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Cost-Effectiveness and Robustness
Evaluation for Biomanufacturing

by Suzanne S. Farid

s the biotech sector has

matured, it has come under

increasing economic and

regulatory pressures for
continuous improvement in both drug
development and manufacturing. As a
result, assessing the value potential of
alternative strategies has become
critical to decision-making in areas
such as bioprocess and facility design,
capacity sourcing, and portfolio
selection. Related decisions typically
involve large cash expenditures and
thus have a direct bearing on the
feasibility of business units and whole
companies.

Making such decisions is
complicated constraints such as
regulatory requirements and budgets
and to uncertainties such as doses and
fermentation titers (Figure 1). The
impact of these decisions, constraints,
and uncertainties on key financial,
operational, and risk metrics must be
understood for companies to derive
more meaningful and transparent
evaluations. Here I summarize some
systematic approaches developed at
University College London (UCL) in
the United Kingdom for addressing
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typical industry questions in drug
development and manufacturing.

These approaches involve
developing decision-support tools that
encompass and integrate a broad range
of techniques: process economics,
simulation, risk analysis, optimization,
operations research, and multivariate
analysis. Advantages and insights
gained from approaches established by
our research are illustrated below
through industrial case studies. I seek
to illustrate how multiple outputs for
each set of competing strategies can
be visualized to facilitate decision
making.

Scope of Research on Decisional
Tools for the Biotech Sector: Our
research at UCL focuses on
developing systematic foundations to
help companies make better decisions
with inevitable uncertainty in process
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yields, doses, timing, clinical trials
success rates, and market potential.
Specifically, the scope of decision-
support tools at the manufacturing
and development levels can be broadly
categorized as follows: process
synthesis and facility design, capacity
planning, and portfolio management.
The following sections discuss key
challenges that our research addresses.

CAPTURING PROCESS ROBUSTNESS
UNDER UNCERTAINTY

Early UCL research on decisional
tools for the biotech sector
demonstrated how to integrate models
effectively for bioprocess economics,
manufacturing logistics through
discrete-event simulations, and
uncertainties by Monte Carlo
simulation to address industrially
relevant investment decisions at both a



Table 1: Financial and operational criteria and trade-offs — comparing stainless steel with single-

use facilities for making clinical-trial materials

Type of Criteria Criteria

Comparing Disposables
with Stainless Steel

Financial Capital investment
Annual CoG/gram
Operational Construction time

Project throughput

On-line fermentation control

Operational flexibility
Ease of validation

Ease of scale-up
Reliance on suppliers

|
|

|

Depends on assumed titer differences
|
i

| Cleaning validation
1 Leachables validation

|
1

Vindicates a lower value of the criterion in the disposable option relative to the stainless steel option.
Tindicates a higher value of the criterion in the disposable option relative to the stainless steel option.

process and facility level (1-7). Models
facilitated rapid evaluation of
manufacturing alternatives in terms of
operational, financial, and risk metrics
while accounting for the intrinsic
complexities specific to
biopharmaceutical manufacture. At
the core of these tools were process
economics models to determine cost of
goods (CoG) and other cost metrics
(Figure 2). The benefits of such an
integrated approach have been
demonstrated through a series of
industrial case studies (1-13).

Fed-Batch or Perfusion Culture
Strategies: Typical upstream process
decisions include comparing fed-batch
and perfusion culture strategies.
Process-economic comparisons can
yield different rankings based on
several factors such as cell densities,
titers, pooling strategies, scale, and
assumed probabilities of failure.

Lim et al. illustrated the potential
impact of batch failure on the process
economics of whole bioprocesses

Figure 1: Key decisions, constraints, uncertainties, and metrics in biopharmaceutical drug development
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relying on either fed-batch or internal
spin-filter perfusion culture for
commercial production of antibodies
at the ~50-kg scale (3). Here we
analyzed trade-offs between the lower
productivities and higher up-front
investments of fed-batch processes
against the greater operational risks
with perfusion processes. A risk-
based, discrete-event prototype model
was used to incorporate upstream and
downstream operations as well as
ancillary activities related to
equipment preparation and regulatory
compliance activities.

Interestingly, the deterministic
simulation results (without risks)
illustrated that both process strategies
have similar CoG per gram at the
~50-kg scale, under the assumptions
made in that particular case study. By
contrast, because the perfusion option
offers lower initial investment costs —
and hence a higher projected net
present value (NPV) —a
deterministic analysis predicts that

Drug Development Cycle (Preclinical, Phase 1-3)

> Scale-up development >

Process design? Capacity sourcing?

Capacity Budget

Process characterization

Regulatory

such an operation is more
economically feasible than fed-batch.
But when accounting for fluctuations
in cell culture titer, step yields, and
the likelihood of contamination and
equipment failure, Monte Carlo
simulation results demonstrated that
the perfusion option had a lower
reward/risk ratio, failed to meet the
desired output criterion, and hence
was infeasible.

The bubble plot in Figure 3
illustrates that conclusion with bubble
sizes proportional to the reward/risk
ratio for each strategy. Our analysis
identified how low the probabilities of
contamination and bioreactor failure
due to filter fouling had to drop for
the perfusion option to be more
favorable than the fed-batch option
(3). As Figure 3 shows, in this
particular case, only a drop in failure
rates from 10% to 3% would both
meet the output criterion and offer a
large-enough reward/risk ratio. That
would require significant changes in
operational philosophy or equipment
design to improve process robustness
and hence economic feasibility.

New perfusion reactor systems —
such as alternating tangential flow
(ATF) perfusion reactors from Refine
Technology — aim to reach higher
steady-state cell densities with lower
failure rates and faster turnaround
times from failures than older systems
could offer. Further studies have
illustrated how introduction of such
new technologies offers the potential
for perfusion systems to become more
economically competitive and robust
compared with fed-batch processes (9).

Market

Postapproval changes

Built single or multiproduct facility?

Skilled labor



RECONCILING MuLTIPLE CONFLICTING
OuTtpPuTs UNDER UNCERTAINTY
The above example — where
alternatives that failed to meet the
throughput criterion were eliminated
— provided a “satisficing” method for
ranking options. It is particularly useful
when there are only a couple of output
criteria. However, as problems become
larger with multiple goals including
qualitative issues, methods that
combine those into a single measure of
attractiveness can be useful for decision
making, as described below.

Stainless Steel and Single-Use
Facilities for Clinical Manufacture:

Figure 2: Interactions among key components of a
biopharmaceutical manufacture with uncertainty

Farid and coworkers illustrate the
application of multiple-criteria
decision-making to a facility decision
made by a company with a pipeline of
monoclonal antibodies (M Abs) (1, 5,
6). The company needed to decide
whether to take a chance on a
completely disposable (single-use)
facility or invest in a traditional
stainless-steel based one or go for a
hybrid option at the 200-L scale.
Table 1 lists key financial and
operational criteria we considered
relevant. We incorporated softer
concerns in addition to process-
economic considerations. For example,

process-economics model for
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Figure 3: Bubble plot for different scenarios of contamination and filter-clogging failure rates in

case study of fed-batch and perfusion culture strate

gies; the y axis corresponds to an expected

annual quantity of monoclonal antibodies (MAbs) generated, and the x axis represents the
probability of failure. The latter refers to both the probability of contamination (P.) and filter fouling

(Pe)ina spin-filter perfusion bioreactor. Bubble sizes
measure the expected net present value (NPV) over

are proportional to risk/reward ratios, which
the standard deviation for each scenario (3).
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we accounted for the fewer cleaning
validation studies required by
disposable facilities. Such efforts can
be significant with membranes and
chromatography resins in particular,
for which the number of cycles over
which materials can be used with
confidence (with no deterioration in
performance) must be demonstrated.
In this study, we also accounted for
additional validation studies needed to
assess the effect of extractables leached
from disposable materials and to
demonstrate the integrity of such
materials.

A probabilistic additive weighting
technique was used to incorporate
explicitly the effects of intangible
trade-offs while expressing
uncertainty in the input variables so
that the final scores provided an
indication of intrinsic risk. Both the
financial and operational scores were
standardized by converting them to a
common dimensionless scale. The
aggregate score depended on the
weighting of those two scores.

Sensitivity spider plots in Figure 4
illustrate how different relative
weightings — expressed as the
operational to financial combination
ratio (R) — affect ranking of the
options for a facility supplying early
and late-phase materials. If financial
and operational scores are considered
equally important (R = 1), then both
hybrid and disposables facilities
outperform stainless steel at 200-L
scale for both early and late-stage
production. If financial savings are
assumed to be at least twice as
important as operational benefits (R <
0.5), then the disposable option starts
to dominate in both cases. Conversely,
if operational benefits are considered
to be twice as important as financial
savings (R = 2), then the rankings
depend on the stage of development.

For early stage material, the hybrid
option is preferred followed by the
disposable and finally stainless steel
option. In that case, the operational
score is most heavily influenced by the
scores of criteria related to
construction time, project throughput,
and operational flexibility because
factors relating to speed and flexibility
are typically considered more



important early on. By contrast, for a
company concentrating on
manufacturing late-stage clinical trial
material, the relative rankings of
individual criteria would be different.
Validation efforts, the degree of
on-line fermentation control, ease of
scale-up, and reliance on suppliers
would all assume greater importance.
Under such circumstances,
probabilistic additive weighting
predicts that the stainless steel option
would be more competitive.

This holistic approach can be used
to capture other less tangible (but
important) issues that can influence
the decision-making process. That
allows managers to see how their
priorities affect the resulting rankings.

EFFICIENTLY SEARCHING

LARGE DECISION SPACES

As problem complexity increases, a
larger number of possible permutations
of options makes it difficult (or

impossible) to examine them
individually. In cases involving
multiple decisions, constraints, and
uncertainties, decision-makers need
methods to efficiently search through
these large decision spaces. Combined
portfolio management and capacity
planning problems are good
candidates for application of such
optimization techniques. Several
decisions are required at each stage of
product development — from
laboratory to clinic to market — for
each drug in the portfolio. UCL
research has thus further developed
the concept of integrating operational,
business, and uncertainty models to
address these decisions (e.g., 10-14).
Portfolio Management — Selection
and Capacity Sourcing: George and
Farid (12, 13) examined approaches for
tackling the scenario of a medium-
sized biotech company with a potential
pipeline of 10 MAb candidates (each
with its own clinical, technical, and

commercial uncertainties) but no
established GMP manufacturing
capacity. The problem was
characterized by several decisions in
relation to portfolio selection, portfolio
scheduling, and build-or-buy capacity-
planning decisions across the different
stages of the development cycle under
different budgetary constraints. For
build-or-buy decisions, using contract
manufacturing organizations (CMOs)
or partners to access capacity enables
delaying large capital outlays while
incurring a premium for services and/or
royalty charges.

The problem can be represented as
a string of multiple decisions (Figure
5), which creates a very large decision
space (~10*! individual strategies). So
we devised an evolutionary algorithm
that harnessed the benefits of Bayesian
networks to efficiently search through
the many possible permutations while
capturing the multiple uncertainties
and constraints. That was linked to an

Figure 4: Sensitivity spider plot shows how the ratio (R) describing relative importance of operational to financial scores affects the mean overall aggregate
scores for three alternatives in manufacturing early and late-stage clinical trial materials. SS = stainless steel, Hyb = hybrid, Disp = disposable facility (5).
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Figure 5: Superstructure of a candidate strategy for commercializing a portfolio of five drugs characterized by multiple decisions, uncertainties, and
constraints; the resulting decision space is very large and cannot be explored through complete enumeration of all possible permutations. A
multiobjective evolutionary algorithm linked to detailed cost models of drug development and manufacturing was created to address such a problem

domain (12, 13).
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development and manufacturing



evaluation model that captured
finances, timeframes, risks, and
dependencies involved in the
manufacturing, research and
development (R&D), and clinical
activities during drug development to
compute the value potential of each
string. Optimization was driven by
balancing two key objectives —
expected positive NPV and likelihood
of a positive NPV — derived using
Monte Carlo simulations on each
string of decisions under uncertainties
in costs, commercial factors, and
manufacturing capabilities, as well as
phase-transition probabilities for
clinical trials. Applied to the portfolio
as each drug entered the development
cycle, those NPV valuations provided
measures of financial attractiveness
and ability to generate a positive profit.

An optimal set of strategies can be
represented using Pareto frontiers
(Figure 6). In this portfolio
management example, the company
would ideally want to maximize both
the expected NPV and the likelihood
of a positive NPV, which is a sign of a
worthwhile investment. However, the
Pareto frontier illustrates that those
two objectives are in conflict with one
another and that higher rewards can
be achieved only at the expense of
higher risks. Deciding where to
choose along the frontier depends on a
company’s risk preference.

It is interesting to see how
budgetary constraints affect corporate
strategies relating to build-or-buy
capacity decisions. Pareto frontiers are
shown for three budget levels in
Figure 6, with the change in corporate
strategies for the central cluster of
strategies on each frontier highlighted.
In this case study, the tool predicted
that, as constraints decrease the
propensity to make profit, they
encourage management of risk
through outsourcing to CMOs and/or
sharing capacity with partners. So the
optimization outputs suggest that a
company might commit to creating
capacity as late as possible when it is
limited by budgetary constraints.

FACE THE FUTURE HEAD-ON

Here I focused on systematic
approaches to make good decisions
earlier in the development cycle of

Figure 6: Comparing the mean positive NPV and p(NPV > 0) for a five-drug portfolio under
increasing budgetary constraints; the most likely corporate strategy regarding build-or-buy capacity
decisions is highlighted for the central cluster of strategies on each Pareto frontier. Inset table
indicates the most likely strategy for each drug in the portfolio for each phase of development,
where | = in-house, = outsourced, and P = partnered manufacturing (13).
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biopharmaceuticals, a business sector
that is rife with uncertainties. These
approaches involve models that
integrate bioprocess economics,
manufacturing logistics, stochastic
behavior, risks, multiple conflicting
objectives, and combinatorial
decisions. The illustrative examples
tackle industrially relevant investment
decisions for cost-effective bioprocess
design under uncertainty as well as
stochastic R&D portfolio
management and capacity planning. I
provide methods for visualizing
financial implications and robustness
of alternative solutions from the
integrated models.

On the manufacturing level,
insights from these approaches allow
the most promising strategies to be
prioritized for further exploration with
scale-down (15) and eventually full-
scale experimentation. That will
become increasingly important with
new, more complex macromolecules
that do not adhere to generic platform
processes. Ultimately, each decision-
support tool here facilitates structured
dialogue among key stakeholders
across different company divisions
during both building and analysis.
That is enabled by crystallizing the
trade-offs and uncertainties involved
and providing transparent valuations
in terms of financial, operational, and
risk metrics. Hence, the decision-
support tools provide a valuable

DecemBer 2013

method of evaluating alternative
strategies to cope with future
challenges.
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