that the prior distribution is accurate

as possible so that we can get reliable results from the Posterior distribution.
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4.0 Evaluating Process Capability Metrics

4.1 Why is Process Capability study important?

In any manufacturing process, the specifications or the tolerance limits based on customer
requirements are developed to ensure that the product can meet the user requirements. The
manufacturing process for the product must also meet or be able to achieve product
specifications. Here is where the process capability study becomes critical. Process capability

analysis is used to assess the following:

* Assess the potential capability of a process at a specific point or points in time in order to

obtain values within a specification

¢ Predict the future potential of a process in order to create a value within specification with

the use of meaningful metrics

* Identify improvement opportunities in the process by reducing or possibly eliminating

sources of variability.

Understanding Process performance or capability is even more important for biologics where
“the product is the process” [33]. A biologic is a very large complex molecule or set of complex
molecules typically produced using recombinant DNA technology. It is critical that biologic
manufacturers ensure product consistency, quality, and purity through control of the

manufacturing process.

4.2 What is the difference between Ppk and Cpk?

Capability statistics such as Cpk, which is a statistical measure of process capability when the
process is in control, and Ppk, which estimates the performance of a new process before a
process is brought under control, are used to assess whether or not a process is capable of
meeting user requirements. For our project, we have to decide whether to look at Cpk or Ppk for
understanding process capability. The key assumption in conducting these calculations is that the
data is normally distributed, which makes it possible to estimate the probability of an incident

within any data set [34]. The most interesting values in Cpk and Ppk relate to the probability of
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data occurring outside of customer specifications, which is the data appearing below lower

specification limit (LSL) or above upper specification limit (USL).

In order to understand the differences between Ppk and Cpk, we will first cover the formula of
the two metrics, discuss what each of them measure and then talk about which metric has most

utility during process development.
Let’s first look at Cpk.

Cpk is given by the below formula:

(USL - X) (X -LSL)
3x5  3%6

Cpk = min| ]

. _ ~ R :
where sigma hat represents the standard deviation of the subgroups & = 7 R-bar is the average

2
range (max-min) representing the average variation within the subgroup and d, is a control chart

constant that depends on the subgroup size[35].

Each subgroup represents a group of measurements produced under the same set of conditions
and hence, the snapshot of a process. Therefore, the measurements that make up a subgroup are
most often taken from a similar point in time. For our analysis, one subgroup could be a single

batch of a biologic as the batches are not made at the same time.

Moving on to Ppk, which is given by the below formula

(USL-X) (X -LSL)

3xs  3%g

Ppk = min| ]

Where s is the standard deviation of the overall data and is calculated by the following formula
o [ZX )2
N-1
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Here, N is the number of data points, x bar is the mean of the data sets.

The numerators for Cpk and Ppk are exactly the same. The key difference lies in the method of
estimating the statistical population standard deviation. ¢ in Cpk represents standard deviation of

each subgroup in a sample whereas s in Ppk represents standard deviation of the overall sample

dataset.

To further elaborate with an example [36], the below case represents 5 measurements taken
every day for 10 days and shows the difference in calculation of Cpk and Ppk. Figure 6 shows
Ppk and Cpk calculation when the variation within subgroups and between subgroups is similar
while Fig 7 shows the calculation of the metrics when the variation between and within

subgroups is different.

Figure 6: Similar Cpk and Ppk
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When the variation between subgroups is similar to the variation within the subgroups
themselves, ‘within’ and ‘overall® standard deviations are similar, which means Cpk and Ppk are

similar as well (at 1.13 and 1.07, respectively).
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Figure 7: Different Cpk and Ppk
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Compared to Fig 6, Figure 7 demonstrates the impact when there is a difference between the
variation within subgroups and across subgroups. Where there is less variation within each
subgroup we get a higher Cpk (3.69), however, we can see that the variation between the

subgroups hasn’t changed so Ppk remains 1.07.

Therefore, Cpk measures the short term capability (data within the same subgroup) and Ppk

measures the long term capability of the process (data across different subgroups or batches)

Additionally, since Cpk considers standard deviation within a rational subgroup where samples
are produced around the same time, the standard deviation is lower and this increases the Cpk
value. On the other hand, the variation between subgroups allows the standard deviation in Ppk
calculation to be higher, which results in more conservative estimates of Ppk. Hence, using the

Ppk metric can also prevent us from overestimating the performance or capability of our process.

Last but not least, let’s look at statistical control as a measure to evaluate the usage of the process
capability and/or process performance metrics. Cpk is a process capability metric and is useful to
measure only if the process is in statistical control so the mean and standard deviation of the data
can be relied upon. As we know from Section 3.3.4, a process is in statistical control only when
common cause variation is present [37]. This most often happens in a mature or stable process
where special cause variation is absent. So, Cpk measures only common cause variation or

variation present in subgroups, a set of values recorded at the same time.
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Ppk, on the other hand, estimates the performance of usually a new process, which hasn’t been
brought in control yet. This means that the process includes both common cause and special
cause variation. Therefore, Ppk is able to measure both types of variations, common cause
present within subgroups and special cause variation, which is usually seen between subgroups,
and is a very useful metric to assess new processes or processes for which, there is not sufficient
data to determine exactly whether the process is in statistical control or not. Note: Cpk =Ppk

when process is in statistical control.

4.3 Which metric should be used during Bio-manufacturing?

As we saw, Cpk measures the short term capability i.e. data within the same subgroup, which
will mostly contain common cause variation, whereas Ppk measures the long term capability of
the process i.e. data across different subgroups or batches, which will contain both common

cause and special cause variation.

To manufacture a biologic, a lot of time and resources go into producing one single batch and the
batches are not all manufactured at the same time. Additionally, there is a lot of interest within
process development/biopharmaceutical manufacturing to understand the trends between
different batches or subgroups i.e. overall variation containing special causes and common cause.
The variation within subgroups or batches, which are practically produced at the same time is not
as relevant for biologics, therefore, Ppk should be the metric of choice for biopharmaceutical
manufacturing. Last but not least, Cpk is measured for a mature process that is in statistical
control whereas Ppk doesn’t require the process to be in statistical control. Therefore, for the
purpose of this project, measuring Ppk is more suitable as the methodology being designed is

primarily for processes that are still in development.
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5.0 Establishing the relationship between Ppk and Sample Size

5.1 Methodology

The chart in Figure 8 shows the steps in a chronological order that have been followed to
conduct the analysis for determining the optimal sample size for Ppk calculation. Note that the

sample size refers to the batch size. For example, 1 sample point corresponds to data from 1
batch.

In this methodology, we first select the molecule and the parameters for assessment, evaluate
data for each parameter for normality and test for outliers. This is followed by bootstrapping,
which provides us confidence intervals. This analysis has been conducted for several parameters
and based on the results, we recommend a multi-tier approach for determining the appropriate
action based on the sample size available to use for calculations. In this chapter, each and every
step of this methodology is covered in detail and the calculations within each step are also

explained. Finally, the tiers are presented in section 5.5
Figure 8: Optimal Sample Size determination methodology

Select Molecule

Select parameters for assessment

Evaluate data for normality

Propose and use methods to estimate Ppk with
n<30 batches

Propose the optimal sample size for Ppk
determination

Develop a methodology for capability analysis




5.2 Molecule and Parameter Selection

The process selected for development of this methodology is representative of current
manufacturing processes. The parameters for assessment have been selected from upstream and
downstream unit operations and exhibited varying levels of complexity. These parameters
include Seed bioreactor final viability (%), Column 1 step yield, Host cell protein after column 1,
Final UF/DF protein concentration, Drug substance glycan content, Drug substance % relative

potency and Drug substance pH.

Seed bioreactor final viability is an upstream parameter to measure consistent cell growth. The

final viability is measured using an automated cell counter and is considered non-critical.

Process step yield at Column 1 is a downstream parameter to measure product recovery across
a single unit operation. Percent step yield is defined as the ratio of the quantity of protein
recovered from a unit operation (after sampling) relative to the quantity prior to that unit
operation. It is considered non-critical and used to monitor process consistency. Step yield is

calculated based on ultraviolet (UV) absorbance based measure of protein concentration.

Host cell protein (HCP) is a downstream parameter and quantifies host cell protein impurities
generated as byproducts of the manufacturing process. HCPs are generated during cell culture

and removed during purification.

Final UF/DF Protein Concentration: The UF/DF pool protein concentration is controlled

through automation of the UF/DF step.

Glycan Content: Glycan content is an important attribute for biopharmaceuticals as glycans can
impact efficacy and function of the product. Glycan content is quantified using hydrophilic

interaction chromatography.

DS pH: pH is operationally controlled by the formulation of the buffer and through a targeted
number of diafiltrations during UF/DF step.

Drug Substance % Relative Potency: In a biopharmaceutical process, Potency is a measure of

drug activity expressed in terms of the amount required to produce an effect of given intensity.
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Potency is a critical quality attribute and is assessed using cell based bioassays, which can
determine the concentration or biological activity of a substance by measuring an effect on

tissues or cells.

5.3 Test for Normality and Outliers

Since Ppk assumes that our data are normal, we must evaluate data for normality graphically
using the outlier box plot and use the goodness of fit normality test. First, we look at the p value
given by the goodness of fit test to determine whether it is greater or less than 0.05. A p value of
less than 0.05 rejects the null hypothesis that the data are from a normal distribution. Therefore,
if the p value is less than 0.05, it means that the data are not normal. We then evaluate the data
graphically using the outlier box plot and check if the plot shows outlier data points. If it does,
we look at the batch history of the outliers in the non- conformance system to determine if the
outliers are caused by special cause in which case, we remove outliers. In case of no assignable
event, we consult with the SME (subject matter expert) to understand if the outliers are a
‘normal’ or ‘expected’ part of the process even if infrequently observed. If the response is yes,

we keep the ‘outliers’ in the data, otherwise we take them out.

As an example, in the case of seed bioreactor viability, there were 2 outliers and upon review, we
established that these two outliers had a known special cause event associated with them (culture
duration time had exceeded the normal operating range). Therefore, we removed the outliers

from the analysis and passed the goodness of fit test.

5.4 Statistical analysis using Bootstrapping

Even when a distribution is known to be normal, bootstrapping is helpful in generating
confidence intervals and helping us to understand the uncertainty about the true value of Ppk by
incorporating the data from 1000 or more data sets. Figure 9 shows the steps in a chronological

order that have been followed to conduct this analysis.
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Figure 9: Bootstrap Methodology

Generate a bootstrap sample:
Sample the parameter data set with
replacement 1000 times

Calculate Ppk i.e. min (PpU, PpL) at
different sample sizes for the different
bootstrapped sets.

Calculate bootstrap statistics:
Calculate mean and standard deviation
of Ppks at different sample sizes for
the sample sets

Generate a bootstrap distribution:
Using the percentile method,
calculate UCL and LCL for the
different sample sizes

To elaborate, we first generate a bootstrap sample by taking a parameter data set of 100 batches
and sample it with replacement 1000 times to produce 1000 data sets, each of which have the
same size (100 batches) as the original data set. This gives us a sampling distribution. We then
use the formula of Ppk (as listed below) to calculate Ppk for each sample size or batch size from
2 to 70 out of the data for 100 available batches. The Ppk calculation is done for each of the 1000

data sets at these sample sizes.

(USL—X) (X~ LSL)]

Ppk=min ,
3 [ RET0; 54 3x0o



We calculate bootstrap statistics for this data set i.e. the average and standard deviation of the
Ppks at each sample size across all 1000 Ppk values. Once we have the required statistics, we
have to generate a bootstrap distribution. We use the percentile method to generate this
distribution. The data is sorted for each sample size and upper and lower 95% confidence
intervals are calculated by picking top or bottom 2.5 percentile from the Ppk values. An example

of this calculation is shown below for generating Upper confidence interval:
1000 data sets*0.025 = 25™ value

The Ppk value at 25 place (in ascending order) is chosen from the 1000 Ppk values generated

for the data sets at each sample size.

The percentile method has been picked over other methods i.e. t or z distribution as this method
yields a confidence interval irrespective of the distribution of the data and is appropriate for both
large and small sizes. These features make the method very useful for our work on understanding
relationship between Ppk and N at small sample sizes since there is not enough data to determine

the most accurate distribution at small sample sizes, though we do check the data for normality.

5.4.1 Interpretation of results

The bootstrapping analysis has been conducted for all seven parameters across upstream and
downstream processes. Below graphs show the results of Host Cell Protein after Column 1, one

of the seven chosen parameters. The results of most other parameters are very similar.
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Figure 10: Ppk and Sample Size variation for Host Cell Protein
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The rate of Ppk variation shown above has been calculated by keeping Ppk at sample size (N) of
30 as a reference, which is also considered the gold standard for minimum amount of data
required for statistical analysis[1] and is a typical threshold for when process capability should

be evaluated.

As we can see from Figure 10, Ppk values start high at smaller sample size and become more
stable as we increase the sample size. This makes intuitive sense as we have more data at a
higher sample size, which brings more reliable or stable results. However, the key is to focus on
rate of Ppk variation, which decreases significantly with increase in sample size as we can see

from Figure 10. Additionally, as we look at Figure 11, we can make the following conclusions:

1. The rate of Ppk variation at sample sizes less than 5 is more than 30%,which is quite high.
2. Ppk values get more stable at higher sample size and the variation reduces to 18%- 25% at
samples sizes between 5 and 8.

3. Rate of Ppk variation consistently reaches below 18% for sample sizes greater than 8.

Note: Rate of Ppk variation (18-30%) presented here takes into account the permitted 1.5 sigma

shift [38] which occurs as we move from short term to long term due to special cause variations®.

Most of the other parameters such as seed bioreactor final viability (%), Column 1 step yield,
UF/DF protein concentration, Drug substance glycan content and Drug substance % relative

potency show similar results.

However, for some parameters which are known to have a lot of variation in either the process or
the assay, the reduction in the rate of variation of Ppk is seen to be slower (though not
significantly different) than the reduction rate for the rest of the parameters as shown above. An
example is Ppk for drug substance pH, which is known to have a lot of overall process variation

mainly contributed by the measurement variation in its method and which will be covered in

* Reporting convention of Six Sigma requires the process capability to be reported in short-term sigma — without the
presence of special cause variation. Long-term sigma is determined by adding 1.5 sigma from the short-term sigma

calculation to account for the process shift that is known to occur over time.
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detail

in Chapter 6. The rate of Ppk variation for Drug Substance pH is depicted in the below

Figures 12 and 13.

Ppk Values

DS pH Ppk variation rate(%)

Figure 12: Ppk and Sample Size variation for DS pH
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Note:

For sample sizes below 6, we can see that there is either no variation or positive compared

to N=30. The reason is that bootstrapping is not giving a reliable value in this case for such small

sample sizes as the resampled datasets are too similar too each other to produce a reliable
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standard deviation and in turn, a reliable confidence interval. This is further confirmed by the
previous research done on bootstrapping as discussed in Section 3.3.1 which shows that

bootstrapping results are reliable for sample sizes equal to and greater than 8 [39].

In summary, the rate of Ppk variation decreases significantly with increase in sample size. The
key difference, though. is how the rate of Ppk variation decreases, particularly at small sample
sizes. For example, as can be seen from Figure 13 the rate of Ppk variation is very high (more
than 30%) for sample sizes less than 8. The variation reduces to under 30% (20-30%) for sample
sizes between 8 and 11. Finally, Ppk variation becomes very stable and the rate consistently
reaches below 20% for sample sizes greater than 11. Note the rate of Ppk variation presented

here also takes into account the permitted 1.5 sigma shift as discussed in Section 3.4.

As we can see, the trend in variation of Ppk values is very similar to what was found earlier,
except that the decrease in rate of Ppk variation is slightly slower in parameters, which are

known to be more variable relative to spec ranges.

5.5 Selection of a Multi-tier approach

Based on the results from the analysis, we conclude that a multi-tiered approach is required for
estimating Ppk at low sample sizes and determining the appropriate next steps. These steps
include deciding whether to use the Ppk data as is or to calculate confidence intervals along with
the Ppk value to understand the uncertainty in the Ppk value or to collect more data before
conducting Ppk analysis. We also have to decide the right sample size for each tier taking into
consideration the spectrum of complexity of parameters i.e. from parameters with low variation
to parameters with very high variation and the reliability of the results from bootstrapping as
mentioned in Section 5.4.1. In order to address this situation and make the final assessment of

sample size parameter independent, the following tiers are recommended:

Characteristic: Rate of Ppk variation is decreasing and is around <=15%-18% from Ppk of

N=30 for all parameters including parameters with known significant variation. The Ppk values
are getting stable.
Sample Size: Greater than 11
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Recommendation: The data can be used for statistical analysis and for process capability

calculations without any concerns

Tier 2 or Yellow Zone

Characteristic: Moderate variation in Ppk values. Ppk variation <=22%-30% from Ppk of

N=30 for all parameters including parameters with known significant variation.

Sample Size:  8-11 for all parameters

Recommendation: Use the data for process capability analysis but include the uncertainty in

the Ppk values defined by the confidence intervals.

Characteristic: There is significant variation in Ppk values and Ppk is unreliable because of

very few data points. Ppk variation >30%-40% from Ppk of N=30 for all parameters including
parameters with known significant variation.
Sample Size: Less than 8

Recommendation: Collect more data or use data from different scales (lab scale or

commercial scale) or other molecules before conducting statistical analysis. These techniques are
presented as Bayesian approach in Chapter 7.
The tiers are also summarized in the table below.

Table 4: Tiered approach for Optlmal Sample Size determination

Ppk variation decreasing.
Variation <=22-30% from Ppk
of N=30

Evaluate with uncertainty

Ter2 R factored in




6.0 Measuring Method or Assay Variation

6.1 Measuring Precision

Section 3.5.1 discusses that a measurement system is characterized by the location of its
measured data, which detects the gap between the measured values and true value and the
variation between the different measurements. Within location, Accuracy is measured to
understand how close measurements are to the "true" value and within variation, Precision is

measured to assess how close measurements are to each other.

We will be focusing on Precision for this project as we are trying to understand the variation
generated by the methods. Precision is commonly understood at three levels-Repeatability,
Intermediate Precision and Reproducibility. These terms are explained in section 3.5. Precision is
often expressed as coefficient of variation, which is the ratio of standard deviation and mean of a
set of observations. To understand the measurement variation due to equipment and the
appraiser, Precision is measured by doing repeatability and intermediate precision studies,

respectively. The working environment or lab is often not changed in these cases.

6.2 Formulae for Measurement variation

Overall Process variation consists of two parts: Actual Process Variation and Measurement

Variation. This relationship is presented in the following manner:

2 2 2
O Observed Process — O Actual Process + O Measurement System

Variation is represented by variance or >

We are interested in understanding the variation arising from the measurement system, which is
a sum of the variation from repeatability and reproducibility. Repeatability provides variation
due to gauge and reproducibility measures variation due to many different factors such as
appraiser, working environment and gauge. The relationship between variation from

measurement system, repeatability and reproducibility can be expressed below [19]:
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2 2 2
O "Measurement System — (O Repeatability + O  Reproducibility

When intermediate precision is measured instead of reproducibility, the equation changes to the
below. This calculation helps us understand the variation created by the gauge and appraiser. The

lab or the working environment is not being changed in testing the parameters.

2 2 2
O “Measurement System — O  Repeatability + O Intermediate Precision

6.3 Which measurement capability index is appropriate for Bio-

manufacturing?

As we have seen in Chapter 3, P/T Ratio measures the percent of the tolerance being taken up by

measurement error and is given by

%
p/T =8 Fus

Tolerance
Based on the guidelines, good measurement systems will have a P/T ratio that is less than 0.10,

while adequate measurement systems will have a P/T ratio that is less than 0.30.

% R&R measures the percent of Observed Process Variation being taken up by measurement

error. The formula for this index is

A

%R&R=— s x100

aObserved Process Variation

As a target, a good and capable measurement system has a %R&R less than 30%.

ICC (Intraclass Correlation Coefficient) measures the proportion of variation in product

measurements attributed to measurement system and uses well defined “Western Electric” rules

defined in Chapter 3 to help understand process stability. The formula for ICC is given by :

A2
o
IcC=(1= MS

(")—2
Observed Process Variation
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ICC uses variance rather than standard deviation, which is used in %R&R calculation. Variance
is much easier to work with mathematically than standard deviations, which cannot be added or
subtracted easily. [CC also lays out very clear guidelines to help us understand the capability of
the measurement system based on the severity of the measurement issue.

As discussed in Section 3.6.3b, ICC>0.8 denotes minimal measurement variation while ICC <0.2
signifies an ineffective measurement system. For the ICC values between 0.2 and 0.8, we use the

western electric rules to understand the capability of our measurement system.

Out of the three capability indices, we have to decide which measurement capability index to
pick to measure the variation from our methods. There are 2 key criteria that are important to

consider in making this decision.

1) We need an index, which could measure the variation with respect to specifications
defined by all necessary customers. This includes final product specifications defined by
the target product profile based on patient needs and total process variation defined by the
process. Upon further research, we have found out that none of these ratios by themselves

achieved this objective.

2) We need an index, which lays out clear guidelines on how to understand the
measurement variation but isn’t overly conservative. This would help avoid constraining
or overstating the noise in the measurement system. As noted previously, %R&R
guidelines can be overly conservative for understanding the variation in the measurement

system.

Based on these requirements, we conclude that it is important to look at a combination of
different ratios, which evaluates variation with respect to the relevant limits and is not overly

conservative.

Therefore, we have decided to measure the variation in methods by computing both ICC and
P/T ratio. These well- defined multi-dimensional criteria can be very effective as ICC will help

us understand the measurement variation with respect to overall process variation and P/T ratio
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will help us do the same with respect to product specification limits. Additionally, as noted
above, ICC provides a nice set of clear guidelines in a tier format that take into account the

severity of the variation in a rational manner.

6.4 Measurement System Decision Matrix

Based on the above defined criteria to measure and analyze assay variation, we have built the

following Measurement system Decision Matrix as shown in table 5. Based on the computed

values of ICC and P/T ratio, this matrix guides us on the next steps to address method or assay

variation.

Table 5: Measurement System Decision Matrix

Low PIT(<=30%) High PIT(>30%)

Less Than Ideal Scenario
Negligible measurement variation with
respect to overall process but tight
specification limits. Filter out method
variation.

Less Than Ideal Scenario Less Than Ideal Scenario
Measurement variation forms a relatively Measurement variation forms a relatively
large part of overall process but is within large part of overall process and of within
the product specifications. Filter out the product specifications. Filter out the
measurement system variation measurement system variation

on- Ideal Scenario
ICC <0.2 lytical method variaton with
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The below criteria provide an overview on how to utilize this matrix:
* When P/T<=30% and ICC>0.8

This is the ideal scenario as we have a highly capable measurement system. The
measurement system variation is a very small part of the total process variation and of the

product tolerance or specifications.’

The recommendation is to use the dataset for calculating process capability. There is no need to

filter out the variation from analytical method.

* When P/T>30% and I1CC<0(.2

This is the worst case scenario as the measurement system variation is a significant component

of overall process variation and of product tolerance in this case.

Recommendation is to improve the analytical method before conducting any analysis for
process capability or Ppk as the original data contains too much variation from the method and

removing it will cause the process capability to be artificially very high.
* Special case: When P/T<30% and ICC<0.2

This is an interesting case. Though the measurement system variation is a significant part of
overall process variation, it doesn’t contribute significantly to the specifications or the tolerance.
For this reason, the recommendation is to evaluate if the analytical method needs to be improved
based on the capability (Ppk) of the current process and the set specification limits. Process
capability can also be calculated after filtering out the method variation, but with caution as

Process capability (Ppk) of “only” the process will be high in this case.

® The total process variation comes from the true process variation and the continuous data measurement system.
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* Filter out the analytical method variation for the rest

For the rest of the scenarios in the matrix, we need to filter out the method variation using the
procedure shown in Section 6.5 as the measurement variation in these cases is neither low
enough to use the original data for process capability nor high enough to stop the process
capability analysis.

As we can see, removing the measurement variation from the original dataset containing overall
process variation allows us to calculate process capability, which shows the actual capability of
only the process. This is a huge step in helping us understand the variation coming from “only”

the process.
6.5 Procedure to filter out method variation in Ppk calculation

We have created a procedure to filter out the method variation from the overall process variation.
The following steps are required to filter out the noise from the assay or the method from the

original dataset.

We know that Ppk of the original dataset of a parameter can be calculated using the below

formula YY) (Y —
Ppk =min[(USL X) (X -LSL)

]

3xs  3xs

Where s= standard deviation of the original sample data set

» Step 1: Obtain % Coefficient of variation (CV) of repeatability and intermediate precision of

the assays (from the method development report)

e Step 2: Calculate (3' repeatability and é’ intermediate precision ~ of the measurement system
using the formula CV = 9 where /i’— is mean of original sample data set and CV is from
X
method development report and & is variance of the sample.

e Step 3: Calculate O = \/Zéz Repeatability ) + (621ntermedz'ate Precision)

I Measuremernt System
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* Step 4: Calculate net standard deviation =~ O net = § — O measurement system
Note: The subtraction of standard deviation is possible in this case since S (standard

deviation of the original data set and (standard deviation of

9 Measurement System

measurement system) are based on the same mean X (mean of the original data set).

e Step 5: Use the net standard deviation or o netin the Ppk equation to calculate Ppk net as
shown below
(USL-X) (X -LSL)
346 3% 0 ]

Ppknet = mln[

In this manner, we are able to calculate the “true” process capability or Ppk of the process.
A case study demonstrating the use of this procedure on filtering out the method variation of host

cell protein from the overall process variation has also been conducted (as shown below in

Figure 14)
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Figure 14: Filtration of method variation of Host Cell Protein
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development @
J po
-

HCP Ppk=1.35 e =
With CV repeatability=16 Orepeatability = 7.14
S(std dev)=19.31 CV intermediate ¢ (Fiennediate Precision=448
X(mean) = 44 67 Precision=10

~ ~

2 A2 . ..
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o-.\ieaswemenSystem

~ ~
Onet = § — O measuremertsystem

Ohet = 19.31-8.42 =10.88 with Oret = 10.88

6.6 Expanded Analysis

The above analytical method variation analysis has been expanded to include many different
parameters and assay types. Table 6 includes the results of these analyses and the

recommendations.
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Table 6: Analytical method variation analysis for several parameters

Parameter Assay Attribute | PIT Action to take
class ratio

N-2 bioreactor Final Viability Vioeh Spsfresgy
(cell count Process
(%)
equipment)  Consistency
Host cell protein(after Col 1) ELISA
ELISA Downstream-
Host cell protein(after Col 2) Filter out assay variation
CEX (after Col 2) HPLC
Final UF/DF Protein meastjr\é ASHER
Concentration
Downstream-
UF/DF pool Osmolality Osmometer progeos
consistency
DS Protein Conc o
measurement
Drug Substance Mannose HILIC
Content Downstream-
PQA
DS Relative Potency Bioassay
Downstream-
DS pH pH meter process

consistency

Looking at this at a holistic level, some of the interesting cases to note are comparisons between host
cell protein in col 1 and in col 2 and DS protein concentration and final UF/DF protein concentration.
The results of UF/DF pool Osmolality and DS pH also need to be paid attention to get an

understanding of special cases.

In the case of host cell protein (HCP), the measurement system variation in Column 1 is a small
contributor to the tolerance (small P/T ratio) but in Column 2, it contributes significantly to the

tolerance. (high P/T). The reason is that though both parameters are measured using the same assay(
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Enzyme linked immunosorbent assay or ELISA) , the spec limits for host cell protein in Column 2 are
set narrower than the specs for the host cell protein in Column 1, which leads to the high P/T ratio for

host cell protein in Column 2.

On the other hand, in the case of UF/DF protein concentration and DS protein concentration
measured immediately afterwards, both the P/T ratio and the ICC are almost similar. The reason is
that both UF/DF and DS are measured against the same spec limits and are also measured through the
same method of UV absorbance. Therefore, the P/T ratio for both the UF/DF and DS protein, which
measures the contribution of measurement system variation towards the tolerance or specifications, is
the same. The ICC for DS protein concentration is a little higher(0.94) than it is for UF/DF
protein(0.92) since the Ameasurement system becomes a smaller part of the overall variation at the

drug substance stage and can increase the overall process variation.

In the case of UF/DF pool osmolality, the P/T ratio is acceptable but the ICC is definitely
unacceptable. Here, the measurement system variation is a significant part of overall process variation
but it doesn’t contribute significantly to the specifications or the tolerance. The reason is that the
measurement system has a very large allowable variation so it contributes significantly to the overall
variation but the spec limits are wide enough so that the variation coming from measurement system
is not a big contributor to the specifications. This conclusion has been confirmed both with the
manufacturer of the equipment and lab scientists at Amgen. The suggestion is to evaluate if the
method or the measurement system needs to be improved. The revised process capability can also be
calculated but caution has to be applied as once the significant variation from the measurement

system is taken out, the resulting Ppk value can be very high.

The fourth and the last case is of DS pH, which has P/T ratio and ICC much below acceptable limits.
Here, measurement system variation is a significant part of overall process variation and of process
tolerance. The recommendation is to improve the analytical method before conducting any analysis.
On further research, this conclusion was confirmed as we found out that the pH meter is known to

have a high allowable variation relative to the specifications for this parameter

As we can see, the use of this matrix is a powerful way to assess and filter out, if needed, the
variation from the analytical method of any parameter. This further allows the calculation of the

“actual” process capability without the variation coming from the method or assay.
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7.0 Estimating Ppk

7.1 Proposed Methodology Overview

This chapter covers the last phase of this project, which includes estimating Ppk for molecules,
where there is not enough data to calculate Ppk with the current values. This usually happens
when the number of batches for a molecule is very low (i.e. the sample size is very low) because
the product is very new and has had either very few commercial runs or in some cases, only lab
scale or clinical runs. Note that the lab scale runs are done in the early phase of process

development and are followed by clinical and commercial runs in that order.

Bayesian analysis is being recommended to estimate Ppk of the molecule in these cases as it
leverages data from different scales i.e. small scale done at the lab or large scale done clinically

or commercially and from different molecules for Ppk estimation.

7.2 Data Collection

The very first step in this approach is data collection. The molecule we have picked for the
analysis has recently started running some commercial lots and has lab scale, clinical and some
commercial scale data available. The clinical and commercial lots are just under 10 in number
and including lab scale data increases the total sample size 30-40 depending on the parameter.
Data from all scales has been incorporated for different parameters in order to have all the
relevant data possible for more accurate calculations. The parameters of the molecule picked for
this analysis are the same as the ones picked for bootstrapping as discussed in Section 5.2. The

lab scale data is available for all parameters except for glycan content and potency.

After the data from different scales is gathered, the datasets are checked for normality as the Ppk
calculations done later assume a normal distribution. Next, a type of analysis of variance test
called Brown Forsythe test is done on the data to check if the small scale and large scale data can
be combined. This test compares the spread of the different data sets and tests if the data sets are

statistically significantly different as has been discussed in Section 3.7.3. Next, we have to
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decide the historical dataset of molecules to use for Bayesian approach. In order for the analysis
to be effective, there needs to be a representative dataset that captures historical variation. The

two key criteria we have determined for the historical datasets are:

1. The molecule(s) should have similar unit operations as the molecule in question for
comparison. For example, on a high level, we can combine monoclonal antibodies as they
have similar manufacturing processes but not monoclonal antibodies and small molecules as
they have very different manufacturing processes. Looking at the processes more closely,
even within monoclonal antibodies, not all molecules can be combined together as the unit

operations might be different between molecules.

2. The molecule should have at least 5 or more data points for each parameter that will be
compared. This is important as the quality of the output produced by the Bayesian approach
depends a lot on the input or the data provided in the analysis as discussed in Section 3.8. So,

the more relevant data we can have, the more reliable our estimation of the Ppk value will be.

These key criteria are important mainly to ensure that we are picking the “right” combinations
from the beginning, which can save us a lot of time later on when performing the testing. Note
that after the molecules are selected, the normality test'® and the analysis of variance test is again
conducted. The analysis of variance test serves as a final check to verify the compatibility of the

data.
The above explained data collection process (without the key criteria) is captured in Figure 15.

Figure 15: Data collection for Bayesian analysis

' Note that the normality test for different molecules is done separately before combining them as the datasets will

very likely have different means and so cannot be tested together for normality.
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7.3 Homogeneity of Variance tests

Now, we will discuss the Homogeneity of variance tests that were done to check if the data from
different sources i.e. large scale, small scale, different molecules could be combined. Note that
we could not check the compatibility of the data with commonly used tests such as t-tests or
ANOVA. As discussed in section 3.7.1, these tests determine the statistical significant difference
between the datasets based on the comparing the mean of the data sets and assume that the
variances of the datasets are equal. Since the data sets we are comparing are very different in
terms of scale and molecule, the means are going to be different in most cases and we definitely

cannot assume that the variances of the data amongst the different datasets are equal.

Therefore, we conducted a Homogeneity of Variance test called the Brown Forsythe test first on
datasets from different scales and then on datasets from different molecules. In order to
determine whether the datasets are statistically significantly different, the test calculates a p-
value, which is the probability of observing an effect given that the null hypothesis that there is
no difference in the datasets is true. The null hypothesis is rejected if the p-value is less than the
significance level of the test or a (which is usually set at 5% or 1%) and therefore, confirms that

the datasets are statistically significantly different.

The results from the test are shown below in Figure 16 and 17 for 2 parameters- drug substance
(DS) pH and column 1 step yield. Note that the data from clinical and commercial lots can be

combined as they are made at on the same scale in this case.
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Figure 16: Brown Forsythe test for DS pH lab data and Clinical data
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Figure 16 shows the standard deviation plotted for DS pH lab data and commercial data
combined with clinical data. The P value calculated from the Brown Forsyth test based on the
difference of standard deviation and the median was 0.4223, which is greater than 0.05, the
significance level of the test. This shows that the two datasets are not statistically significantly

different.

Figure 17: Brown Forsythe test for Column 1 step yield (1)
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Figure 17 shows the standard deviation plotted for Column 1 step yield lab data and commercial
data combined with clinical data. The P value in this case was 0.0041 from the Brown Forsyth
test, which is much less than 0.05, the significance level of the test. This shows that the two

datasets are statistically significantly different.

All parameters for which the lab scale data was available (host cell protein after Column 1, final
UF/DF protein concentration, drug substance pH) except for Column 1 step yield passed the
Homogeneity of Variance (HOV) test between lab and commercial scale. On review of the step
yield data, it was confirmed that step yield can be impacted due to scale and sampling

differences between lab and commercial scale. Hence, the data are not comparable.
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The datasets for different molecules went through the same rigorous test once the molecules

were selected. The results for these are shown below in Figure 18, 19 and 20.

Figure 18: Brown Forsythe Test for DS pH for Molecule 1,2 and 3
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Note: Molecule 1 is the molecule we are comparing Molecule 2 and 3 against in this test.

Figure 18 shows the standard deviation plotted for DS pH data plotted for three different
molecules. Molecule 1 has both lab data and commercial data included as the two datasets passed
the HOV test as shown in Figure 16. These data are combined with commercial scale data for
Molecule 2 and 3. The P value from the Brown Forsythe test in this case was 0.3474, which is
greater than 0.05, the significance level of the test. This shows that the datasets of the 3

molecules can be combined as they are not statistically significantly different.

Figure 19:Brown Forsythe test for Column 1 Step Yield(2)
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Figure 19 is another example of the comparison tests done between the different molecules for
Column 1 step yield. Here, Molecule 1 lab and Molecule 2 commercial scale data have been
combined. The P value in this case from the Brown Forsythe was 0.8187, which shows that the
variances are comparable and the two datasets are not statistically significantly different. Note
that, we didn’t use the Molecule 1 commercial data in addition to the lab data since the two
datasets failed the homogeneity of the variance test as we saw earlier in Figure 17. If we would
have combined Molecule 1 commercial and lab scale data and compared it with Molecule 2 data,
we would have definitely failed the HOV test. This is shown in Figure 20, which demonstrates
the results from the Brown Forsythe test for Column 1 step yield for Molecule 1 lab and
commercial scale data and Molecule 2 commercial scale data. The P value in this case is 0.0092,

less than 0.05. Hence the c_!atasets cannot be combined.

Figure 20: Brown Forsythe test for Column 1 Step Yield (3)
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As we can see, this test has been very effective in analyzing the comparability of the datasets and
helping us understand which datasets could or could not be combined. This is a crucial step in
Bayesian approach as this approach takes into account historical information provided in order to

present estimations of a particular statistic.

7.4 Estimation of Ppk

Bayesian analysis assumes that all model parameters are random quantities and thus can
incorporate prior knowledge. This prior information can be used to get a more accurate response
especially for unknown quantities and the prior can be both informative and non-informative.

The algorithm, which is being used for Bayesian analysis, uses an informative prior represented
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by the inverse gamma function distribution represented below. This is also covered in Section

3.8.3.

1G(x | a.p) = %x"‘“ exp(if—f)

However, in order to make sure that the informative prior is utilizing the most accurate
information possible, the algorithm during its first run inputs the information available, which in
this case is of molecule 2 and molecule 3, in a non- informative Jeffrey’s prior. As we saw in
Section 3.8.3, Jeffrey’s prior is proportional to the square root of the determinant of the Fisher

information, I(8) as shown below.

n(0) o« 1Y/2(0)

Where 1(0) or Fisher information is given by the below formula

dlog (X |60)
a0

2
1(0) = Ey( )
The non-informative prior, only used during the first run, provides information on the shape

parameter o and scale parameter B of the inverse gamma distribution of the informative prior.
Using this information, the informative prior is run for the rest of the runs. This process ensures

that the “prior” is very accurate and reliable, which is important as Bayesian output very much

relies on the input.

The “likelihood” function is also developed through the algorithm as the prior gets updated with
new evidence, which is information of molecule 1 (molecule in question). This creates an

updated probability distribution called the "posterior distribution” based on the below formula as

p(y | 0)p(0)

shown in Section 3.8: p(0]y) =
p(y)

Where y is the new data, p(0) is the probability based on historical information and p(y|9) is the

likelihood function.
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Based on the “posterior” distribution or density, the Bayesian simulation uses a computer
random-generator to produce a large data matrix or sample of the model parameters such as
mean and standard deviation.'' The algorithm we are using produces 20,000 samples of mean
and standard deviation data and takes each individual independent sample of one mean and one
standard deviation to find the quantiles for each case. Conducting this process for all 20,000
independent samples allows us to construct the distribution and therefore, the confidence
intervals for the parameters as shown below in Figure 21.

Figure 21: Distribution of Standard deviations
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Figure 21 shows distribution of standard deviations. A very similar chart is created for the mean

data through the Bayesian algorithm.

From these distributions, we take the mean of the standard deviation data (or s) and mean of the

means (or X-bar) to calculate Ppk of the molecule in question using the formula

1 ’ ; .
Tolerance Intervals for Variance Component Models Using Bayesian Simulation By Russell Wolfinger
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(USL -X) (X - LSL)
3%s 3u%s

Ppk = min| ]

It is also important to calculate a credible interval, which is analogous to confidence interval in
Frequentist statistic, especially since the variability in the distribution of the location of the
center of the distribution i.e. (the “mean™) is most susceptible to changing with the sample
size. With very small N, the central location (the mean) about which we place the credible
intervals and tolerance intervals varies quite a lot. With higher N, the central location (the mean)
about which we place the credible intervals varies much less. So, it is important to consider both
the values and the credible intervals around it. The 90% credible intervals have been calculated
in this case taking into account the 5™ and 95™ percentile values for mean and standard

deviations given by the Bayesian output as shown in Fig 21.

Figure 22 shows the Ppk calculated for parameter DS pH using only Molecule 1 lab DS pH data
with sample size of 6 and the Ppk for the same parameter using data from Molecule 1, 2 and 3 at
bench and commercial scale total sample size (N) of 39. The Ppk for Parameter at sample size of
6 has been calculated through the simple Ppk formula while the Ppk calculated using Molecule
1,2 and 3 data has been done through using the mean and standard deviation from the Bayesian
output. As we can see, the algorithm is able to estimate a Ppk value of 1.86 for DS pH for
Molecule 1 at an N of 39 using the data from other molecules. Additionally, we calculate a 90%
credible interval of (1.74, 1.96) based on Bayesian output. This implies that 90% of the time the
Ppk values for Molecule 1 at N=39 will be in this range of 1.74-1.96.
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Figure 22: Ppk Estimation for DS pH from Bayesian analysis
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Another example is shown below with the Ppk and the credible interval calculated for DS
glycan content. Figure 23 shows the Ppk for glycan content calculated mathematically using only
Molecule 1 data for sample size of 5 and the Ppk calculated using the Bayesian output for the
same parameter using data from Molecule 1, 2 and 3 for a total sample size (N) of 40. The
algorithm estimates a Ppk value of 2.24 for the DS glycan content of Molecule 1 at an N of 40
using the data from other molecules. Additionally, the 90% credible interval of (2.27, 1.90) for

Molecule 1 DS glycan content has also been calculated based on Bayesian output.
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Figure 23: Ppk Estimation for High Mannose Content

Ppk for Mannose Content
9}

Molecule 1 Molecule 1+2+3

The reliability of this approach is further confirmed by a confirmation analysis (as shown in

Figure 24) carried out for Molecule 2. which has more than 30 lots of commercial scale data.

Figure 24: Ppk Confirmation run for DS pH
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Figure 24 shows the actual and predicted Ppk at sample size of 30 for Molecule 2. Actual Ppk
(2.21) for DS pH has been calculated using the available batch data of 30 batches of Molecule 2
as an input to the Ppk formula and the predicted Ppk (1.95) was calculated using the data from 6
batches of Molecule 2 and the rest of the 24 batches from Molecule 1 and 3 as an input to the

Bayesian analysis. The credible interval estimated for Ppk from Bayesian analysis is (1.39, 2.68).

As we can see, the actual Ppk value of 2.21 falls within the predicted credible interval. In
addition, the actual Ppk value of 2.21 is 16% away from the estimated Ppk of 1.95. This
difference is minor and bound to occur since we are estimating Ppk based on information from
other molecules. Based on the results, we can see that the Bayesian analysis is very effective and

useful technique in estimating Ppk values for very small sample sizes.
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8.0 Recommendations & Conclusions

8.1 Operational Recommendations

The process capability data are typically assessed for commercial products during the Continued
Process Verification (CPV) phase of the validation lifecycle. Predicting process capability dufing
process design will enable processes to meet pre-defined performance targets and facilitate

continuous improvement.

The main goal of this thesis has been to establish standardized methodology for estimating
process performance capability during the design phase of process development.
Within this project, we have defined the criteria for performing predictive process capability
assessments as a function of sample size, specifically for small sample sizes during development.
We have also defined procedures to assess and filter out variation introduced by the
measurement system from the overall process variation and recommended techniques to improve

process capability estimates when the sample size is below a minimum threshold.

To define the criteria for performing predictive process capability for small sample sizes, we
have evaluated different process capability indices, and determined Ppk to be the most
appropriate metric for process development and biopharmaceutical manufacturing. Ppk measures
the long term capability of the process which contains both common cause and special cause
variation within and between different batches. This really facilitates the metric’s use in
biopharmaceutical manufacturing, where the batches are not all manufactured at the same time
and we are interested in understanding the trends between different batches or subgroups with
common cause and special cause variation. Additionally, measuring Ppk doesn’t require the
process to be in statistical control, which is ideal for our project as we are designing a
methodology for processes that are still in development. Next, we have conducted a rigorous
bootstrapping analysis to establish relationship between Ppk and sample size, particularly for
small sample sizes. Based on the results, we are recommending a multi-tiered approach to
estimate Ppk at low sample sizes. This approach takes into account the differing complexity of
parameters, the reliability of the results from bootstrapping and produces a final assessment,

which is parameter independent. To elaborate, sample sizes greater than 11 independent batches
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provide sufficient confidence in process performance capability estimates. Sample sizes (8-11
batches) will require uncertainty to be evaluated as part of the Ppk calculation, due to the width
of confidence intervals. For sample sizes less than 8, the confidence intervals for the Ppk statistic
are too large and not reliable. Therefore, Ppk cannot be used in practical application for such
small sample sizes unless more batch data are collected or data from other scales and molecules
is used to estimate Ppk through Bayesian analysis as shown in Chapter 7. To ensure the
robustness of this bootstrapping analysis, a 1.5 sigma shift, which accounts for accepted variation

in the mean over the long term has been considered.

Next, in order to evaluate and propose methods to quantify measurement system variation, we
have focused on precision, which is commonly understood at three levels-repeatability,
intermediate precision and reproducibility. We have assessed repeatability and intermediate
precision instead of reproducibility since the lab or the working environment is not being
changed in testing the parameters and we mainly want to understand the variation generated by

equipment and appraiser.

A measurement capability index (or indices) has (have) been selected based on two key
requirements: First, the metric or index needs to measure the variation with respect to
specifications defined by all necessary internal and external customers. Second, the index needs
to lay out clear guidelines to understand measurement variation but isn’t overly conservative to

avoid overstating the variation from the measurement system.

Based on the above requirements, we conclude that variation from the method needs to be
understood by analyzing both ICC (Intraclass Correlation Coefficient) and P/T
(Precision/Tolerance) ratio. A well-defined multi-dimensional criterion which takes into account
both these ratios can be very effective as ICC will help us understand the measurement variation
~with respect to the variation of the overall process and P/T ratio will help us understand the
measurement variation with respect to specification limits. ICC also provides a set of clear
guidelines that take into account the severity of the variation in a rational manner. With these
factors in consideration, we have established a decision matrix, a novel tool to guide us on when
the variation from the measurement system is unacceptable and when is it appropriate to filter

out assay variation.

84



To elaborate, when both P/T and ICC are well above threshold (i.e. P/T<=30% and ICC>0.8), we
have a highly capable measurement system as the measurement system variation is a very small
part of the total process variation and of the product tolerance or the specifications. The
recommendation, in this case, is to use the dataset for calculating process capability without
filtering out the variation from analytical method. On the other hand, when both P/T and ICC are
below threshold (i.e. P/T>30% and ICC<0.2), we are presented with a worst case scenario, where
there is significant measurement variation with respect to the overall process and the product
tolerance or specifications. Here, we need to improve the analytical method before conducting
any analysis for process capability or Ppk as the original data contains significant variation from
the method. For the rest of the scenarios, we need to filter out the method variation using the
procedure we have established. One interesting scenario to point out is when only the ICC is
below threshold (ICC<0.2). The recommendation in this case is to check if the analytical method
can be improved and calculate process capability after filtering out the method variation with

caution.

The procedure we have established to separate measurement system variation from process
variation uses Coefficient of variation (CV) values from the assays and the mean of the original
dataset to calculate variation from repeatability and intermediate precision. The overall
measurement system is then mathematically calculated by taking the square root of the sum of
repeatability and intermediate precision variation. Variation from “only” the process is calculated
by subtracting the variation of the measurement system from the overall process. Case studies

have been performed to test this process.

Above analytical method variation analysis has been expanded to include many different
parameters and assay types and the conclusions on the capability of measurement systems for the
different parameters from the decision matrix have been verified through internal discussions
with SME as well external discussions with the equipment suppliers, where applicable. This is
discussed in Section 6.6. In summary, removing the measurement variation from the original
dataset containing overall process variation allows us to calculate the actual capability of only
the process. This is a huge step in helping us understand the variation coming from “only” the

process.
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Last, in order to improve the estimation of Ppk for very small sample sizes (less than 8),
additional data from different scales (small and large) and molecules have been leveraged for use
in the Bayesian analyses. Before Bayesian analysis is conducted, we have analyzed the
comparability of datasets by performing Homogeneity of Variance (HOV) test. This test helps us
determine if the variances across different scales and different molecules are equal, in which case
the datasets can be combined. The molecules to develop a historical database have been picked
keeping in mind 2 key criteria. First, the molecule(s) should have similar unit operations as the
molecule in question for comparison. Second, the molecule should have at least 5 or more data

points for each parameter that will be compared.

This database of different molecules is then fed into the Bayesian algorithm, a powerful
statistical tool for modeling and predictions, to form a posterior distribution. Accurate and
careful selection of molecules to develop a historical dataset is important as the “posterior
distribution” of the Bayesian analysis i.e. the output depends on the “prior” or the input provided
for the analysis and the likelihood function, which is proportional to the distribution of the
observed data. The Bayesian algorithm calculates a average standard deviation and a average
mean after 20,000 iterations of the datasets. These point estimates such as standard deviation and
mean are used to calculate Ppk. The credible intervals are also calculated based on high and low
values of standard deviation and mean. Therefore, Bayesian analysis is crucial in estimating Ppk

for small sample sizes.

8.2 Conclusions

This thesis proposes a methodology as shown in Figure 21 to predict process performance
capability during the process design phase of a biopharmaceutical manufacturing process.
Rigorous analysis and research has gone into determining the different techniques for measuring

process and measurement method variation within this assessment whether it is bootstrapping
| analysis to determine confidence intervals for small sample sizes or a decision matrix to

determine the variation from the method or the assay. Next steps include evaluating the
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applicability of the recommendations to phases beyond drug substance e.g. drug product

development.

Figure 25: Ppk Assessment in Process Design Phase

Analytical method
variation measurement

As shown in Figure 25, process performance capability (Ppk) assessment begins with choosing
an upstream or downstream parameter. Analytical method variation analysis is conducted to
assess the contribution of the method variation towards the overall process through a novel
decision matrix using ICC and P/T ratios and a procedure we have created to calculate the Ppk of
only the process. If the method variation is very significant, the method will need to be improved

before conducting any process capability assessments.
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Then, the data are checked for normality since Ppk calculations done later assume a normal
distribution. The tests for normality are done graphically using the outlier box plot and
mathematically using the p-values in the goodness of fit test. In case the data is not normal, the
outlier box plot is checked for outliers and if there are any, the history of outlier batches in the
non- conformance system is evaluated to determine special cause variation. In case of no
assignable event, the SME (subject matter expert) is consulted to understand if the outliers are a

normal part of the process.

Next, the sample size is checked based on the recommended multi-tiered approach to estimate
Ppk at low sample sizes. Tier 1, where sample size is greater than 11 batches, provides sufficient
confidence in Ppk estimates and Tier 2, where sample size from 8-11 batches requires
uncertainty to be evaluated as part of the Ppk calculation. In case of Tier 3, when sample size is
less than 8, Bayesian analysis needs to be conducted using data from different scales/molecules

to calculate Ppk and the credible interval around it.

To summarize, we have designed a methodology to predict Ppk from small development datasets
that leverages a filter for method variation and that allows for supplementation of small data sets.
This will have immense value to enable prediction of process capability for important process
parameters and will drive continuous improvement throughout the design phase of process

development.
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