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Abstract

Despite the availability of large amount of data in bioprocess databases, little has been done for its
retrospective analysis for process improvement. Historic bioprocess data is multivariate time-series,
and due to its inherent nature, is incompatible with a variety of statistical methods employed in data
analysis resulting in the lack of a tailored methodology. We present here an integrative framework of
knowledge discovery tailored for handling historical bioprocess datasets. The pipeline successfully
predicts process performance at harvest from an early time point, and robustly identifies the most
relevant process parameters to model process performance. We present the utility of this pipeline on
biologics manufacturing data from upstream bioprocess development for antibody production by
mammalian cells. The proposed multi-model system that employs machine learning can predict
performance at harvest after two weeks of operation with satisfactory accuracy employing data

generated as early as on the sixth day of the culture.
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1. Introduction

The biologics manufacturing industry, due to the sensitive nature of its marketed products, is routinely
subjected to uncompromising scrutiny by regulatory authorities to ensure product quality. The only
practical way of maintaining minimum product variability is by running the processes on pre-defined
and well-established trajectories[1]. This requires increased process understanding[2] coupled with
advanced process monitoring and comprehensive information management for the resulting data[3].
Although these data hold important information on process dynamics, and thus could potentially
assist increasing process knowledge[4], little has been done to harness the power of actionable

intelligence through effective data utilisation.

An overarching protocol for bioprocess data mining is required to address this deficiency. Although a
number of methods for data mining are discussed in the literature([5,6], a tailored workflow that is
adapted to process datasets across different biomanufacturing operations is yet unavailable. This is
attributed to the fact that bioprocess data does not fit into conventional continuous time-series
regimes, as continuous time points are intervened by discontinuities across cultures and gaps in data
collection. Moreover, heterogeneities with respect to timescale, data types, units and scaling all
contribute to the distinct nature of these data[7], all of which contribute to the challenges in data

mining and modelling.

A typical knowledge discovery process entails data pre-processing (handling of the missing data,
visualisation, clustering, and feature selection) and processing (application of various computational
methods to discover trends in the data) [5,8]. A critical bottleneck in modelling and analysis of
bioprocess data is the incompleteness of the datasets or missing information in the dataset. In
bioprocess datasets, the high complexity of mechanisms underlying the biological systems adds an
additional layer of challenge to the missing data handling problem since the inherent behaviour of
individual parameters and complex interactions between them are important considerations in
handling this missing information[9]. There are several reasons why all the data are not recorded in
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bioprocess databases in biomanufacturing settings, including: sensor breakdown during operation,
inconsistent sampling rates, malfunctions in the data acquisition system, network outages, power
blackouts, the use of incorrect or unrecognised format in logging the data, errors in data recording of
online parameters creating consecutive gaps in the framework, glitches in the data management
software resulting in corrupted file systems, and having samples flagged due to poor quality and
subsequently excluded from storage; all cause gaps in the existing database[10,11]. Frequently, gaps
arise due to characteristics inherent to the production process itself; the product concentration may
not be measured on the initial days of culture due to low product concentration in the extracellular
environment, based on ad hoc process knowledge, leading to missing data in early time points in the
dataset. Similarly, switching to new data acquisition systems for complying with recent data
management standards automatically promotes recording of more cultivation parameters, which

renders earlier datasets incomplete when the data used for analyses span the period of change.

Conventional methods, such as imputation-based methods, likelihood-based methods, and similarity
measures are all among the options available for handling the missing data existing in bioprocess
databases as reviewed in[7]. Identifying the method that would be suitable for a particular dataset is
essential, as capturing the complex trends in the temporal and static profiles of different parameters
can assist in imputing values in a manner that minimises deviation from existing parameter behaviour

and thus minimises bias.

Understanding the nature of the data, the missing data mechanism, the distribution, rate, and pattern
of the missing information are all important considerations in selecting a suitable approach for any
given dataset. Bioprocess datasets are highly heterogeneous owing to inter-batch variability, diverse
production protocols, and the multifarious data collection techniques that are employed during the
manufacturing process. They are often characterised by the presence of a combination of time-

dependent and time-independent parameters. Those parameters that evolve over time and exhibit a



temporal profile are considered time-dependent parameters and those without such predictable

fluctuations are considered time-independent parameters.

Upstream bioprocess development and production datasets generally exhibit a missing data
mechanism known as Missing At Random (MAR), which would allow inferences to be made from the
observed data, but are independent of the missing values. Occasionally these datasets also exhibit
more than one missing data pattern or a combination of different missing data mechanisms and
patterns[7]. Any method selected for this task should be sufficiently adaptable to accommodate this
complexity. Unsurprisingly, a single method often fails to handle this problem, and versatile hybrid
methods, which are combinations of methods that encompass the technical prowess of two or more
different methods, are preferred. Such hybrid methods usually comprise of imputation-based
approaches that combine statistical and machine learning methods to predict a close approximation

to the missing value.

Unlike financing and marketing datasets with large-size and uniformly distributed data with many
attributes, those arising from bioprocesses are rank-deficient, i.e. are characterized by relatively small
offline data points (n) compared to the number of attributes (p), which makes it a typical n << p
problem[12]. Strong correlations exist between recorded parameters and the unit and scaling of the

parameters in a bioprocess dataset can vary by several orders of magnitude[7].

Supervised variability in a selection of parameters such as the cell type, batch number, or the culture
volume also play important roles in determining the production efficiency, and these translate to data
analytics as having a large number of qualitative variables in the dataset along with other numeric
information. Typically, multiple output parameters are monitored to characterise product quality in
bioprocesses, stipulating the inclusion of more than one response variable in modelling the process
outcome, rendering it a multivariate multiple regression problem. All bioreactors in a single batch of
runs do not perform equally, and some may fail without any apparent reason. Although failed runs
can create a considerable financial disadvantage[13], the data from these failed processes are
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invaluable for analysis. Looking at patterns and trends in failed runs can help identifying the reasons
for their failure, and these, in return, can be used as indicators of performance degradation, and can

assist in building robust models for implementing control actions in the future to avoid such failures.

Here, we propose an integrative framework for knowledge discovery in bioprocess datasets, which
addresses all these challenges and considerations. The framework itself is a conglomeration of
methods that are handpicked or tailored to address the unique nature of data with such
characteristics. We summarise the pre-processing steps of our analysis below in conjunction with

some common recommendations on handling data of similar nature.

A novel dual-hybrid methodology, which uses a combination of Fuzzy C-Means clustering (FCM),
Support Vector Regression (SVR), and Genetic Algorithm (GA) to deal with time-independent
parameters, and a combination of Stineman interpolation and SVR to handle time-dependent
parameters was developed to handle missing information in the dataset. The proposed strategy was
then benchmarked against a routinely employed method for handling missing data that is integrated
into a commercial software package, Simca, in aspects that were comparable. Pre-processing of the
data was carried out by initially identifying problems in the data and selecting the suitable measures
to address these problems to render set compliant with modelling[5,8]. Conserved behavioural
patterns of parameters across cultures, or similarity in the behaviour of two or more parameters were
first inspected by employing various visualisation techniques prior to formal model fitting, as
previously recommended for handling voluminous and high-dimensional data[14]. Considering the
time-series nature of the data, methods that allow a holistic view of the dataset employing
superimposed or shared space techniques, which were reported to work better than juxtaposed or
split space techniques[15], were used to ensure comparisons to be made in the same space. Shared
space techniques make it easier to identify conserved parameter behaviour across cultures as
opposed to having separate graphs for each culture that are less informative and makes comparison

and hence identification of subtle behaviour patterns harder.



Bioprocess data sets are high dimensional, with typically 20-30 different parameters monitored over
the course of time for a relatively few timepoints in order to ensure a high-quality process, which
instigates the issue of ‘curse of dimensionality’. Learning from a high dimensional feature space using
finite number of data samples is a challenging concept in machine learning which typically requires
enormous amount of training data. When this is not possible, features need to be selected to ensure
superior trainability. Clustering of parameters was employed to reduce the dimensionality of the
feature space and assist variable identification for model building by selecting a representative
parameter from a cluster and eliminating those parameters bringing in the same information to
models built, as recommended previously[16]. This was an especially challenging task in a time-series
data setting due to the interdependence between parameter values across time, necessitating the use

of dedicated tools[17,18] or developing suitable approaches as those proposed in this work.

The final pre-processing step for handling this high dimensional time-series dataset was to extract the
optimally predictive feature subset of minimal size through parameter selection to identify accurate
and independent predictors, yield interpretable estimates and to avoid overfitting in this sample-

limited biomanufacturing problem[19-22].

The primary goal of mining time-series bioprocess data was to discover the dynamics unfolding over
time, which govern the systems through the use of supervised methods such as Support Vector
Machines (SVMs) [23-25]. Models can then be used to predict future process performance, provide a
clear understanding of the significance of each parameter, and of how variations in each input
parameter influence the final product outcome. We developed a two-step modelling strategy using
machine learning to mine historical bioprocess data. Data retrieved from antibody production process
development databases were used to test the performance of the proposed pipeline, and was shown
to successfully evaluate and predict the final process performance from data collected at an early time

point in the process.



The concepts introduced above are preamble to the detailed presentation of the pipeline in Data and
Methods. The results are presented and discussed in three separate sections in Results and Discussion.
The first part introduces a novel dual hybrid methodology for missing data handling in upstream
bioprocess development and production data. This is followed by the introduction of a tailored data-
mining pipeline and a two-step modelling strategy developed to analyse historical bioprocess data
using data retrieved from antibody production process development databases as an example. The
final section explores the compatibility of the proposed pipeline with data possessing heterogeneous
characteristics such as combination of qualitative and quantitative parameters, failed and successful

runs, multiple output parameters and differences in production scale.

2. Data and methods

2.1 Dataset

The dataset used for this study was extracted from AstraZeneca upstream process development and
production databases. All data use Chinese Hamster Ovary (CHO) cell lines in the production of
different antibody products. Data were available for 106 cultures representing a heterogeneous
operational scale from bench-top (5L volume) to manufacturing (500L volume) garnered across a

period of 7 years (2010-2016, both inclusive).

Each culture had a minimum of 25 parameters recorded offline for a period of up to 17 days: Culture
Days, Elapsed Culture Time (ECT), Viable cell density (VCD), Total cell density (TCD), Average Cell
Compactness (ACC), Average Cell Diameter (ACD), pH, Cell Viability, Elapsed Generation Number
(EGN), Average Cell Volume (ACV), Osmolality, Cumulative Population Doubling Level (CPDL),
concentrations of glutamine, glutamate, lactate, ammonium, glucose, sodium, potassium, and
bicarbonate denoted as [Glutamine], [Glutamate], [Lactate], [NHz], [Glucose], [Na*], [K*], and [HCO37],
respectively, temperature, pCO,, pO,, monomer content of final product (denoted as monomer
percentage) and product concentration ([mAb]). The time-series dataset is normalised and

anonymised to protect the proprietary rights (see Supplementary Data).



The repurposed subset of the data for categorical analysis (see section 4.3) comprised of 45 cultures,
and included the following qualitative (categorical) variables: Endpoint Day and Midpoint Day (based
on the harvest day and the day corresponding to halfway through the process, respectively), Culture
Volume, Batch (different batches in which cultures were performed), and cell line. For the quantitative
parameters, the single-value readings on the midpoint day and the harvest time point were used. 10%
of the batches belonged to failed cultures (i.e. unsuccessful runs). The categorical variables are

anonymised to protect the proprietary rights (see Supplementary Data).

2.2 Data Pre-processing

2.2.1 Dual-Hybrid Methodology for Handling Missing Data

Two different hybrid methods were implemented for handling missing data; a hybrid of Fuzzy C-Mean
Clustering (FCM)[26], Support Vector Regression (SVR)[27] and Genetic Algorithm (GA)[28] to handle
time-independent parameters and a hybrid of Stineman interpolation[29] and SVR to handle time-

dependent parameters.

The hybrid method for gap-filling of the time-independent parameters was implemented as described
before[30]. Independent, and numerically different, predictions were obtained by FCM and SVR for
the same gap. Cluster number (c) values ranging from 2 to 10 and the weighting factor (m) values of 2
and 2.1 were tested in FCM. Cultures that did not have any missing data (i.e. the ‘complete’ fraction
of the dataset) were used to train both algorithms. A GA was then used to minimize the difference
between the SVR and the FCM outputs, and to optimise c and m values in FCM, which were then fed
into FCM to estimate the missing values. Kernels for the Support Vector Machines (SVM) were selected
based on the lowest Root Mean Square Error (RMSE) values. The generalisation of the SVM training
was assessed using 10-fold cross validation. All algorithms were implemented in MATLAB R2017b by

MathWorks.



For the time-dependent parameters, the missing data in a randomly selected 30% of the dataset was
estimated using Stineman interpolation. The data were ranked in increasing order to avoid introducing
negatives during implementation. The gap filled data from Stineman interpolation was used as a
training set for the SVR algorithms, which then predicted the missing values in the remaining 70% of
the dataset. The SVM test and training datasets were ensured to possess culture volume
heterogeneity in order to avoid any potential bias. Stineman interpolation was implemented using

‘imputeTS’ package in R[29] (v3.4.3). SVMs were implemented in MATLAB R2017b.

The high-precision prediction values were rounded off to three significant figures to mimic the

precision available for the empirical data in the final complete dataset following gap-filling.

2.2.2 Performance evaluation and benchmarking for gap-filling

Simca (Umetrics), a commercial software, which employs a Nonlinear Iterative Partial Least Squares
(NIPALS) algorithm to handle missing data, was used for benchmarking. Simca’s available tools needed
to be utilised for evaluation. The dataset with gaps, i.e. the ‘raw’ dataset, and the datasets post-gap-
filling, i.e. the ‘complete’ datasets were compared by Principal Component Analysis (PCA). Only the
time-independent partition of the dataset could be used since PCA is unsuitable for time-series data
with dependency across time points. The distribution of all principal components and the distance (i.e.
similarity) between the cognate principal components in different datasets was evaluated based on
the PCA loadings. The impact of imputation on the distribution of component values was evaluated

by comparing the spread of the distribution for the datasets.

2.3 Visualisation

The dataset was partitioned based on culture parameters. ‘mvtsplot’ package in R[31] was used to
generate heat maps of multiple time-series. Internal normalisation was employed with all other

parameters at their default settings. The discretisation ranges (high/medium/low) are determined by
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internal normalisation, and thus are different across cultures; a low range in one time-series may or

may not be equal to the low range in a different time-series.

Time-series data of the failed runs (normalised values) were compared to those of successful cultures

by visualisation.

2.4 Clustering

The dataset was partitioned into 17 subsets; one for each day of the culture. Parameter values were
normalised prior to clustering to avoid parameters with higher values dominating the evaluation.
Agglomerative hierarchical clustering in ‘ClustOfVar’ package in R[16] was used to identify the
parameters that are assigned to the same cluster on each day of the culture. Clustering profiles were
compared in order to identify the conservation of patterns across different days of culture (i.e. the

temporal segments).

Cluster stabilities were tested by generating Adjusted Rand Index (ARI) values using the ‘Stability’
function (bootstrap value=1000) in ‘ClustOfVar’. A plot of the dispersion of ARl was used to evaluate

the most stable partition before selecting the cut-off value in the dendrogram.

The stable clusters were colour-coded using ‘dendextend’ package in R[32] at its default settings. The
dendrograms were then partitioned into the desired number of stable clusters using the ‘cutreevar’
function. The central synthetic variable of each cluster was used to determine the similarity matrices
of parameters in each cluster. Tanglegrams were constructed to compare the dendrograms using
‘dendextend’. Correlation between clusters of different days was identified using the Cophenetic and

Baker method in ‘corrplot’ package in R[33].

K-means clustering[34] was used to evaluate whether clustering was influenced by the categorical
variables. The test involved repeated rounds of clustering by introducing a single qualitative

parameter and varying the value of this parameter at a time while maintaining the values of all other
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qualitative parameters constant. All qualitative parameters were tested to explore whether the
clustering would suggest a direct relationship to the varying qualitative parameter in order to identify

its impact.

For the repurposed dataset, clustering was performed (i) for the dataset containing both quantitative
and qualitative variables using compatible arguments, (ii) converting all parameters to qualitative
format and using the argument for qualitative variables, and (iii) converting all parameters to
guantitative format, and using the argument for normalised quantitative variables. The results
obtained for the endpoint dataset and the midpoint dataset from the three settings were then

compared, and the parameters that remained clustered under all the conditions were identified.

2.5 Feature Selection

The correlation matrix was constructed between the quantitative parameters using the
‘findCorrelation’ function in ‘caret’ package in R[35]. The matrix was used to remove multicollinearity.
VCD and EGN, expected to be correlated, were mathematically uncorrelated in this analysis due to a
reformulation of the calculation of EGN by the industrial partner at some point in time during the

collection of data. Both parameters were included in subsequent analysis.

Parameter importance was determined using five different algorithms implemented in R (Fig S1).
[mAb] was the response variable and the selected features were the predictors in each case. The
default settings of the packages were used in each algorithm unless specified otherwise: (i) ‘Cforest’
was coupled with ‘varlmp’[36]; ‘Cforest’ function (‘party’ package) for model building, ‘varlmp’
function (‘caret’ package) for calculating variable importance (difference in out-of-bag (OOB) cross
validation accuracy after permuting a variable and immediately after training) (ntree=501). (ii) ‘Boruta’
package was used with default settings[37]. (iii) ‘MARS’ function was coupled with ‘evimp’ function
from ‘Earth’ package (pmethod=backward, nprune=total number of variables in the dataset,

nfold=10); ‘evimp’ for estimating variable importance based on nsubsets, Residual Sum of Squares
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(RSS) and Generalised Cross Validation (GCV) criteria, with variables included in more subsets and
causes a large net decrease in the RSS and GCV being considered important[38]. (iv) ‘parRF’ function
from ‘caret’ package (with ‘trainControl’ function, number=10, repeats=5) was coupled with ‘varimp’;
‘parRF’ for generating models and ‘varlmp’ for determining parameter importance[35]. (v) ‘RFE’
function was used from ‘caret’ package (number of recursive=10, number of features to be
retained=the total number of variables in the dataset) and ‘predictors’ function was used to identify

the predictors used in the final model[35].

The outputs from all five algorithms were sorted by their rank of importance taking the top five, ten
or fifteen variables. A score was assigned to each parameter based on the number of occurrences of
that parameter in that rank across algorithms. The scores were used to generate a compiled variable

importance table.

The predictor importance for multiple response variables were handled either by (i) considering the
response variables together (multi-response approach) and assuming a linear relationship between
the output parameters, or (ii) considering one response variable at a time (single-response approach).
Four of the five different feature selection algorithms were able to handle multivariate multiple
regression problems; Boruta[37], MARS[38], parRF[37] and MRF[39], a dedicated software for
multivariate regression problems. Qualitative parameters were converted to categorical values and
the quantitative parameters were scaled for MRF. Consolidated variable importance from single-
response approach and multi-response approach was determined for both the endpoint dataset and

the midpoint dataset by comparing the outputs acquired from each algorithm.

3. Calculation

3.1 Time-series Modelling of Parameter Interactions

A two-dimensional multi-model system was designed to predict culture performance [mAb] at an early

time point (Fig S2). The dataset was first partitioned based on parameters. For each parameter, SVMs
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were trained to predict values on the 15" day of culture by progressively adding the readings of their
values on earlier days. Models with the lowest RMSE of prediction for each parameter including [mAb]
were selected for the next step (Fig 1a). The individual parameter values for the 15t day of the culture,
which were predicted using the first-dimension models, were the inputs for the second-dimension
model, which then predicted the [mAb] value on the 15 day of cultivation (Fig 1b). Parameters were
included in the model progressively in their order of importance as suggested by the feature selection
algorithms, until the prediction accuracy did not improve any further. The prediction RMSE of [mAb]
from (i) the first-dimension model, and the second-dimension model using (ii) the observed parameter
values on the 15" day and (iii) the predicted parameter values on the 15" day from the first-dimension

models, were compared (Fig 2).

Having obtained two predictions on [mAb]; one from the first- and another from the second-
dimension model that uses the predicted values, an optimisation model was trained such that the two
values were used to predict a single value closer to the observed value (Fig 2). The model with the

lowest RMSE was used as a standard to which other model outputs were compared.

The predictive success of the optimised model was evaluated based on a culture performance criterion
established using the observed [mAb] values. For this purpose, the measured (i.e. the observed) [mAb]
values were sorted in increasing order and the cultures were categorised as poor-performing,
moderately performing, and high-performing. The [mAb] predictions and the culture performance
assignments using the model with the lowest RMSE and the optimisation model were compared in
order to identify the compromise in prediction accuracy (Fig 3a). The proposed strategy was

benchmarked against a modelling methodology described by Charaniya et al., 2010[6].

3.2 Handling multiple response variables

SVMs were employed to predict the value of response variables using predictors based on the variable

importance obtained from single-response approach and multi-response approach. RMSE was used
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as the measure of success for the model’s prediction ability while employing either the endpoint
dataset or the midpoint dataset. The number of parameters required to predict the outcome and the
time point at which a superior prediction could be achieved were inferred from the modelling results

(Fig 3a). Coding was implemented in MATLAB R2017b.

4. Results and Discussion

4.1 Handling missing data in bioprocess datasets

4.1.1 Understanding the nature of the data and missingness

The data used for this study had readings for 22 parameters throughout 15 to 17 days of culture,
making it a rank-deficient matrix. This specific dataset was comprised only of numerical variables and
no categorical variables possessing a qualitative nature, whose numerical values could not be
evaluated based on their weight but, rather, only indicated which category they belonged. The
numerical values for different parameters varied by several orders of magnitude in the dataset (e.g. 6

orders of magnitude difference between pH and VCD). This issue was addressed by normalisation.

Some parameters in the dataset, such as ECT, EGN, VCD, TCD, [mAb], and CPDL, displayed a time-
dependent profile, whereas the remaining parameters were time-independent, and did not follow a
specific trend in time. Their values either remained within an acceptable range without displaying any
trend, as was the case for cell compactness or the diameter of the cells; or these parameters were
controlled to allow for fluctuations only within a dead band, as in the case of pH or Temperature of
the culture (Fig S3). Some other parameters fluctuated in an unpredictable trajectory and did not

follow any temporal patterns.

Viability, a calculated parameter that is a function of both VCD and TCD, was omitted from further
analysis. Following the elimination of this correlated parameter, approximately 8.21% of the
information was missing in this dataset. However, the distribution of the gaps within the dataset was
not uniform (Fig 3b). Some parameters were characterised by more gaps than others were. For
instance, one culture series had Osmolality measurements recorded only on three consecutive days
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since 2010 (Fig 3b, S4a). Such inconsistent sampling created about 9.6% missing values in that
parameter alone. A missing value in one of the calculated and thus mathematically correlated
parameters was observed to create a domino effect on other parameters. Furthermore, if the values
for the ensuing time points also depended on that missing value, this was observed to aggravate the
problem. EGN measurements were such an example, where a missing EGN data on any given day
resulted in data being not available for the following days until the end of cultivation as well as missing
data in CPDL values, which were calculated from EGN (Fig 3b, S4b). In a standard culture of 15 days
with 22 parameters, this alone created around 8.4% of the missing values in their respective
parameters. Equipment failure at any point in time also created missing information in the dataset
because readings were only available for those parameters that were measured manually, but not for

the ones measured automatically such as ACC, ACD and ACV (Fig 3b, S4c).

The gaps in three parameters [mAb], Osmolality and [HCOs] constituted about 47.41% of the total
missing data. These were crucial parameters for the analysis and interpretation of the results, and
they constituted about 13% of the total dataset. Despite the low fraction of missing data in the
complete dataset, the variability of the extent and nature of gaps across different recorded

parameters necessitated the use of advanced gap-filling approaches.

In addition to MAR missing data mechanism, the dataset used in this study exhibited a structured
missing data pattern. This was because, as a rule, [mAb] was recorded from the 3™ or the 4™ day of
culture onwards, and then every alternate day until the 10" or the 11" day of culture (Fig 3b, S4d).
Reducing the amount of sample drawn from the cultures during the early stages of cultivation would
be desirable from an operational perspective. However, introducing a structured missing data pattern
of a different mechanism, which could lead up to 1.6% gaps in the data for each culture, instigates a
problem in data analysis, rendering the availability of suitable methodologies and tools limited for the

handling of the gaps in the dataset.

4.1.2 Evaluation of Existing Methodologies for Handling of the Missing Data
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A pilot study was carried out on data from 48 cultivations, which were not included in the dataset
described; the cultivations were of a similar nature in terms of the sample collection and parameter
detection methods employed. This ‘toy’ dataset was used to evaluate the performance of different
methods for handling missing data. The nature of the data suggested that imputation-based methods
should be suitable and, therefore, several multiple imputation (MI) methods were tested. Apart from
Ml, a few other methods such as Multivariate Imputation by Chained Equations (MICE) and Artificial
Neural Networks (ANN) were also evaluated as possible options. The specific requirements of each
method, the issues faced while employing them on bioprocess dataset, and the methods available to
circumvent these limitations, as well as the results generated are displayed in Table S1. Although
likelihood-based methods are known to generate good results, they were not adopted in this study

due to their computational cost.

These preliminary analyses emphasized the importance of selecting hybrid methods for handling the
missing data in bioprocess datasets. LGPImpute[40] was tested using data from a single representative
culture. Due to confidentiality issues, the method was employed by the team who developed
LGPImpute on an anonymised test set. Multiple results were generated from one-fold cross validation
and ten-fold cross validation (Fig S5). The best result from ten-fold cross validation was acceptably
successful in capturing the trends in time-dependent parameters in comparison to one-fold cross
validation, and the best performing set was selected by visual inspection. However, this procedure
can rapidly become infeasible as the size of the dataset increases, creating a serious problem for the

utilization of the tool.

4.1.3 Development of the Dual-Hybrid Methodology

Understanding the shortcomings of the existing methodologies on the ‘toy’ dataset led to the
development of a novel hybrid data processing pipeline to address these problems. FCM-SVR-GA was
first applied to the original large dataset without distinguishing between the time-dependent and

time-independent parameters. This method, utilising optimised cluster number and weighting factor
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values in FCM predictions, allowed the imputation of values that were closer to the observed values
for each parameter, thus ensuring less deviation from the original pattern. While SVR enforces
systemic learning that is suitable for datasets that exhibits MAR missing mechanism, it alone cannot
ensure high intra-column similarity. This is particularly obvious when dealing with parameters such as
pH for which a value of 7.5 and 7.9 could elicit different responses in a bioprocess. By using FCM,
which employs centroids to establish similarity, it achieves minimised intra-cluster dissimilarity. Thus,
by combining SVR and FCM, we obtain values that are compliant in a systemic setting as well as
ensuring high intra-column similarity. This could not be achieved by employing just one method. This
strategy, relying on the concept of minimising intra-cluster dissimilarity, proved very advantageous in
achieving successful imputations for the missing values observed in time-independent parameters.

However, it failed to ensure a monotonic increase in the time-dependent parameters (Fig S6a).

In order to overcome this problem, the data documented for the time-dependent parameters were
segregated from those reported for the time-independent parameters, and the two subsets were

processed separately, leading to the development of a dual methodology.

The time-dependent data were processed separately using a different hybrid approach, which was a
combination of Stineman interpolation and SVR. The performance of various interpolation approaches
were also tested on the pilot dataset. Spline interpolation introduced negative values with large
magnitudes on the early days of culture at the interpolation stage itself, further increasing the risk of
introducing values that are even more negative in the following SVR prediction stage than those
introduced during interpolation. Kalman smoothing, which uses a structural model fitted by maximum
likelihood, was not successful in picking up trends (Fig S6b). Stineman interpolation generated
satisfactory results by ensuring a monotonic increase in time-dependent parameters, as well as
employing a robust interpolation function near abrupt spikes or steps, based on a second-degree
interpolating polynomial (Fig S6a), and hence was adopted as a suitable method. Stineman

interpolation performed equally well on the original dataset as on the pilot dataset.
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In order to identify a suitable fraction of the dataset to be used for SVR training, a series of training
set sizes ranging from 10% to 40% were tested. With increasing percentage of the training set size,
the trend-capturing ability of SVMs, and hence the prediction accuracy, improved (Fig S6c) and fewer
negative, thus unrealistic, values were imputed (Fig S7a). A 30% training set size was selected as it
provided a reasonably good prediction, and also avoided the risk of overfitting due to large training
set size. The training exercise was repeated with other randomised 30% fractions of the total dataset,
and the number of negative values imputed was in the range, 21+2.6x (x=-3.46 to 12.3). The resultant
dataset with no gaps (complete dataset), and the lowest number of negative values (12) was used for
further analysis. Even though having negative values imputed for these parameters would not be
interpretable physically, keeping these values as imputed introduced less bias than would employing
a methodology that would impute values in such a way that it would not be able to capture the trends

or could disrupt the pattern or the temporal data structure.

The absolute value of the average of these negative values imputed in all the randomised trials was
found to be 43.1, with the highest negative value imputed being -0.009 and the lowest being -324.8.
A substantial number of the negative imputed values had low weightage indicating that most of the
negative imputed values were close to zero, thus avoiding any large bias (Fig S8). The incidence of
negative values could be avoided by selecting a different SVM kernel, irrespective of the RMSE values.
However, this study aimed to employ the kernel with the lowest RMSE value to ensure minimal
deviation from the original pattern. The results showed that even in the randomised trials, the gap-
filling protocol was able to provide satisfactory results (results for a representative culture are
provided in Fig S9). Any predictable (i.e. satisfactory) patterns in parameter behaviour, such as those
obtained here, can also be used to identify unexpected behaviour in the data, such as any intolerable

deviations in the data pattern that are introduced by missing data handling methods.

As a final step in our dual strategy, the outputs from both hybrid methods were combined to produce

a complete dataset with no gaps (see Supplementary Data).
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4.1.4 Evaluation of the performance of the dual hybrid methodology against commercially available

software

The performance of the methodology was then benchmarked against a commercially available data
analysis and handling platform, Simca, which is routinely employed in data analysis by the bioprocess
industry. Principal Component Analysis (PCA) was performed by Simca on the raw dataset after
handling the missing information via its inbuilt methods, while the complete dataset had no missing
information as it was already handled using the dual-hybrid methodology. PCA analysis was conducted
separately for each day of the culture for both the complete and the raw datasets, and the distribution
of the parameters was compared by overlapping the loadings plots for the two datasets. In order to
compare the loadings for all days of culture, as suggested by PCA for both complete and raw datasets,
a ‘spread of distribution’ was defined mathematically. The difference between the values of
parameters in the culture lying at the lower and the upper bound was designated as the bandwidth,
and this bandwidth was calculated for each day of the culture using the Euclidean distance of each
data point from the origin. The bandwidth of the complete dataset (0.377) was very similar to, and
even slightly narrower than that of the raw dataset (0.444). This indicated that the dual hybrid missing
data handling mechanism did not result in the imputation of values that disrupted the original
distribution of the components, and therefore was a satisfactory choice. The distribution of the
loadings of parameters post-PCA in both the cases were comparable, as indicated by the coordinate
proximity of the cognate data points, providing additional evidence that the dual-hybrid methodology

did not introduce substantial bias (Fig S7b, S7c, Table S2).

Simca reports that it employs a modified version of the NIPALS algorithm to accommodate the missing
values, and was recommended for use only when the missing data pattern was random, and not
structured[41]. For structured missing patterns, such as the dataset employed in this work, this could
have potentially created a bias in gap filling. The dual-hybrid missing data handling method proposed

here avoided such bias in handling structured missing patterns. Furthermore, Simca is not fully
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equipped with the methods and approaches, which are specifically suitable for handling time series
datasets. Therefore, it cannot take into account the temporal nature of bioprocess datasets. The dual-
hybrid methodology, on the other hand, is specifically designed to handle such scenarios. The dual-

hybrid pipeline was more flexible, and thus more appealing, than its commercial alternative.

4.1.5 Concluding remarks

Handling of missing data is a crucial step in data analysis because incomplete databases are
incompatible with a variety of statistical methods, making the data unusable. It is also a challenging
step as inefficient and incompatible methodologies can introduce bias into the dataset. This dual-
hybrid methodology, which made use of a combination of (i) FCM-SVR-GA for the analysis of time-
independent parameters and of (ii) Stineman interpolation-SVR for the analysis of time-dependent

parameters, handles the missing offline data in biologics manufacturing datasets successfully (Fig 4).

We also highlighted the factors that need to be considered in the selection of an efficient method for
handling the missing information in bioprocess datasets (Fig 4). Although a wide variety of methods
ranging from very simple techniques such as conventional arithmetic methods to highly complex and
computationally heavy likelihood-based methods are available, the key elements were to be able to
address the nature of both the dataset and the missing information. This, to a great extent, was shown

to minimise bias.

The analyses proposed in this methodology were conducted blindly until cell culture experts, who did
not take part in the data analysis themselves, assessed the outcome. The performance of the
methodology did not rely on a priori knowledge of the dataset, nor on the physical or biological
meaning of the parameters. Regardless, the cell culture scientists regarded the gap-filling as
acceptable. This dual-hybrid pipeline can be applied more widely than just within the domain of the
biologics manufacturing process industry, for data where heterologous time-dependency was

observed in the parameters.

4.2 Conjunctive Framework for Historical Bioprocess Data Analysis
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4.2.1 Data Pre-Processing — Visualisation

Visualisation was employed after gap-filling as a preliminary step to identify any possible inherent
patterns in parameter behaviour (Fig 3a). Because the shared space technique for the visualisation of
large numbers of time-series can create clutter problem compounded by limited colour acuity of
human visual system[15], time-series were initially aggregated and the aggregates were
visualised[42]. We extracted the information on the empirical distribution of values in individual time-
series as well as the average trend across all time-series to identify higher level trends and patterns in
the data. The values of each time-series were discretised using quantiles of the time-series values, and
then each distinct category (low, medium, and high) were represented using different colours (purple,
grey, and green, respectively). This discretisation acted as a simple smoother in visualising the

variation in the data[14].

Heat maps were used to visualise the recurring patterns in parameter behaviour across cultures.
Although the cultures were conducted years apart and the cultured cells produced different antibody
products, process parameters possessed a level of similarity in behaviour (Fig S10-S14). Upon visual
inspection, only ACD and ACV were observed to behave similarly. Although [K*], osmolality, TCD (but
not VCD) and [mAb] were also observed to behave reasonably alike, no direct biological inference
could be made from this relationship. However, these recurring trends were useful identifiers to

distinguish irregularities in parameter behaviour in the dataset.

4.2.2 Data Pre-Processing — Clustering

Clustering of parameters whose values change over time as in time-series datasets would create
inaccurate results because parameter relationships change over time (Fig 3a). To address this
challenge, similarity relationships between parameters were identified on each day of the culture, and
how those relationships changed over the course of the process were investigated collectively in this
analysis. Different cultures had identical values for a number of parameters on the first day and the

last day of the cultivations rendering clustering analysis conducted on those days impractical. Thus,
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the analysis excluded the first and the last days of the cultures. The correlated or dependent
parameters that clustered together on any other day of the culture were identified. Parameters that
cluster together at different time points did not always form true clusters nor essentially had similar
behaviour; these clusters are designated as false clusters from this point forward. Due to this problem,
it became inevitable to identify which parameters formed true clusters in this dataset, as using
representative parameters from false clusters could result in render the predictive performance of
constructed models poor. Stability and homogeneity were used as two separate measures to evaluate

the “trueness” of a cluster.

The stability of partitions (i.e. the dendogram cut-off) was tested and the adjusted RAND index was
used to identify clusters that remained intact when the dataset was resampled by bootstrapping. The
index value greater than 0.85 indicated highly stable clusters, which were likely to be “true” clusters
(Fig S15). The 29, 3™, 5t 7t ‘and the 12" days of the cultivations were identified to have fewer clusters
with more parameters assigned to each cluster than what was observed for the clustering of the
remaining days. In the rest of the analysis, the dendrograms had to be partitioned further to achieve

stability indicating similar behaviour for only a few parameters at a time.

The homogeneity of a cluster was investigated as an additional measure to ensure that all variables in
a cluster brought in the same information, and it was said to be at its highest when all the quantitative
parameters were correlated or anti-correlated with the central synthetic variable. This was observed
to be the case for the following pairs of parameters on all the days of culture: TCD & VCD, ACD & ACV,
and pCO; & [HCO3]. All these correlations or anti-correlations were higher than 0.75, with the
exception of one instance where the correlation of pCO,and [HCOs] with the central synthetic variable
were identified as -0.649 and -0.669, respectively, on the 12" day. The absolute difference in the
correlation values of these parameters with their respective central synthetic variable was close to

zero indicating the tightness of the clustering of these parameter pairs (Fig S16a).
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Once the true clusters on each day of culture were determined, the next step was to identify how each
parameter interacted with other parameters on any day of the culture. For this purpose, a similarity
matrix of parameters was constructed for each cluster employing the parameter correlation values.
The parameter pair TCD & VCD displayed nearly 100% similarity until the 9*" day of the culture, and
this similarity decreased progressively starting from the 10" day onward (Fig S16b). The similarity
measures served as an example to demonstrate how the relationship between parameters changed
over time. Although TCD and VCD remained clustered together on all days, the similarity between the
two parameters decreased as culture time progressed due to a decrease in VCD as the population
reached stationary phase. Such patterns could even lead to two parameters to cluster together only
on specific days, and not on others. For example, ACC, ACV and ACD clustered together until the 8"
day of the culture, after which, ACC diverged from this behaviour and separated from the cluster,
except for on the 12™" day. On the 12" day, more parameters were populated in each cluster and a

less stringent partition criterion needed to be employed than on any other day (Fig S15).

Tanglegrams were constructed to compare the dendrogram of each day with every other day, hence
by comparing the clustering profiles across days (Fig S17-30). Several parameter combinations were
conserved across different days of culture. A correlation matrix was generated in order to visualise
the similarity between the clusters of each day of culture and of the other days (Fig S16c). Clusters of
the 2" and 3" days, the 4™ and 5% days, the 5" and 6" days, the 5" and 7% days, the 5" and 8" days,
7% and 8" days and the 11*" and the 13" days had more than 50% similarity. VCD and TCD, ACD and
ACV, and [HCO3"] and pCO2 clustered together throughout the cultivation indicating similarity in their
temporal behaviour. The identification of these parameter pairs was elemental for dimensionality

reduction as a final step in data pre-processing.

4.2.3 Data Pre-Processing — Feature Selection / Handling Multicollinearity

Once the similarities between different parameters were identified, we then explored whether these
similarities were caused by existing mathematical correlations between the parameters, or whether
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any uncorrelated parameters displayed similar behaviour highlighted by the clustering analysis (Fig
3a). Correlations were calculated and those having coefficient values = |+0.75| were identified from
the correlation matrix (Fig S31). Culture days and ECT, TCD and VCD, ACV and ACD, as well as [HCO3]
and pCO, were correlated (correlation coefficients of 0.998, 0.926, 0.920, and 0.762, respectively).
Culture days and ECT were also correlated with Osmolality (respective correlation coefficients of 0.759
and 0.755), and with EGN (respective correlation coefficients of 0.886 and 0.888). [mAb] was highly
correlated with culture days, ECT and [Glutamine]. All mathematical correlations between parameters
indicated by these results were removed; parameters ECT, Culture Days, pCO,, TCD and ACD were

excluded, and the remaining 17 independent parameters were employed in further analysis.

Although EGN and CPDL were expected to be identified as correlated in a conventional sense, this
relationship was not evident in the correlation matrix (0.158) as indicated by the values available in
the dataset. This could possibly be an error in data retrieval from the databases or any differences in
parameter relationship formulations undisclosed due to propriety rights; as far as the analysis was
concerned, the two parameters were mathematically uncorrelated, and thus both were included in

further analyses.

4.2.4 Data Pre-Processing — Feature Selection: /Identifying parameter importance

We use ‘feature selection’ in this context to describe a methodology, which helps reduce the number
of parameters that would be used in the subsequent stages. Unlike in a conventional feature selection
procedure, where we obtain a linear or non-linear transformation of the raw parameters, here we are
only identifying parameters that are important for prediction and manually eliminating the ones that
are not. This helps in understanding the influence of each independent parameter on the culture in
case a control mechanism needs to be implemented in the future as it might be challenging to decide

control action on transforms.
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The feature selection algorithms employ different modelling methods to evaluate parameters in a
systemic setting before prioritising one parameter over the other, and thus provides a reliable
measure of importance. Making use of this principle, the remaining independent parameters were
then sorted in the order of importance based on the results obtained by employing five different
feature selection algorithms. The parameters were ranked in the order of decreasing importance as
follows: [Glutamine], [K*], Osmolalilty, VCD, Temperature, EGN, [Lactate], [Glutamate], ACV, [HCOs],
[Na*], CPDL, ACC, pH, [NHs], pO,, and [Glucose] (Table S3). Although in a biological sense glucose is an
important factor for CHO cell survival, [Glucose] was identified as the least important feature. This is
likely to be due to the nature of the process where the cultures were ensured to maintain [Glucose]
at around 5-8g/L via process control. Since the glucose feeding regime was not available as an
additional parameter in this analysis, the controlled parameter profiles did not deliver further
information about the effect of glucose on the response variable ([mAb]). Similarly, pH, which, too,
was a controlled parameter, ranked lower than most parameters because in all these cultures pH was
maintained at a value between 7+0.15. However, temperature, yet another controlled parameter, was
among the top five most important parameters. Different temperature profiles were observed among
the cultures; 34.9% of the cultures had a switch from 36.5°C to 33°C at sometime within the 17-day
culture period. It was likely that that the models picked up a variation in the [mAb] in response to this

temperature shift, designating temperature to be an important parameter.

[Glutamine] was identified as the most important parameter in this analysis based on its effect on the
response variable. Indeed, glutamine is a key parameter for cell cultures since it acts as an alternate
source of energy[43]. On the other hand, [NHs], a by-product of glutamine metabolism, was ranked
among the least important parameters. [NHs] was reported to have inhibitory effects on cell growth
at concentrations above 8mM|[44]. Indeed, less than 2% of the [NH3] measurements in the dataset
were above this threshold value providing further evidence that below inhibitory concentrations, it

did not affect the culture performance, [mAb], extensively.
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pO2 was another parameter that did not have a major contribution to the process outcome although
oxygen is indispensable for energy generation in animal cell cultures. However, the effects of its
limitation were reported to become evident only when dissolved oxygen dropped below 5% of air
saturation[45]. The dataset did not have any cultures with severe oxygen limitation, and therefore
there was not sufficient information to evaluate the effect of oxygen availability on the response

variable, rendering the parameter ineffectual.
4.2.5 Data Processing — Strategy for Modelling Parameter Interactions

A novel two-dimensional multi-model system was developed to predict process performance at an
earlier time point (Fig 3a). The first dimension accounted for the intra-cluster variability by
incorporating the temporal behaviour of parameters. It generated multiple models for each individual
parameter and [mAb], which could predict the value on the 15" day of the culture using their values
on earlier days. The second dimension accounted for the inter-cluster variability and generated a
single model that used the minimum number of parameters to predict the [mAb]. The input dimension

for the models were decided by the pre-processing steps.

We used this two-dimensional model to extract process knowledge from manufacturing data
pertaining to upstream bioprocess development and pilot-scale runs of mammalian cell lines
expressing different monoclonal antibodies collected at five different scales over the course of seven
years from different projects (Fig 3c).Two breakpoints were observed in prediction accuracy suggested
by the first-dimension model Root Mean Square Error (RMSE) values: (i) before the sixth day of the
culture, and (ii) after the 11™" day (Table S4). The parameter values on the 15 day of the culture could
be predicted with reasonable accuracy using the data before the first breakpoint. Predictions made
using the values beyond the second breakpoint had either similar or improved performance. For
example, RMSE for the prediction of [Glutamate] were 1.772 and 1.535 using its values up to the first
and the second breakpoints, respectively, exhibiting only slight improvement in prediction ability. The

marginally reduced prediction accuracy achieved at an early time point is an acceptable trade-off
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based on the observations made on all 17 parameters. This analysis indicated that [Glutamine], VCD,
Temperature, EGN, [Na*], CPDL, ACC and [Glucose] could be predicted with low RMSE on the sixth day
of the culture; [Glutamate] and [HCOs7] could be predicted on the fifth day, [K*], Osmolality, pH and
[mADb] on the fourth day, and [Lactate], ACV, [NH3] and pO. as early as on the second or the third day
of the process (Table S4). Although prediction is possible on later days than the one identified in this
exercise (Day 6), it might only improve the accuracy marginally and without any obvious advantages
that one would expect from waiting for longer to make a prediction. This would also drive the cost of
running the bioreactor up for every additional day it is kept running. Furthermore, the prediction
accuracies of the models at the time of the breakpoints were tested on independent and randomly
sampled datasets that have not been employed in the model construction, thus indirectly implying

similar success rates for any additional datasets that would be included in the analysis.

The first-dimension model was used to predict the final day values of all 17 parameters using their
values at or before the first breakpoint. These values were then employed in the second-dimension
model to predict the [mADb] value. The second-dimension modelling showed that a combination of the
top 14 important parameters provided the lowest RMSE and hence highest accuracy of [mAb]
prediction (Table S5). Inclusion of the parameters [NHs], pO2 and [Glucose] into the models did not
improve prediction accuracy further. These parameters, which were also highlighted by the feature
selection algorithms as having little to no effect on the response variable, were excluded from model

construction.

The resultant 14-parameter model with the lowest RMSE was then used to predict [mAb] values of
15" day of the culture employing two different types of predictor values; the observed values of all 14
parameters and the predicted values of the same parameters given by the first-dimension models.
The RMSE of prediction for these models were compared to select the better performing model (Fig
1). The first-dimension model gave the best prediction accuracy, i.e. the lowest RMSE. However, the
second-dimension model using the predicted parameter values from the first-dimension had an RMSE,
which was 103% higher than that for the first-dimension model.
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This discrepancy could possibly have been caused by either of the two issues: (i) inherent problems
associated with the second-dimension model structure, or (ii) the input data fed into the model. In
order to assess the validity of these hypotheses, the second-dimension model was used with observed
parameter values as input variables instead of the parameter values predicted from the first-
dimension model. For this new test case, the calculated RMSE was similar to that of the first-dimension
model. This indicated that it was not the model structure, but the data that was fed into the model
that affected prediction accuracy, indicating potential for improvement for the proposed modelling
approach via optimisation. Although a simple alternative solution to this problem would have been to
use the observed values on the 15" day as input, this is not desirable, since the objective of this
modelling exercise is to predict the process performance from an earlier time point than the 15" day,
when those cognate values would actually be available. However, using the observed parameter value
with second dimension model helped us decide on an acceptable level of RMSE as a target for the

predictive models.

The objective of the optimisation was to train an SVM to take into account values from the first
dimension and the second dimension and predict a single value, which was close to the observed
[mADb] value. In this way, optimisation acted as an additional step to ensure superior predictive
capability of the developed models. This optimisation step lowered the RMSE by 52.07% (from
1363.96 to 710.21). The new RMSE was comparable to the lowest RMSEs attained in predicting [mAb]
and these values for the “successful” models remained within £5.7% of one another. Data from seven
cultures, which were not employed for test nor training purposes in the study, were then used to
evaluate the performance of the optimised model. The [mAb] predictions made by the optimised
model were classified as poor-, moderately, or high-performing, as in the case of the observed culture
performance values (Table S6, Fig S32a). Two of these cultures (28%) were predicted as moderately
performing as indicated by the classification of the optimised model output, whereas, these cultures
were poor-performing as indicated by their observed values. The optimised model that used values

from before the first breakpoint could not distinguish the moderately performing cultures from the
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poor-performing cultures in these two instances (Fig S32b). This zone where the predictions could not

be correctly assigned into observed performance classifications was discerned as the grey zone.

The optimised model was then used with the values from the second breakpoint to test whether the
misclassified performance assignments could be corrected. Both cultures were correctly classified as
poor-performing when the values from the second breakpoint were used (Table S6). These results
suggested that if the predicted [mAb] fell within the grey zone, the decision making needed to be

postponed until the second breakpoint before any sound process evaluations can be made.

The only other model-based analysis of bioprocess data available in the literature employed an overall
similarity matrix-based approach for predicting process performance[6]. Therefore, the modelling
strategy proposed in this paper was compared to the single other available methodology. The weights
of each parameter were recalculated and assigned as their Spearman’s correlation coefficient with
the product titre. The importance of the parameters was observed to be substantially different from
those obtained in this study via feature selection algorithms (Table S7). This difference was caused by
the fact that feature selection algorithms assigned importance by considering the effect of each
parameter on the final product titre in the presence of all the other parameters in a systemic setting.
In contrast the weights were assigned by only considering the effect of a single parameter on the final
product titre ignoring the interactions between parameters in this strategy[6]. In the real-world
scenario, all parameters interact with each other, and consequently affect the final product titre.
Unlike any existing schemes, the methodology proposed in this work can successfully account for such
variability. Furthermore, unlike SVMs that are trained to predict culture performance based on overall
similarity matrices[6], the modelling scheme proposed here is adaptable since it takes into account
the systemic interaction of all the different parameters involved, and also accounts for both inter-

cluster and intra-cluster variability.

4.2.6 Concluding remarks
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Although general principles of data mining has been established for decades, the unique nature of
data arising from specific processes pose a substantial challenge that necessitates the development
of tailored methodologies for each application. Unlike its other conventional counterparts, data from
biologics manufacturing databases are not continuous in a conventional sense as continuous time
points are followed by discontinuities across cultures. They are also incoherent to a certain extent as
the data comes from experiments conducted by different people, using different sets of equipment,
over a span of several years. The methodology proposed above (Fig 5) is specifically tailored for data
arising from the bioprocess industries. The process was split into simpler steps with clear objectives.
The output of each step then became the input for the next, making it a process chain. Prediction
accuracy of the final model was dictated by the proficiency of the methods employed during different
stages of data pre-processing and processing and facilitated back-tracking. The proposed method
enables trainability and expansion. Furthermore, the platform presents a pipeline to process rank
deficient multivariate time-series datasets, which is currently a venue in very much need for
improvement. Also, the methodology is platform-independent, which enables the user to select a
platform of their choice and provides them control over the knowledge discovery process. Although
the individual methods employed in this framework are themselves not novel, there are no specific
frameworks currently available that addresses the unique nature of bioprocess data. Furthermore,
the methodology described here is not limited to bioprocess datasets alone, but can be applied to any
multivariate time-series dataset with discontinuities, heterogeneous information, parameters with
different magnitudes, strong correlations, rank deficiency and MAR as missing data mechanism,

rendering it a pipeline with broad application areas not limited to industrial biotechnology.

4.3 Handling Categorical Variables, Multiple Process Outputs and Failed Runs in Bioprocess Datasets

4.3.1 Dealing with failed runs, qualitative parameters and multiple response variables

The dataset investigated in the first two subsections was also categorically classified by four
parameters, which were not expected to contribute to the success or failure of the process, and should
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therefore be excluded from modelling. However, the impact of these parameters on the dataset
needed to be evaluated, and any potential differences implicated by any of ‘Culture Volume’, ‘Batch’,
‘Day of Harvest’ and ‘Cell Line’ needed to be identified. In the event of any differences highlighted due
to these parameters, the runs that fall into specific classes should be analysed separately from the
rest of the dataset (Fig 3d). The possibility of any distinguishable patterns embedded within the data
was tested using K means clustering[46]. Clustering results indicated that none of the above four
differences reflected in the intrinsic nature of the dataset, indicating no impact on performance (Fig

S33).

Even though a standardised protocol would be followed in handling all bioreactors, this does not
prevent problems arising during the course of operation. These failures often are beyond the control
of the operator. These “failed” runs were particularly interesting and extremely valuable as it is very
rare that information was systematically recorded and is available on failed systems in an industrial
setting. Time series data of failed cultures (3) in this dataset were used to compare them with time
series data of successful cultures (104) in the original dataset to identify any differences in parameter
behaviour. Time-series profiles of the failed runs (normalised) were investigated using a control by
taking the average value at each time point from normalised successful cultures, which could then be
employed as early indicators of process failure. A comparative investigation of the time-series profiles
of these critical quality parameters of failed and successful bioprocesses provided potential insights
into the arrangement of events that caused failure. Our analysis associated failed runs with either
one or more of the following features including an increase in ACC, high glutamine concentration,
inefficient glucose utilisation at the beginning of the culture, depletion of Na* ions, and an increase in

pO; (Fig $34-537).

One of the challenges that need to be addressed when working with datasets containing both
guantitative and qualitative parameters is that data of different nature require different treatment

protocols. The mathematical approaches that are available for handling quantitative parameters are
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more diverse than those that are available for handling qualitative parameters or categorical variables.
Clustering was once such aspect. The clustering method used for this analysis successfully
distinguished between quantitative parameters and qualitative parameters. A comparison of treating
the categorical variables as numerical values or numerical values as categorical values yielded
different results. When all parameters were treated as qualitative, there was low variability in the
culture data, which affected the stability of clusters, resulting in fewer clusters with more number of
parameters in them for different timepoints corresponding up to halfway through cultivation denoted
as the midpoint set, and up to the harvest represented by the endpoint set (Figure S38). The clustering
results on the midpoint dataset and on the endpoint dataset both indicated the presence of three
highly stable clusters. VCD and TCD, ACD and ACV, HCOs and pCO; remained clustered in all scenarios

for both midpoint and endpoint sets (Table S8).

The dataset did not hold high similarities between the parameter profiles across different cultures,
and therefore the employed methodology, which utilises a homogeneity measure of variables to a
central synthetic variable (as the clustering criterion), worked satisfactorily. Datasets with highly
similar profiles for different parameters are more likely to suffer from cluster instability; this would
particularly impose a risk in the analysis of categorical variables with too few input arguments, as the
bootstrapping conducted to evaluate the stability will lead to the selection of data subsets that have
highly similar (or exact) values. Under such circumstances, the stability analysis should be restricted
to the evaluation of quantitative parameters alone with less likelihood (not being used in the statistical

sense) of encountering this problem.

Following the identification of the parameters that remain clustered and display similar behaviour at
halfway into the process operation time and at the harvest, we then explored whether the correlation
between the parameters evolved over time and demonstrated that the correlation between the
parameters did not display any substantial change (Figure S39). Nearly 25% of the parameter

interactions were identified to be highly correlated (|£0.70]). In light of this, TCD, [Glutamate], ACC,
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ACD, [K*], [Lactate], [NHs] and [HCO5] were removed from the midpoint set while TCD, ACD, [Na*],

[Lactate] and [HCO57] were removed from the endpoint set.

4.3.2 Modelling Parameter Interactions

Bioprocesses can have multiple output parameters measured to ensure product quality, which
necessitates process performance to be described by more than one such parameter in the dataset.
Multivariate multiple regression models are used to address such problems. One of the most
important challenges imposed by working with datasets containing multiple output parameters is that
many feature selection algorithms are incompatible with multivariate multiple regression problems.
Furthermore, most of those algorithms that are compatible with assuming a model structure where a
linear relationship exists between the output parameters, which may not necessarily hold in reality.
The four algorithms that were successfully employed all intrinsically assumed linear relationship
between response variables to build models and then to decide on the predictor importance. Predictor
importance was also calculated for each individual response variable separately (Table S9). The
parameter importance for both the midpoint and the endpoint datasets was evaluated in conjunction

with the modelling and reiterated as deemed necessary.

The maximum number of variables required to produce the lowest RMSE were identified using both
single-response and multi-response modelling approaches (Fig 3g, S40a). The results indicated
different RMSE values for the models generated using the multi-response approach and the single-
response approach (Fig 3g, S40b) for both endpoint dataset and the midpoint dataset. This indicated
that the variable importance determined by assuming linear relationships between the response
variables was different from when no such relationship between them was assumed, strongly in
favour of the concerns discussed above as to the interpretation of modelling based on misleading
assumptions. In this case, our analysis validated the presence of an underlying non-linear relationship
between the response variables, i.e. the performance measures, if any existed at all. This enforced us
to employ the single-response approach to determine variable importance. It is important to note that
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the dataset for which this approach was successful had a limited number of predictors. A similar
assumption may not hold true if additional parameters were to be added to the dataset, or in the
event of working with other datasets with a large number of predictors. Therefore, the selection of a
suitable method for handling the multivariate multiple regression problem should be left to the

discretion of the data scientist.

An evaluation of the models that employed the midpoint dataset and the endpoint dataset indicated
that the midpoint dataset was a better predictor of process performance than the endpoint dataset,
utilising fewer parameters (denoting Cell Line, VCD, Culture Volume and Batch number) while
achieving superior predictions. This was a highly desirable outcome as the main objective of the
exercise was to predict the harvest performance of the process employing the data collected at an
early time point. Interestingly, some of the categorical variables were identified as important for
predicting process output, indicating the centrality of categorical variables to carry important

information. Ignoring them altogether thus can lead to substantial loss of information.

4.3.3 Concluding remarks

In this exercise, we observed that qualitative or categorical parameters had substantial impact on
bioprocess performance. Substandard treatment of data possessing such nature may yield grossly
inaccurate results. Furthermore, many biomanufacturing protocols dictate the monitoring of more
than one parameter to determine the performance of the process, and this imposes an additional
challenge on modelling as the task then evolves into handling of a multiple-response multivariate
problem, which we address here. Dealing with failed runs in an attempt to identify the deviations from
the expected parameter behaviour, was proposed as an early indicator of process failure. The analysis
suggested that a method for identifying the upper and lower bounds of expected parameter behaviour
at each time point in a successful run, thus proposing a systematic way of defining a dynamic design

space to comply with the Quality by Design requirements. Comparison of the expected performance
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with those of the failed processes also provide interesting insights into understanding the root causes

of failure.

5. Conclusions

Using this methodology (Fig 5), we were able to predict the final performance of the biologics
manufacture upstream processes successfully utilising only 65% of the process parameters within the
first half of the process duration. Missing data, even when they constituted a substantial fraction of
the total dataset, could successfully be imputed without disturbing the original distribution of the data
(Fig 3e). We could distinguish poor-performing, moderately performing, and high-performing cultures,
and also identify “grey zones” of prediction, where the decision on the process performance should
be delayed until a later time point (Fig 3f). We were also able to accurately predict the process
performance at harvest halfway through the duration of the process by employing only four process
parameters. Some of these were categorical variables, thus indicating the relevance of the information
contributed by them. Process performance was predicted based on single performance parameters
or a combination of them. We showed that the dependent relationship between these output
parameters was the primary challenge in the decision-making involved in model construction (Fig 3g).
The analyses demonstrated the adaptability of our integrative framework for positively influencing
the modelling of bioprocess datasets of different structure and preventing any technical faux pas due

to the utilisation of incompatible statistical procedures.

Streamlining the data exploitation process brings us one step closer to building automated, and self-
adapting, systems for bioprocess control that ensure reproducibility and improved process
performance. In this work, we present a platform-independent computing framework for extracting
information from bioprocess datasets, which provides the user with flexibility and control over the
knowledge discovery process. Each step of the process chain in the workflow can be evaluated
independently for backtracking purposes. Furthermore, the machine-learning methods used in the
workflow allow sufficient scope for trainability and expansion with accumulating data. We adopted
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this framework to mine datasets of varying inherent structures to demonstrate its versatility in
successful handling different datasets. Although, the modelling approach was conducted on the
dataset that we described above, the application itself is not limited to this dataset, nor to
bioprocesses for that matter. Data arising from different sources, which have a discontinuous time
series structure that render them incompatible with standard time series analysis, can rely on this
framework for knowledge discovery. This framework provides a workflow comprised of compatible
approaches, which were demonstrated to work successfully in conjunction to one another, in order
to address various challenges associated with datasets, which suffer from similar challenges to those
described above. This approach is especially useful in circumstances when a black box predictive
model is required owing to limited mechanistic understanding of the system. Due to the inherent
complexity, bioprocess data makes a good example for the broader problem that is discussed. The
models built using this methodology will enable the acquisition of process knowledge from previously
unexploited datasets to lead to improvement in performance through efficient process control for
both bioprocess industries and beyond through the development of digital monitoring platforms with

self-adaptability and controllability.
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Figure Legends

Figure 1 Methodology for the implementation of the first- and second-dimension modelling (a) First

dimension modelling. For (i) complete dataset of 106 cultures, each containing 15 days (D) of readings
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for 17 parameters (P) and [mAb]: (ii) Separate tables with 15 days of readings for each independent
culture parameter (P1 to P17) and [mAb] in 106 cultures, (iii) train SVMs to predict parameter values
on the 15 day of culture from the values collected on previous days by progressively adding them
into the model, for each parameter and [mAb], and (iv) select the model with the lowest RMSE for the
prediction of values for each P and [mAb] on the 15" day of culture. 70% of the dataset was used for
training and the rest for testing. (b) Methodology for the implementation of the second-dimension
modelling. For (i) complete dataset of 106 cultures, each containing 15 days (D) of readings for 17
parameters (P) and [mADb]: (ii) Train SVMs to predict [mAb] using the “important” parameters (starting
with P1 and progressively adding the rest) in subsequent models, and (iii) select the model with the
lowest RMSE as the best model for prediction of [mAb]. 70% of the dataset was used for training and

the remaining fraction for testing.

Figure 2 Methodology for the implementation of the two-dimensional model compilation and
model optimisation Parameters, days, the predicted values and the observed values are denoted as
P, D, ‘Pred’ and ‘Obs’, respectively. For (i) observed values of each parameter on the 15" day of the
culture: (ii) Predict values of each P on 15" day of the culture using their respective values on earlier
days and the best model from the first dimension, (iii) use [mAb] prediction model from the second
dimension to predict the [mAb] value on the 15" day of the culture and (iv) use the best [mAb]
prediction model from the first dimension to predict the [mAb] value on the 15 day of the culture.
(v) [mAb] values on the 15 day of the culture predicted using observed parameter values on the 15%
day of the culture, (vi) the [mAb] value on the 15™ day of the culture predicted by the second-
dimension model using parameter values for the 15" day of the culture as predicted by the first-
dimension model, and (vii) [mAb] values on the 15" day of the culture predicted by its values on
previous days and the best first-dimension [mAb] prediction model will be used to (viii) compare
models based on RMSE of prediction. Model optimisation will be carried out by (ix) training an SVM

to predict the observed [mAb] values from (vi) and (vii).
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Figure 3 Missing data handling in bioprocess data from antibody producing CHO cell cultures.
Schematic representation of the important factors that need to be taken in to account while selecting
an appropriate method for handling missing data in datasets arising from different sources are
presented. This challenge is coupled with the proposed schema of the dual hybrid methodology used
for handling the missing data in bioprocess datasets. Branching represents splitting of the dataset

based on the parameter types for implementing different missing data handling methods.

Figure 3 Implementation of the pipeline (a) Proposed framework with the pipeline embedded within
an efficient biomanufacturing process monitoring and control architecture (b) Sample bioprocess data
structure displaying rank deficiency and missing data (toy data). Imputation challenges due to missing
measurement creating a gap in a calculated parameter (brown), equipment failure creating missing
values for the whole culture (dark blue), structured missing pattern due to process-related reasons
(pink), value dependency on the availability of data at first time point (light blue), always missing a
value at first time point (green), values for related parameters missing (yellow). (c) Data distribution
across different years and culture volumes. (d) Data distribution across different projects and culture
volumes. (e) The impact of imputation on the distribution of PCA loadings as indicated by spread of
the distribution for gap-filled (red) and raw (blue) datasets. Radius represents the loadings on a polar
coordinate; angles in the radial plot are neither scaled to size nor have any mathematical relevance.
(f) Culture performance for biologics manufacturing. Zones of poor, moderate and high performance
(increasing performance from left to right) were identified based on the observed data. Concentration
values marking the initiation and the end of each zone are denoted for reference. “Grey zone” (blue
shading) between the poor and moderately performing cultures marks a novel zone identified by
model predictions that necessitate delays in decision-making. (g) Model predictions for non-linear
multivariate data on biologics manufacturing. The performance by employing only four process
parameters or all parameters in the models, which predict all response variables individually (single-

response) or together (multi-response), are compared based on Root Mean Square Errors (RMSE) of
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model predictions. The predictions made halfway through the process (Midpoint set) and those made

at the end of the process (Endpoint set) are also compared.

Figure 5 Proposed pipeline for mining bioprocess datasets STAGES shows the fundamental sequence
of any typical data analysis process and METHODOLOGY summarises the cognate methodologies

employed in this pipeline within the context of bioprocess data mining.
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