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Chapter 1

Introduction

In this thesis I explore the application of pooling design strategies to improve the perfor-
mance of high-throughput biological experiments. This work provides a strong theoretical
framework for applying pooling designs to high-throughput biological experiments, grounds
these designs in the realities of actual experimental platforms, and experimentally validates
this approach in two specific biological applications. The thesis also brings together tools
and problems from very diverse fields and builds a general framework to address these
problems going forward, especially in the context of biological experiments.

1.1 High-throughput biological experiments
Consider these two examples:

1. Pharmaceutical industries test millions of chemical compounds each day in order to
identify potential drugs for a multitude of diseases. The process of finding cures for
diseases that once depended on serendipity is now automated.

2. Gene expression microarrays enable us to measure the level of all genes (more than
20,000 in humans) in a cell sample. This allows researchers to identify and link genes
to very specific biological conditions like, say, disease states.

Such large-scale, high-throughput biological experiments are the engines that drive the
biotechnology revolution. New applications appear almost on a daily basis, accelerating the
pace of biological discovery by removing human hands from the process. These applications
make a variety of experimental tasks – searching for active chemical compounds, investigat-
ing interactions between various proteins, identifying genes that behave abnormally under
different cell conditions, finding disease-causing genetic mutations that people may carry,
etc. – easier than ever before.

Although high-throughput experimental systems allow us to do a lot of work very quickly,
they have a few drawbacks as well. Inevitably these experiment platforms are expensive.
Further, the high-speed sometimes comes at the cost of accuracy. These experiments are
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also prone to experimental error. This thesis considers these two problems (or challenges)
of high throughput biological experiments: efficiency (reduce cost) and robustness (improve
accuracy).

Solutions to these two problems are studied for a variety of high-throughput biological
experiments that fit this simplified framework:

1. A large number of items are tested systematically in a biological test.

2. A small number of items that are of interest are identified.

3. The testing procedure, when scaled up to test a very large number of items on a regular
basis, is expensive and prone to errors.

The current approach taken by high-throughput biological experiments is to test each
item individually in its own test. That means a million tests are needed to identify a few
hundred, or less, items of interest. The problem is made manageable by automating and
optimizing the testing procedures, usually at high cost. This approach is wasteful and
still does not address the problem of testing errors. A solution to this problem would be
invaluable to the progress of biotechnology in the 21st century.

1.2 Pooling designs

The central idea behind this thesis was posed as a puzzle by my advisor in one of our early
meetings.

“A group of scientists want to host a party. In their cellar are six bottles of wine. Over
time, however, the labels on the bottles have eroded and the six bottles of wine got mixed up
with one identically shaped bottle of rat poison. To identify the one bottle of rat poison and
rescue the six bottles of wine, the scientists decide to test the contents of the bottles on their
pet rats. However, it would take a rat as much time to die of the poison as they have left
before the party. Furthermore, they have only three pet rats at their disposal. How do the
scientists identify the poison bottle?”

After some thought, I realized that the key to the puzzle was in using the three rats,
called A, B, and C, to somehow represent each of the seven bottles in a unique way. By
trial-and-error I figured out that using combinations of rats – A, B, and C individually, then
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the pairs, A-B, A-C, B-C, and finally A-B-C together would help achieve this goal. These
combinations give us a way to uniquely identify the seven bottles using just three rats. The
solution to the puzzle was then to feed each rat a mixture of samples from the bottles. As
illustrated in Figure 1, bottles one, two, and three were present only in mixtures fed to rats
A, B, and C, respectively. Bottles four, five, and six were fed to pairs of rats, A-B, A-C,
and B-C, respectively. Finally, a sample of bottle seven was fed to all three rats. By the
time of the party, the pattern of death among the three rats would point exactly to the poison
bottle. For example, if bottle five had poison, only rats A and C would die and thereby help
pinpoint the culprit.

Figure 1.1 Solution to pooling puzzle

This trick of using mixtures of samples to reduce the number of tests needed to get the
necessary information is called pooling. The specification of which combinations of items
are to be mixed is called the pooling design. Figure 1.2 shows the pooling design for the
puzzle solution shown in Figure 1.1. The combination of items into mixtures or pools
can be specified using a binary matrix. The rows represent the pools being tested and the
columns the items being pooled in each test. A 1 in the matrix represents the presence of an
item (along that column) in a pool (along that row), while a 0 represents its absence.

Figure 1.2 Pooling design solution to pooling puzzle

In Figure 1.2, we can see that the pooling designs ability to use three rats to uniquely
represent seven bottles is derived from the use of Boolean arithmetic. Each test with a
yes-no outcome, the survival or death of a rat, represents a digit of a binary number. Three
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such digits can represent 23 = 8 items uniquely. This allows us to represent seven bottles,
or items, uniquely with just three rats, or tests. In general, when there is exactly one item
of interest, say a poison bottle, out of n items to be tested, this can be achieved using just
log2 n tests. Therefore, a million bottles can be tested to identify the one poison bottle using
just 20 rats! Such is the potential power of pooling designs.

It is this power that I want to exploit to solve the problem facing high-throughput biolog-
ical experiments. The presence of only a small number of items of interest in a large number
being tested, like one poison bottle among seven, allows for savings in the number of tests
required to identify them. In a biological context, these items could be biological samples,
chemical compounds, genes, proteins, or any collection of biological entities that constitute
a set of similar items to be tested in an identical biological test for a response. A small
subset of these items could be interesting due to a desired biological response in such a test.
Next, the underlying biological test is repeated for every item being tested and therefore
can be automated, allowing for high-throughput. Finally, the presence of errors in testing
is a significant problem for high-throughput biological experiments. Such errors provide
the strongest impetus to pursue pooling design approaches. When a large number of items
are tested in high-throughput, it is usually unfeasible to retest these items for confirmation.
Therefore, if an item of interest was wrongly identified in a test, it is essentially lost to
us. Such a test is called a false negative. The opposite, called a false positive, would
wrongly identify an item as interesting when in reality it is not. False positive tests can lead
to erroneous conclusions or to an additional burden placed on retesting for confirmation
interesting items that come out of a first round of tests. The reduction in tests provided
by pooling designs can then be used to increase the number of times we test each item
while still using fewer resources that present high-throughput approaches. It is the power of
redundancy provided by pooling designs that allow it to become a potential solution to the
problem facing high-throughput biological experiments.

However, there is cause to temper our enthusiasm. When there are multiple items of
interest, the method of using log2(n) digits to represent n items uniquely breaks down. This
breakdown can be seen in the example shown in Figure 1.2. When we allow for two bottles
of poison, say bottles one and five, still only rats A and C would die; leaving us with the
erroneous conclusion that bottle five alone had poison in it. When multiple items of interest
are to be identified, more advanced pooling designs are required to reduce the number of
tests needed. Further, if these tests are subject to error, say a rat that was fed poison somehow
survived thereby skewing the conclusions, then the problem gets even more complicated.
Therefore, a solid theoretical framework is needed to address the problem of minimizing the
number of tests needed to identify a small number of items of interest when a large number
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of items are subjected to identical testing methods, in the presence of testing error. Chapter 2
will describe the underlying theory of pooling designs that provides the framework required
to solve this problem.

Pooling designs provide the means to test each item multiple times, always in pools with
other items, across a collection of pooled tests, such that the total number of tests used is
still lower than when each item is tested individually. The resulting redundancy, of testing
each item multiple times, can allow us to overcome testing error. This feature can be easily
demonstrated using the pooling puzzle.

Let’s add an additional layer of complexity to the pooling puzzle by stating that we
expect exactly one rat fed the poison to not die of it, thereby confounding our results. With
this additional constraint, the simplistic method of testing each bottle on one rat individually
would fail, as would the pooling design specified in Figure 1.2. A simple solution would be
to perform the pooling design in Figure 1.2 twice, as shown in Figure 1.3. This trick would
use 6 rats to test 7 bottles, still below the simplistic method of testing one bottle individually
on a single rat (needs 7 rats) and well below the case where the whole experiment is repeated
multiple times to overcome the error (needs 2×7=14 or 3×7=21 rats), while ensuring that
the poison bottle is identified despite the single testing error.

Figure 1.3 An error-correcting version of the pooling puzzle. The dotted line bifurcates the
replicate sets of pools.

This example gives a sense of the power of pooling designs to make high-throughput
biological experiments both efficient and robust, even though these two goals are conflicting
in nature.

To these two broad goals – efficiency and robustness – we can now add several lay-
ers of complexity that arise from the application of pooling designs to actual biological
experiments. These complexities are listed below as a series of questions, still using the
terminology of the pooling puzzle, to give a sense of the expanding scope of the problem.

1. More than one item of interest – The solution to the pooling puzzle is relatively simple
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when there is exactly one item of interest among the many being tested – look for a
unique representation for each item using the binary results of the tests. What if there
are more than one items of interest? Unique representation does not work anymore
and the exploding possibilities of multiple combinations of special items make it hard
to visualize a similar solution.

2. Varying strengths – What if the items of interest occur in varying strengths, such that
their response to the test is not simple a yes or no answer but a quantitative value –
say, varying levels of poisoning of a rat?

3. Dosage effect – When feeding rats with mixtures of samples from bottles, should
we worry about a dilution effect? As the number of bottles being tested increases
the number of samples being pooled together also increases, while the consuming
capacity of a rat remains fixed. This implies that smaller samples from each bottle
need to be mixed together and fed to a rat. Would the poison still work in a lower
dose? In response, if we had to limit the number of samples being pooled and fed to a
single rat, how would the pooling design change?

4. Errors – What if one of the rats had a special immunity to the poison? Its unexpected
survival would surely alter the results of the experiment. Can this be overcome?

5. Interactions – One of the wine samples pooled with the poison could act as an antidote
and help the rat survive. This would confound the results of the experiment. Can this
be identified and accounted for? Or the opposite case, where two wine samples that
are harmless by themselves, turn into a deadly cocktail when mixed together.

6. Additive effect – If there are multiple bottles of poison among those being tested, but
of varying strengths, there is a possibility that two bottles of poison that individually
would not kill a rat, when pooled together become lethal. Can such an additive effect
be detected?

Although extending the rat-poison analogy is sometimes limiting, the above set of prob-
lems capture the essence of some of the practical challenges of using pooling designs in
biological settings. These problems can be seen as various cases of a general problem of
error in testing and be dealt with accordingly, usually by increasing the number of pooled
tests performed. However, they also present an opportunity to identify combinations of
items that produce an effect of interest. Such unexpected benefits make the investigation of
pooling designs for high-throughput biological experiments more interesting.

There are several real-life biological-testing problems that fit the three specifications for
the application of pooling designs listed earlier. These are briefly described below, along
with some historical context –adapted from the excellent introduction provided in the book
by Du and Hwang (2000).
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1.3 A brief history of pooling designs

Apart from the various versions of the pooling puzzle, the first known scientific treatment
of the pooling approach was carried out during World War II, when U. S. army draftees
were required to undergo a blood test for syphilis (Du and Hwang, 2000). Millions of
blood samples were tested for the syphilitic antigen, resulting in the identification of a few
thousand positive cases or less. Statisticians at the time hit upon the idea of pooling samples
from multiple cadets and subjecting the pool to the laboratory test so as to reduce the number
of tests to be performed. The central idea was that a negative test on a pool immediately
eliminated all those cadets whose samples were in that pool, assuming no testing error, thus
saving on several extra tests. The samples in a pool that produced a positive test would
have to be retested individually in order to identify the offending sample or samples in that
pool. The goal was to figure out the ideal pool size, or number of samples to be pooled
together, so that the maximum savings in total number of tests could be achieved. Dorfman
first proposed a solution to this problem (Dorfman, 1943). Although the solution was never
used in practice, it became part of probability textbooks.

The pooling approach was generalized for a variety of applications and termed “group
testing” by two Bell Laboratories scientists, Sobel and Groll (1959). Eventually, the field
split into probabilistic and combinatorial group testing, based on the approach used to define
the problem, and further into adaptive and nonadaptive group testing, based on the nature
of the testing regime. These distinctions are discussed in greater detail in Chapter 2 of the
thesis.

Independently, in a pattern that would repeat often for group testing problems, two
computer scientists developed a mathematical construction called superimposed codes that
allowed efficient retrieval of files in computer systems (Kautz and Singleton, 1964). The
structure and properties of superimposed codes matched those of the pooling designs used
for various testing problems. The connections between the two fields of group testing and
coding theory were eventually identified and directed towards solving a range of related
problems, which included – blood testing, chemical leakage testing, electric shortage testing,
coding, multi-access channel communication, and many more (Du and Hwang, 2006).

Because this thesis focuses on biological testing problems, I describe below a variety of
high-throughput biological applications that benefit from pooling designs.

1. Blood testing – From the early attempts of syphilis testing (Dorfman, 1943; Sobel and
Groll, 1959; Du and Hwang, 2000) to more recent attempts at HIV testing (Hughes-
Oliver, 2006; Kim et al., 2007; Westreich et al., 2008a) there is often the need to test a
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large number of blood samples typically finding a small number of infections. The
tests can be expensive and error-prone, hence the need for efficient and robust pooling
strategies.

2. Clone library screening – Much of the human genome project required the identifica-
tion of clones (long pieces of DNA) that contained a shorter, particular DNA sequence
(Bruno et al., 1995; Knill et al., 1996; Balding, 1997). This required testing a library
of clones against several such sequences repeatedly. Typically, a small number of
clones would test positive for a given sequence.

3. Protein-protein interaction mapping – Large-scale efforts to identify interactions be-
tween proteins are a major part of proteomics. Pooling designs have been used to
reduce the effort required to obtain such interaction maps (Jin et al., 2006; Thierry-
Mieg, 2006b; Jin et al., 2007; Vermeirssen et al., 2007; Xin et al., 2009).

4. High-throughput drug screening – The first step in drug discovery is the identification
of compounds that actively affect a biological target. However, there are millions of
chemical compounds that need to be tested and the tests are often error-prone. In this
thesis, I explore the use of pooling designs to reduce screening cost while ensuring
that testing errors do not cause the loss of active compounds due to false negative test
results (Wilson-Lingardo et al., 1996; Devlin et al., 1996; Chung, 1998; Snider, 1998;
Ferrand et al., 2005; Jones and Zhigljavsky, 2001; Hughes-Oliver, 2006; Feng and
Shoichet, 2006; Warrior et al., 2007; Kainkaryam and Woolf, 2008; Motlekar et al.,
2008; Kainkaryam and Woolf, 2009).

5. Gene expression microarrays – Microarray technology enables the measurement of
expression profile of all genes in a biological sample. However, they are an expensive
and often noisy technology. In this thesis I show that pooling mRNA from samples
before hybridization onto the microarry chip can provide savings in cost and means to
overcome measurement noise (Kainkaryam et al., 2010).

6. Population genotyping – Next-generation sequencing technology makes massively
parallel DNA sequencing possible (Mardis, 2008b,a). However, they are still expen-
sive when used to sequence populations for rare genetic diseases. The nature of this
problem allows for pooling designs to drastically reduce the cost of such endeavors
(Erlich et al., 2009a; Prabhu and Pe’er, 2009; Patterson and Gabriel, 2009; Erlich
et al., 2009b, 2010).

In this thesis, I develop and use state-of-the-art pooling design and decoding approaches
for two specific applications, namely, high-throughput drug screening (Chapters 3 & 4) and
gene expression microarrays (Chapter 5).
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1.4 Thesis overview

Many of the applications listed above and related advances occurred in parallel and often
oblivious of each other. This disconnect has often resulted in reinvention of the wheel. The
primary reason is that the pooling problem is typically identified in the context of a particular
application and a solution is sought within that context. Translating the solution to other
applications that attempt to solve the same problem is made difficult by the language barrier
between the fields involved in these applications. The very nature of the fields connected
to these applications, namely mathematics, statistics, computer science, engineering, and
a variety of subfields of molecular biology, give us an idea of the linguistic barriers that
the pooling idea has to cross. This thesis is an attempt to bring some of these disparate
threads together and reconcile the theory and practice of pooling designs. While attempting
to do so, it also aims to apply this generalized approach to solve particular problems in
high-throughput biological experiments. One of the goals of this thesis is to establish a chan-
nel of communication between the mathematical aspects of the problem and the practical
constraints of actual experimental platforms. This would enrich the mathematical theory by
supplying new problems to solve and correspondingly supply comprehensive solutions to
address the practical challenges. Further, to make the pooling design approach useful for
immediate application to various high-throughput experiments, the results in the thesis were
packaged into a set of tools along with software implementation. Three of the chapters in
the thesis share their title with the corresponding tool developed within them.

In Chapter 2, I provide an overview of the pooling design approach in the context of
high-throughput drug screening (HTS). Using a standard example, I describe three different
pooling design methods and make a case for one of them as being most suitable for HTS
applications. Next, I review a variety of attempts to test pooling designs in practice and
describe their success. Finally, I describe the challenges of implementing pooling design
strategies with existing experimental systems.

In Chapter 3, I continue with a detailed description of a pooling design construction
called the Shifted Transversal Design (STD) and its suitability for HTS applications. Next,
I explore the mathematical properties of this design strategy and identify some of the lim-
itations in its practical application. Finally, I adapt the STD strategy to fit the constraints
of HTS and successfully apply it using existing experimental set-ups. The outcome of this
effort was a tool called poolHiTS – pooling in high-throughout screening.

Chapter 4 has two aspects. First, I explore practical approaches to decoding the results of
a pooled experiment. I describe two decoding methods one that focuses on finding a general
decoding problem in the pooling design framework; another that I developed to exploit the
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large amount of quantitative information inherent in high-throughput screens. The second
method, called QUAPO – quantitative analysis of pooling, led me to identify connections
between the pooling problem and a new development in the field of signal processing called
compressive sensing. Using a biochemical model of pooling, I transformed the decoding
problem to one that could use these novel quantitative decoding methods. Second, I tested
and validated the pooling design described in Chapter 3 in a real high-throughput screen. I
describe the implementation and performance of the two decoding methods using data from
the screen and describe the advantages and challenges of using each method in the context
of HTS.

In Chapter 5 I extend the use of the quantitative methods developed in Chapter 4 to
a novel application – gene expression microarray experiments. Microarray experiments
have become an important tool in advancing the genomics revolution. However, they are
expensive to run and often provide noisy data. In this chapter I propose a novel pooling
strategy to make certain types of microarray experiments cost-effective and robust to mea-
surement noise. I tested the smart pooling approach in a proof-of-concept experiment. In
the context of this experiment, I discuss the potential, challenges, and future directions of
using pooling designs in mircoarray experiments. The tool that came out of this application
is called poolMC.

Finally, in Chapter 6, I summarize the state-of-art in pooling design theory and ap-
plication. I present challenges and future directions for the pooling design and decoding
approaches, and highlight potential candidate solutions from recent literature. In addition,
I discuss an interesting new application of pooling designs to population genotying using
next-generation sequencing technology. Finally, I propose a set of potential applications of
pooling in other, as yet untested, biological experiments.
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Chapter 2

Pooling in high-throughput drug screening

2.1 Introduction

Traditional high-throughput screening (HTS) has provided impressive gains to drug discov-
ery. However, advances in genomic biology and combinatorial chemistry have led to an
increasing number of targets and compounds to screen. The past trend of reducing assay
size is aiding HTS to keep pace with the increasing target lists, but miniaturization alone is
insufficient (Dove, 1999). One of several ways to improve the efficiency of HTS is pooling,
where mixes or pools of compounds are tested in each well of a HTS assay rather than
individual testing of each compound. Because most compound libraries contain only a small
fraction of active compounds, pooling can reduce the number of tests needed to identify
them. The central rationale of pooling is that most compounds can be quickly identified as
inactive via a negative result of a pooled test. Because of this potential, pooling has received
intermittent attention from the screening community, which is evident from the references
cited in this article.

This chapter discusses the complexities and solutions to pooled drug discovery, and
focuses on the following five topics: (i) design of pooling schemes; (ii) experimental success
of pooling; (iii) mixing constraints and cut-off selection of pooling; (iv) additive, synergistic
and antagonistic effects of pooling compounds; and (v) recent advances in pooling. One of
the goals of this thesis is to create a repository for literature collected from a very diverse
set of journals and researchers in the hope of facilitating a fruitful collaboration of ideas
among the HTS community.

2.2 Pooling Designs

Currently, most high-throughput screens employ the one compound, one well approach.
This approach is simple in terms of both the physical implementation of the assay and
the analysis of results (Walters and Namchuk, 2003; Janzen, 2002). However, given the
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usually small number of active compounds in a library that is typically comprised of a much
large number of compounds, this approach can be wasteful. Also, HTS screens are prone
to several forms of experimental error, which produce false positive (inactive compound
classified as active) and false negative (active compound classified as inactive) results during
analysis (Malo et al., 2006). False positive results are less of a problem because these
compounds are retested in subsequent stages. In contrast, false negative results represent
potential lead compounds that are lost to the development process because replicate testing
of a compound library is prohibitively costly. Therefore, there is a need to improve the
efficiency and robustness of screening, and pooling of compounds presents a solution to this.

The concept of testing pools of samples in biological experiments was conceived during
World War II, when blood samples from cadets were pooled to optimize syphilis testing (Du
and Hwang, 2000). Over several decades, the mathematical theory of pooling has undergone
tremendous advances and has found applications in diverse areas (Du and Hwang, 2000;
Bruno et al., 1995; Jones and Zhigljavsky, 2001; Eppstein et al., 2005; Hughes-Oliver, 2006).
An excellent introduction to the subject can be obtained from the book written by Du and
Hwang (2000). There have been several applications of pooling in high-throughput screens
with varying success. These attempts used a variety of pooling schemes, which are reviewed
immediately below while results of these schemes will be discussed in the following section.

Pooling schemes can be broadly divided into two categories: adaptive and nonadap-
tive. Adaptive schemes involve testing pools of compounds in stages, whereby information
gained from one stage is used to design the next stage. The resultant gain in reduction in
the number of assays required is, however, offset by the delay in obtaining the results of a
screen. In contrast, nonadaptive schemes involve testing all of the pooled compounds in a
single stage, typically testing each compound multiple times. Many of these nonadaptive
schemes guarantee the accurate identification of a specified number of active compounds
per library. Aspects of both of these strategies have been merged to form hybrid methods,
details of which are available elsewhere (Du and Hwang, 2000; Bruno et al., 1995; Jones
and Zhigljavsky, 2001). In the following discussion, four types of screen designs (’one
compound, one well’, adaptive pooling, orthogonal pooling and nonadaptive pooling strate-
gies) using a hypothetical example of a 2400-compound library (25 plates of 96 compounds
each) with 24 truly active compounds (1% hit rate) are presented. Furthermore, a detailed
analysis of pooling designs for a subset of 25 compounds comprising 2 active compounds
is presented to enable the properties of various pooling schemes to be highlighted. The
probability of finding 0, 1, or 2 active compounds in a subset of 25 compounds selected
from a larger set of 2400 compounds with 24 active compounds is 99.8%, based on the use
of the hypergeometric distribution.
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Figure 2.1 One compound, one well strategy: Distribution of a 2400-compound library into 25
plates. (A) Distribution of 2400 compounds over 25 plates in the one compound, one well strategy for
HTS. (B) The analysis for a subset of 25 compounds (position A1 on plates P1 to P25); compounds
number 4 and number 20 (highlighted) are active. A false negative (FN) result in well number 4
results in the incorrect designation of compound number 4 as inactive. Compound number 20 is
correctly identified as active (yellow-colored well).

2.2.1 One compound, one well strategy

The one compound, one well strategy tests each compound individually and hence requires
2400 wells for 2400 compounds. Figure 2.1 shows the original compound library distributed
over 25 plates (P1 to P25), which contain 96 compounds each, and magnifies the results for a
subset of 25 compounds in position A1 on these plates. If compounds number 4 and number
20 (position A1 on plates P4 and P20) were truly active but one false negative testing error
occurred, the results from a standard detection method would indicate only one compound,
for example, compound number 20, as active (highlighted in yellow in Figure 2.1). In this
design, the benefit of a simple design and analysis method is obtained at the cost of testing a
large number of inactive compounds. Additionally, any errors in testing cannot be detected

13



or corrected in this primary stage of HTS. Therefore, there is a need for more efficient and
robust screening methods, such as the three pooling designs described below.

2.2.2 Adaptive pooling strategy

The adaptive pooling designs exploit the presence of large numbers of inactive compounds
by dividing a compound library of size n into pools of size r (ie, r compounds are mixed in
each assay well) (Jones and Zhigljavsky, 2001; De Bonis et al., 2005; Bar-Lev et al., 2006).
In subsequent stages, the pools that exhibited activity are retested to identify which com-
pounds were responsible for the activity. The number of active compounds or hits is typically
denoted by d, the abbreviation for defectives which is the term used in fault-testing literature.

Figure 2.2 Adaptive pooling strategy: A 2400-compound library pooled into five plates. The adap-
tive pooling strategy implemented at the plate level, by pooling groups of five plates of compounds
into one pooled plate which is screened for activity.

As shown in Figure 2.2, the 25 plates are pooled in groups of five (M1 to M5). For
example, plates P1 to P5 in the original library are pooled and tested in a single plate,
M1. This translates to the pooling scheme shown in Figure 2.3 (Stage 1) for a subset of
25 compounds (n = 25) in position A1 of each plate (M1 to M5) tested in pools of five
compounds (r = 5). Because compounds number 4 and number 20 (position A1 on plates
P4 and P20) are the active compounds, pools M1 and M4 (wells A1 from plates M1 and
M4) should produce a positive response and only compounds in these pools are carried
over to the next stage. However, a false negative result in pool M1 would cause compound
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number 4 to be considered as inactive. Several similar stages can be conducted, but in this
example only two stages are required to identify compound number 20. In the second stage,
each of the five A1 compounds in pool M4 is tested in individual wells (M6 to M10, Stage
2; Figure 2.3) to identify compound number 20 as active. The total number of wells of
compounds required to be tested to identify compound 20 as active is 10 (5 in Stage 1 and 5
in Stage 2), instead of 25 for the one compound, one well setting. Adaptive designs provide
valuable savings in resources by minimizing the number of wells used, but the resultant
procedure from such designs can be time consuming to conduct. In general, adaptive designs
require the testing of a maximum of d log2 n wells to identify d active compounds out of
n compounds, when no limit on the number of compounds mixed in each well is imposed
(see Chapter 2 of (Du and Hwang, 2000)). Simple adaptive designs such as the one adopted
for this example are vulnerable to testing errors, where an error in a single well in an early
stage can strongly influence the overall assay accuracy, as depicted in Figure 2.3. Hybrid
designs that test pools multiple times in each stage can be used to reduce the sensitivity of
an assay to testing errors.

2.2.3 Orthogonal pooling strategy

The orthogonal pooling or self-deconvoluting matrix (SDM) strategy can be considered to
be an intermediate form of pooling and has been used in a number of screens that have
been subsequently published (Devlin et al., 1996; Motlekar et al., 2008; Warrior et al., 2007;
Ferrand et al., 2005). In orthogonal pooling, each compound is tested twice, each time in
combination with a completely different set of compounds. Therefore, for an n compound
library tested in pools of size r, this strategy would require 2n

r wells to be tested. When more
than two compounds are pooled in each well (r > 2) in orthogonal pooling, the number of
wells that require testing is an improvement from using n wells in the one compound, one

well strategy. In orthogonal pooling, each compound is required to show activity in both
wells in which it is tested in order to be classified as a hit. Although this method does not
provide robustness to testing error, it does conserve both resources and time by conducting a
reasonably efficient screen in a single stage. However, even in the absence of testing error,
false positives occur when an inactive compound is tested both times with a different active
compound (illustrated in Figure 2.5). This failure probability and the inability to correct or
detect testing errors are the major drawbacks of the orthogonal pooling scheme.

The application of an orthogonal pooling scheme to the 2400-compound library example
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Figure 2.3 Adaptive pooling analysis: The interpretation of adaptive pooling strategy is shown
for a subset of 25 compounds present in well A1 of each plate in the original library in Figure 2.2.
The pooling scheme is conducted in two stages. Stage 1 eliminates 20 compounds (via the negative
results in M1, M2, M3 and M5). A false negative (FN) results in well M1 causes compound number
4 to be incorrectly designated inactive. Stage 2 tests the compounds from pool M4 individually to
identify the active compound (20), via well M10.

is shown in Figure 2.4. In this design, plates are pooled once along each row and once along
each column of the original library, allowing each compound to be tested twice but with a
different set of compounds each time. The 25-compound subset in position A1 in all pooled
plates (M1 to M10) translates to the design shown in Figure 2.5. Compound number 1 in the
original library (in well A1 in plate P1) is tested once in pool M1 with compounds number 2,
3, 4 and 5 (row pools) and tested again in pool M6 with compounds number 6, 11, 16 and 21
(column pool). This method uses 10 wells (5 wells from the row pool, ie, M1 to M5, plus 5
wells from the column pool, ie, M6 to M10) compared to 25 in the one compound, one well

strategy. The status of a compound is determined by examining the result from both sets of
wells. A compound is considered to be active only when it is active in both sets of wells. As
seen from the decoding diagram at the bottom of Figure 2.5, only those compounds with
two active results (yellow circles) are considered as active. Therefore, compound number 20
is correctly identified as a hit (highlighted with a red rectangle), while compound number 4
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Figure 2.4 Orthogonal pooling strategy: A 2400-compound library pooled into ten plates. An
illustration of an orthogonal pooling scheme with a 2400-compound library. Each compound is
tested in two pools, one created by mixing plates along each row of the original library and the other
by mixing plates along each column.

is missed owing to a false negative result in pool M9. In addition, compound number 5 was
pooled twice with active compounds and is wrongly identifies as a hit (false positive). This
example illustrates the risk associated with orthogonal pooling. However, this false positive
risk is minimized when the fraction of active compounds in a library is small.

2.2.4 Nonadaptive pooling strategy

The nonadaptive pooling schemes, which I regard to be the most suited for HTS, are more
difficult to design and implement than the schemes of the three previously described strate-
gies. However, the nonadaptive pooling strategy offers a reduction in the number of assays
used and the ability to detect and correct testing errors in a single stage (Eppstein et al., 2005;
Huang, 2004; Du and Hwang, 2006; Thierry-Mieg, 2006a). Nonadaptive pooling schemes
test each compound multiple times across a single screen and in combination with a different
set of compounds, using a low overall number of assays. The results from the pooled
tests are then jointly decoded via an analysis algorithm to identify the active compounds.
Testing each compound multiple times enables nonadaptive pooling methods to detect and
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Figure 2.5 Orthogonal pooling analysis: The analysis of the pooled wells is shown for the subset
of compounds present in well A1 of plates P1 to P25 in Figure 2.4. Compounds present in two
active wells are marked as active. However, owing to the false negative (FN) testing error in well
M9, compound number 4 is incorrectly labeled as inactive. Furthermore, the design contains one
false positive (FP) result with compound number 5 because the compound was tested twice in
the presence of two different actives (ie, compounds number 4 and 20). Compound number 20 is
correctly identified as a hit.

even correct experimental errors. Such schemes are designed using advanced mathematical
algorithms that account for compound library size, expected hit rates, expected error rates,
pool size, etc. Furthermore, these algorithms are used to construct mixing schemes that
are guaranteed to identify all the active compounds successfully, even in the presence of
testing errors. Because nonadaptive designs are mathematically complex, these schemes
are typically represented as a binary matrix showing which compounds (represented along
the columns of the matrix) are to be pooled in which wells (represented along the rows).
Random nonadaptive pooling designs also exist that require fewer pools than constructed
nonadaptive pooling designs and which can be created to guarantee a high, but not perfect,
probability of success (Du and Hwang, 2006; Hwang and Liu, 2003).

An illustration of the application of a nonadaptive pooling scheme with the 2400 com-
pound test case is shown in Figure 2.6. The black squares along a row correspond to the
plates (P1 to P25) with compounds that are pooled together and tested on a single plate (M1
to M20). In this example, the plates are pooled according to a strategy called the Shifted
Transversal Design (STD) created by Thierry-Mieg (2006a) and adapted to drug screening
by Kainkaryam and Woolf (2008). The details of this pooling design are discussed in greater
detail in the Chapter 3. The 25 compounds, corresponding to position A1 on these plates,
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Figure 2.6 Nonadaptive pooling strategy: A 2400-compound library pooled into 20 plates. A
nonadaptive pooling scheme using the Shifted Transversal Design pooling strategy, where black
squares represent the plates (P1 to P25; along that column) to be pooled together to form a pooled
plate (M1 to M20; along that row). 20 pooled plates are used to screen 25 plates of compounds,
resulting in a 20% reduction in the number of plates to be analyzed.

are arranged along the columns of the binary matrix shown with black and white squares in
Figure 2.6 (and Figure 2.7). A black square indicates that the compound along that column
is pooled in the wells corresponding to that row. Hence, compound number 1 is pooled in
wells M1, M6, M11 and M16, along with other compounds specified by the mixing matrix.

In this example, each compound is tested four times using 20 wells, thus reducing the
number of wells to be tested and analyzed by 5 (a 20% reduction), and each assay contains a
pool of five compounds. The decoding method for such a pooling scheme is more involved
(details available in Thierry-Mieg (2006a)) than the three previously described pooling
schemes, but a simplified version is shown at the bottom of Figure 2.7. Any compound
present in at least two wells showing inactivity (blue-colored wells) is considered as inactive.
Furthermore, any compound present in at least two wells showing activity (yellow-colored
wells), where all other compounds within the same wells are inactive, is considered as active.
Despite the false negative error in pool M9, the nonadaptive design is able to accurately
decode the true active compounds. This scheme has been explicitly designed to guarantee
the identification of up to two active compounds out of 25 (a hit-rate of 8% across all plates)
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Figure 2.7 Nonadaptive pooling analysis: The analysis of a nonadaptive pooling scheme for a
subset of 25 compounds (well position A1 on plates P1 to P25 in Figure 2.6) is shown. Decoding the
activity of compounds from pooled assay results is conducted by labeling those compounds present
in at least two active wells in which all other compounds are inactive, as active. Despite the false
negative (FN) testing error, compounds number 4 and 20 are correctly identified as active.

and to prevent the occurrence of false positive results, unlike the orthogonal pooling strategy
at the cost of the need for ten extra wells. Of note is that despite testing each compound
multiple times, the total number of assays needed in a nonadaptive pooling scheme can be
lower than the one compound, one well strategy. Typically, nonadaptive schemes require
approximately d2 log2 n wells to guarantee the identification of d active compounds in an
n-compound library (Porat and Rothschild, 2008).
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2.3 Review of experimental results of pooling

This section reviews cases in which adaptive pooling, orthogonal pooling and nonadaptive
pooling have been used in published drug screens. These examples are far from exhaustive,
but highlight the reasoning that is used in selecting a pooling design for screening. Pool-
ing has been successfully used for screening solid-phase libraries, combinatorial libraries,
natural product extracts, etc (Ferrand et al., 2005).

One area where adaptive pooling strategies have been successfully used is in combi-
natorial library screening. This approach takes advantage of combinatorial synthesis of
compounds to produce mixtures of compounds, which typically have some common func-
tional unit. In one such study, 810 compounds synthesized from two-way and three-way
combinations of monomer units, taken from a nine-monomer set, were tested in a human
type II phospholipase (PLA2) inhibition assay using an adaptive pooling strategy (Wilson-
Lingardo et al., 1996). At each stage of the adaptive test, pools of compounds having a
common monomer unit were tested together, resulting in the testing of 27 compounds per
well in the first stage. The pool with the highest inhibition was progressed to the next
stage, where the common monomer unit from the previous stage was preserved, while a
second monomer position was varied for each pool. This process was repeated for all three
monomer positions and the screen finally led to the compound with the three-monomer unit
with the best PLA2 inhibitory activity. Simulated measurement errors of approximately 7%
for high-activity and 16% for low-activity pools were reported for this study. At these levels
of experimental error, an adaptive strategy that does not use replicate measurements can be
successfully used for screening. Similar combinatorial synthesis approaches to pooling have
been conducted experimentally and reviewed elsewhere (Houghten, 2000).

A number of examples of the reasonable successful use of orthogonal pooling by the
screening community have been reported (Devlin et al., 1996; Motlekar et al., 2008; Warrior
et al., 2007; Ferrand et al., 2005). In a recent study, Motlekar et al. (2008) tested 64,000
compounds in a human cysteine protease cathepsin B assay, using both the one compound,

one well approach and an orthogonal pool of ten-compound mixtures per well. Twenty
active compounds were identified via the orthogonal pooling procedure, including three
compounds that were missed (false negative) by the one compound, one well strategy. Simi-
larly, Warrior et al. (2007) conducted a 10-compound per well orthogonal pooling study on
three different screening formats (a GPCR functional assay, a GPCR binding assay, and a
tyrosine kinase assay) and showed that the performance of pooling was equal to or better
than one compound, one well screening in all cases. For cases in which the first stage results
were ambiguous, the standard orthogonal pooling strategy was augmented with an additional
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retesting stage. Despite this additional feature, a cost comparison study showed that orthog-
onal pooling in this instance was significantly cheaper and faster than the one compound,

one well strategy. Furthermore, in a comprehensive study published in 2005, Ferrand et al.
(2005) rigorously tested a library of 26,400 compounds in a CXCR3 scintillation proximity
assay by both one compound, one well (repeated twice) and orthogonal pooling (repeated
once) approaches. Orthogonal pooling was found to significantly reduced resources and
time, as well as false positive errors without increasing false negative errors. Data from all
five screens (three in one compound, one well and two in orthogonal pooling) were used to
identify 64 true actives, against which the statistical performance of the pooling approaches
was evaluated.

Although the theoretical performance of nonadaptive designs are superior to orthogonal
designs, nonadaptive pooling has not yet been tested in a drug screen to the best of the
knowledge of the authors of this review. Strong theoretical and computational results suggest
that nonadaptive pooling has the potential to be successfully applied to HTS. In 2006, as
already mentioned, Thierry-Mieg published the general nonadaptive pooling strategy STD
using a mathematical construction, which is the best-known algorithm to date (Thierry-
Mieg, 2006a). The STD algorithm takes in, as inputs, the compound library size (n), the
maximum number of active compounds expected (d) and the maximum number of false
positive and negative testing errors expected (E) to design a pooling strategy that guarantees
the successful identification, in a single stage, of d active compounds in the presence of
E testing errors, while maintaining a lower number of tests than that required by the ’one
compound, per well’ approach. The STD algorithm achieves compression and accuracy
by testing each compound multiple times in unique pools to guarantee the identification of
all d active compounds, even when testing errors occur. The example in Figure 2.7 shows
an STD strategy for n = 25,d = 2 and E ∼ 1, using 20 pooled wells to test 25 compounds.
The details of the STD design and its application to HTS are discussed in greater detail in
Chapter 3. A positive feature of nonadaptive designs is their ability to complete a screen
in a single stage, thereby avoiding errors caused by day-to-day variability. Ferrand et al.
(2005) showed that day-to-day variability has a stronger influence on the screening results
of standard procedures compared with any differences due to the use of one compound, one

well or pooling strategies .
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2.4 Note on pool size and choice of threshold

Most pooling schemes in HTS are constrained by the number of compounds that can be
mixed in a well. The constraint arises from factors such as: (i) physical limitations of well
size; (ii) effect of ionic strength of pool on compounds or solvent on assay; and (iii) side
effects of pooling, such as synergistic and antagonistic interactions between compounds
(discussed in detail in the next section). Therefore, pooling designs used for drug screening
include the parameter r, which as already explained represents the limit on compounds that
can be pooled in a well. In most designs, this limit on pool size also defines the upper limit
of the possible compression and error correction that can be gained by pooling in HTS.

A second issue is the definition of a cutoff to define an assay result as a positive or
negative result. In a pooled screen, due to the presence of multiple compounds, the concen-
tration of each compound in the well may be different than if the assay were run using a one

compound, one well design. Generally, for a compound showing inhibition (%I) at a certain
concentration ([C]), the IC50 value can be calculated by the following expression (equation
2.1) (Motlekar et al., 2008):

IC50 = [C]
100−%I

%I
(2.1)

Assuming that pooled screens would test compounds at lower concentrations than a one

compound, one well screen, for a compound tested in both formats, the following relation-
ship (equation 2.2) exists between the compound concentration in both formats ([C]S and
[C]M for single and pooled formats, respectively) and the corresponding cutoff inhibitions
(%IS and %IM for single and pooled formats, respectively) (Motlekar et al., 2008):

[C]S
100−%IS

%IS
= [C]M

100−%IM

%IM
(2.2)

The expression for the choice of cutoff inhibition in a pooled screen (equation 2.3) can
be obtained by rearranging equation 2.2. %IM corresponds to an equivalent choice of cutoff
inhibition in a one compound, one well screen by accounting for the difference in the testing
concentration of the two screening formats.

%IM =
[C]M
[C]S

%IS

100−%IS(1− [C]M
[C]S

)
×100 (2.3)

Equation 2.3 represents the cutoff inhibition above which a pooled well can be con-
sidered to display activity corresponding to the presence of at least one active compound
tested individually. Using the example from Motlekar et al. (2008), if a compound tested
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individually at 10 µM ([C]S = 10) is labeled as a hit for producing 33% inhibition (%IS),
then the same compound in a well containing several other inactive compounds tested at 5
µM ([C]M = 5) each, would have to show at least 20% inhibition to be termed a hit:

%IM =
5
10

33
100−33(1− 5

10)
×100 = 20 (2.4)

2.5 Additivity, Synergies and Antagonism

Some of the problems that could arise from pooling of compounds in HTS have featured
predominantly in the debate about the use of pooling (Chung, 1998; Snider, 1998). The
following three issues will be discussed: additivity, synergies and antagonistic effects. Addi-
tivity assumes independent action of compounds in pools, while synergy and antagonism
refer to interactions between compounds in pools. Recent efforts to handle these three issues
are described in section 2.6.

Pooling several moderately active compounds together in a well, such that the combined
activity of the compounds mimics the appearance of an single active compound, leads to
the production of an additive effect. From the previous example in the section Pool size

and choice of threshold, if two compounds that individually produce only 20% inhibition
at 10 µM were pooled together at 5 µM each, the result from the pooled well would be an
observed inhibition of greater than 20%, assuming both compounds acted independently.
Therefore, such a pooled well would be considered a hit, using the previous criteria for
pooled wells, resulting in a false positive. Researchers who have published drug screens that
used pooling have not searched systematically for this effect, although several have reported
finding false positive results Motlekar et al. (2008); Warrior et al. (2007); Ferrand et al.
(2005). An alternative and favorable view of such false positive results is that additive col-
laboration of non-interacting compounds could ultimately lead to potential multi-component
therapies.

Pooling of compounds could also produce physiochemical effects, such as a reaction
or aggregation. Consequently, such compounds could achieve a positive result (synergy)
or negate the activity of each other (antagonism or blocking). Typically, pooling designs
treat these interactions as false positive (synergy) and false negative (antagonism) testing
errors and attempt to correctly identify them by including retesting steps. However, several
research groups have systematically screened multi-compound mixtures to identify useful
synergistic effects, with reasonable success (Borisy et al., 2003; Feng and Shoichet, 2006).
For example, Feng and Shoichet (2006) studied synergistic and antagonistic effects caused
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by aggregation-based behavior of compound mixtures. They screened 764 compounds
individually and in pools of 10 compounds and compared the observed pooled behavior
with that predicted from individual tests. They found that synergistic effects predominated,
although antagonism was also observed.

There is great potential for smart pooling design and analysis strategies that successfully
identify individual hits while: (i) minimizing resources; (ii) providing error tolerance; and
(iii) retaining the ability to identify synergistic effects. Some of the above goals are conflict-
ing, but recent advances in pooling design theory promise reconciliation among them, as
discussed in the following section.

2.6 Advances in Pooling

This section presents recent (mainly) theoretical advances that attempt to address or rec-
oncile the multiple goals of pooling designs. These advances involve both the design of
smart pooling strategies as well as the application of wide ranging methods to analyze the
results from pooled screens. Typically, these analysis methods are computation-intensive
techniques that shift the emphasis of the pooling from experimentation toward assay design
and analysis.

Several approaches have been proposed to prevent interactions among compounds during
pooling, such as: (i) reducing the number of compounds pooled; (ii) pooling dissimilar
compounds; and (iii) systematically preventing chemical classes such as electrophiles and
nucleophiles from mixing (Warrior et al., 2007; Hann et al., 1999). For adaptive pooling
designs, computational methods have been designed that use chemical structure information
to design optimal pools for maximizing coverage of the chemical space, while minimizing
overlap (Remlinger et al., 2006). For orthogonal pooling, simulation techniques have been
proposed that predict probabilities for the occurrence of synergy and blocking (antagonism)
to help select the most suitable efficient pooling and retesting schemes (Xie et al., 2001).

Given the increasing complexity of the goals of pooling schemes, nonadaptive pooling
designs appear to be the most promising strategy for screening, because such designs typ-
ically test each compound several times during a screen. The resultant increased amount
of data allows for analysis schemes that explicitly account for possible antagonists and
exhaustively search for pair-wise or higher-order synergies (see Chapters 6 and 8 of Du
and Hwang (2006) for details). Furthermore, the mathematical guarantees of most non-
adaptive designs are provided for worst-case scenarios, while on average these designs can
identify more active compounds and correct larger testing errors (Thierry-Mieg, 2006a). A
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simulation-based approach has been proposed to exploit the abilities of nonadaptive pooling
to design better pooling strategies and decoding methods (Thierry-Mieg and Bailly, 2008).
In keeping with this trend of increasing computational efforts to address the complex goals
of pooling, a Bayesian network pool decoder has been proposed that generalizes the analysis
problem (Uehara and Jimbo, 2009). This Bayesian network decoder can incorporate prior
knowledge of compound activity and various possibilities for measurement error and can
potentially be extended to specifically identify synergistic or antagonistic effects. Together,
these approaches promise to sustain the success of high-throughput drug screening.

2.7 Conclusions

The recent decline in success of the application of the one compound, one well strategy
to high-throughput drug screening suggests that the strategy could benefit from further
optimization. Pooling of compounds in HTS offers several potential gains, not limited to
resource savings and error tolerance. Pooling also offers to address some of the critical issues
experienced by HTS, such as the rapid increase in compounds and targets to be screened,
the ever-present possibility of false negative testing errors, and the search for new classes of
multi-compound, multi-target therapeutics. There are several challenges to the success of
pooling in HTS, including the creation of optimal pooling design and analysis strategies,
physical implementation of these pooling strategies, and management of synergistic or
antagonistic behavior of compounds. Some of these challenges are addressed in Chapters 3
and 4 and represent opportunities to extend the current capabilities of HTS in drug discovery.
Collaborations between the currently disjointed theoreticians and practitioners of these
methods would greatly enable these challenges to be met and opportunities to be realized.
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Chapter 3

poolHiTS – A shifted-transveral based pooling
strategy for high-throughput drug screening

In 2006, a novel pooling design method called shifted transversal design (STD) was in-
troduced for biological assay design (Thierry-Mieg, 2006a). STD is based on the dual
objectives of (1) minimizing the number of times any two compounds appear together in
a test and (2) maintaining the pool sizes roughly equal. When compared to other pooling
designs, STD provides similar or better performance in nearly every area, as illustrated in
Chapter 2.

In this chapter, I introduce a pooling strategy called poolHiTS, based on the STD algo-
rithm, specific for the purposes of drug screening. First, I prove a limit to the error-correcting
capacity of STD-based pooling strategies. This limit is important for drug screening as it
determines the error rates that can be successfully overcome by a pooling design when ap-
plied to high-throughput screening (HTS). Second, I modified the pooling design algorithm
to limit the number of drugs tested in each assay, thereby enforcing a realistic experimen-
tal constraint of HTS. Third, I introduce a block design method that both simplifies and
improves the assay design.

3.1 Preliminaries

A STD-based pool construction starts with the specification of the compound library size
(n), maximum number of active compounds expected (d) and maximum number of errors
expected (E). The STD algorithm guarantees that the pooled design will be able to correctly
identify up to d active compounds in the presence of up to E false positive and negative
errors in the screen. STD is able to provide such guarantees because it uses a combinatorial
procedure to ensure that no two compounds are pooled together more than a minimum
number of times, to prevent confounding decoding results. Also, the number of compounds
pooled in each test is roughly the same, ensuring correct intensity-concentration mapping
for the test results. This implies that for any underlying structure of compound activities
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and testing errors, as long as their numbers lie within the specified experimental parameters,
the STD design guarantees successful identification of the active compounds. It has been
observed in Thierry-Mieg (2006a) and Thierry-Mieg and Bailly (2008) that pooling designs
are capable of correcting errors much larger than those that they guarantee for. These
input parameters (n,d,E) are used to choose the design parameters of the STD construction
algorithm q and k. STD is a layered construction with k layers, each of size q×n. Each
compounds appears only once in each layer. The STD construction algorithm produces a
t×n, 0-1 matrix M = STD(n;q;k), with t (= q×k) rows that are the assays to be performed
and n columns that represent the compounds in the library. The columns with entry 1 in a
row are the compounds to be pooled in that assay. An example of such a pooling design
is shown in Figure 3.1, created using M = STD(20;5;3) for n = 20, d = 2 and E = 0. The
process of mapping the experimental parameters to the design parameters is shown below in
Algorithm 3.1.

Algorithm 3.1 Basic STD pooling strategy : Inputs – n,d and E

1. Choose a prime number q, with q < n. Start with the smallest prime, 2.

2. Find the compression power, Γ = min{γ|qγ+1 ≥ n}, therefore Γ =
⌈

logn
logq

⌉
− 1. Set

k = dΓ+2E +1.

3. Check if this choice of q and k satisfy the guarantee requirements of identifying d
active compounds and correcting E errors, using the inequality, k ≤ q+1.

4. If the inequality is satisfied continue to step 5, else choose the next prime in step 1
and repeat steps 2 and 3.

5. Once the smallest prime number qmin and its corresponding compression power Γmax
are found, all q > qmin will satisfy the inequality in step 3. Therefore, cycle through
the values of Γ in {1, . . . ,Γmax} to find the corresponding q. For each Γ find the
smallest q that satisfies, q≥ n1/Γ+1.

6. Calculate the number of tests (t) needed by each q and k pair from, t = q× k.

7. Choose the q and k pair producing the least number of tests.

8. Design the pooling matrix, M = STD(n;q;k).

A detailed description of the procedure used to construct the t×n, 0-1 matrix M can be
found in the original paper (Thierry-Mieg, 2006a) and is reproduced in the Appendix A.1.
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Figure 3.1 An example of a pooling design for 20 compounds, expecting at most 2 active com-
pounds and 0 errors in testing, requiring a 15×20 binary matrix, created using STD(n = 20;q =
5;k = 3). A black square represents the presence of a compound j (column index) in test i (row
index). The dashed line represents the separation of the STD design into its 3 layers (k), each of size
5×20 (q×n). Each compound is present only once in each layer of the design. Each compound is
present at most once (Γ = 1) with every other compound.

Having designed the pooling scheme, M, the decoding algorithm is given below. The
pooled assays, t in number, are carried out and the results classified into two states – positive
or negative, using a chosen threshold.

1. A compound present in at least E +1 negative tests is tagged inactive.

2. A compound present in at least E + 1 positive tests, in which all other compounds
have been tagged inactive, is tagged active.

Note that each compound is present in dΓ + 2E + 1 tests and no two compounds are
mixed together more than Γ times. A more elaborate decoding algorithm designed to handle
the presence of larger-than-designed-for values of d and E is provided in the original paper
and its MATLAB implementation is provided in Appendix A.6.

3.2 Error rate

The STD-based pooling strategy creates a design for a specified number of errors, E, re-
sulting in the addition of 2E extra tests to the total of t pooled tests. Assuming random
experimental errors, the number of errors present in the result will increase as the number
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of tests increase. In HTS, there can be instrument, biological, chemical, or human errors
that increase (false positive, FP) or decrease (false negative, FN) the measurement from its
true value (Malo et al., 2006). These multiple sources of error make it difficult to estimate
the total number of errors, E, before knowing the number of pooled tests (t) that will be
used. However, often in HTS we know the overall random error-rate for an assay, which
we call e. For example, the pooling design for 100 compounds (n) expecting 3 active
compounds (d) and 2 testing errors (E) needs 88 tests (t) using ST D(100;11;8) (Table 2 in
Thierry-Mieg (2006a)). If we define the error-rate (e) as the percentage errors expected per
test then e = E

t ×100. For the example above, this error-rate e is ∼ 2.27%. However, when
the number of errors (E) is changed, keeping everything else the same, the corresponding
number of pooled tests (t) and hence the error-rate (e) change. From Figure 3.2 it can be
seen, that the error-rate (e) reaches a maximum and then drops off with respect to E. The
STD construction is efficient for low values of E but requires many more tests (t) for higher
E values, as seen in Figure 3.2 inset. This nonlinear relationship between t and E indicates
that a construction based on the input parameter E alone is not satisfactory. We propose the
use of an expected error-rate e as a input parameter instead. To do so we have modified the
STD strategy as follows.

Figure 3.2 Variation of error-rate (e = E
t ×100) with choice of design parameter E (number of

errors) keeping compound library size (n = 100) and expected number of positives (d = 3) fixed.
The inset shows the variation in number of test needed (t) with the same parameter E, for a E = 0 to
20 and t = 44 to 1852.

Algorithm 3.2 Error-rate based STD strategy : Inputs – n, d and e
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Steps 1 and 2 same as (Algorithm 3.1)

3. If dΓ ≤ q, calculate Emax =
⌊

q−dΓ

2

⌋
, the maximum number of errors that can be

corrected by this choice of q, for the given n and d.

4. Check if the input error-rate e is achievable using the inequality, e≤ Emax
q(dΓ+2Emax+1) ×

100. If e is achievable then continue to step 5, else go back to step 1 and try the next
q.

5. Cycle through all values for E from 0 to Emax to find the minimum E (Emin) that
satisfies the inequality in step 4. Use Emin to calculate, k = dΓ +2Emin +1 and the
number of tests, t = q× k.

6. Similar to Algorithm 3.1, cycle through the values of Γ smaller than the Γmax to find
the corresponding q and hence t.

7. Use the design parameters (q and k) that need the minimum number of tests.

8. Construct the pooling design, M = STD(n;q;k), as usual.

From step 4 we find that there is an upper limit to the error-rate (e) for a given library
size (n) and chosen maximum number of active compounds expected (d). This limit is a
function only of the design parameter q as shown in Equation 3.1 (elaborated in Appendix
A.2).

e≤

⌊
q−dΓ(q,n)

2

⌋
q(dΓ(q,n)+2

⌊
q−dΓ(q,n)

2

⌋
+1)

×100, Γ =
⌈ logn

logq

⌉
−1 (3.1)

For the simplest case of d = 0, the expression in equation 3.1 simplifies to e≤ q−1
2q2 ×100,

for all the odd prime numbers and e≤ 16.67% for q = 2. Thus any assay with an error rate
greater than 16.67% cannot guarantee accurate results when screened using an STD-based
scheme. In more realistic cases, the error-rates corrected by STD-based schemes are much
smaller than this limiting case of d = 0 because d and Γ would have substantial values. This
finding implies that no matter how large the specified number of errors (E) in the original
STD-based pooling strategy, the corresponding number of tests needed (t) would adjust
itself to keep the error-rate (e) corrected by the design low. An example of the effect of
Equation 3.1 can be seen in Figure 3.3 for a library of 100 compounds (n = 100) and various
values of expected active compounds (d).
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Figure 3.3 The limits on assay error-rate (e) that can be handled by STD for a sample choice of
library size (n = 100) and various choices of expected active compounds (d). The trend suggests that
the ability to correct for experimental assay error-rates decreases as q increases.

3.3 Mixing Constraint
To our knowledge, no pooling designs address the physical limitation that only a finite
number of compounds can be mixed in each well. This limitation arises in drug screening
for the following three reasons.

1. Each compound must be present at a sufficiently high concentration so as to be de-
tectable by the assay within a physiologically reasonable range.

2. The total ionic strength of the test solution must be low enough to prevent precipitation
of compounds or possible changes to the biological target.

3. The assay must be reasonably simple to physically construct.

From these constraints we can conclude that the total number of drugs that can be
practically included in any experimental test well is relatively small. For example, for a
relevant screening concentration of ∼ 10 µM, we can assume that each well can have ∼ 10
compounds mixed in it. If more drugs are mixed, the cost of creating the assay increases
and the concentration of the well mixture may become too high, resulting in inaccurate
screening results. This limit can be specified as an input parameter to the pooling design,
based on the high-throughput assay being implemented.
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Here we extend the STD-based pooling strategy to introduce an explicit mixing con-
straint. Let m be the mixing constraint, defined as the maximum number of compounds
mixed in a well of the pooling scheme. Normally the STD design mixes at most

⌈
n
q

⌉
compounds in each well Thierry-Mieg (2006a). However, this feature can break down when
the input values of n, d and e (hence Emin) are such that, for a certain choice of q and k

(= dΓ+2Emin +1), k = q+1 and
⌊

n−1
qΓ

⌋
< q−1, resulting in an unusually large number

of compounds mixed in some tests and some tests with no compounds in them. The original
STD construction can be easily modified by removing tests with no compounds in them.
The details of the correction are provided in Appendix A.3. Having made this correction,
we can implement the mixing constraint as follows (see Appendix A.4).

Algorithm 3.3 Mixing constraint implementation : Inputs – n, d, e and m
Steps 1 through 5 are the same as (Algorithm 3.2).

6. Using the q and k values obtained so far in the algorithm to choose one of the following
options.

a. If k < q+1 and
⌈

n
q

⌉
≤ m, use Construction 3.1 (Appendix 3) requiring t = qk

tests.

b. If k = q+1, n = qΓ+1−1 and qΓ≤m, use Construction 3.1 requiring t = q(q+1)
tests.

c. If k = q + 1,
⌊

n−1
qΓ

⌋
< q− 1 and qΓ ≤ m, use Construction 3.2 (Appendix 3)

requiring t = q2 +
⌊

n−1
qΓ

⌋
+1 tests.

7. Similar to the previous algorithms, cycle through the values of Γ smaller than Γmax to
find the corresponding q and hence t.

8 Use the design parameters (q and k) that require the minimum number of tests.

3.4 Block pooling

Limiting the number of compounds that can be mixed in a pooling strategy reduces the
savings in tests that could otherwise have been obtained. For example, without the mixing
constraint, screening a library of 10,000 compounds with 3 expected actives and no error
requires only 110 tests, using STD(10000;11;10), each mixing 910 (=d10000

11 e) compounds
in them. However, a mixing constraint of 10 compounds per test increases the required
tests to 4036, using STD(10000;1009;4). Now, consider the STD-based strategy for 400
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compounds while expecting only 1 active compound in a similar error-free setting and a
mixing constraint of 10 compounds per well. The number of tests needed in this case is 82,
using the STD(400;41;2) design. If we now divide the original 10,000 compound library
into 25 blocks of 400 compounds each and used the STD(400;41;2) design repeated on
those 25 blocks, the total number of tests is only 25×82 = 2050, almost half the original
requirement! The trade-off here is that the block assay design guarantees the detection
of only 1 active compound out of every 400 compounds tested. However, given that we
expected only 3 active compounds in a library of 10,000 compounds, this implies that there
is ∼ 99.5% chance of finding, at best, 1 active compound among the 400 randomly selected
compounds for a block (using the hypergeometric distribution). This block decomposition
algorithm is inspired by a form of pooling used in NMR screening (Mercier and Powers,
2005). This example demonstrates that we can make an informed choice about a block
size that can, not only, help reduce the number of tests needed while enforcing the mixing
constraint but the smaller block size also implies that a better error-rate can be handled by
the design (as seen in Figure 3.3).

For any block of nB compounds from the library of n compounds, the number of blocks
needed to cover the whole library is B =

⌈
n

nB

⌉
. The creation of a STD for this block of nB

compounds, using the error-rate e and mixing constraint m (assumed to stay the same for all
blocks) requires the specification of the maximum number of active compounds expected
for the given nB, called dB. The choice of dB is from a hypergeometric distribution such
that, with at least a probability of pB (specified at the outset) the block of nB compounds
contains at most dB active compounds. Using the hypergeometric distribution, the following
inequality (elaborated in Appendix A.5) can be solved for dB.

dB

∑
i=0

(
d

i

)(
n−d

nB− i

)
(

n

nB

) ≥ pB (3.2)

Based on this choice of dB, a STD-based pooling design of size tB×nB can be generated
using Algorithm 3.3. The number of tests needed for the whole library would be B× tB.

3.5 poolHiTS

We now define poolHiTS as an STD-based pooling strategy which takes in as input the
compound library size (n), maximum number of active compounds expected (d), maxi-
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mum error-rate expected (e), mixing constraint (m), and design confidence metric (pb).
poolHiTS(n,d,e,m, pb) produces a t×n mixing matrix M, which guarantees the success
of the pooling scheme for the given input parameters. The algorithm for poolHiTS, which
includes error-rate specification, mixing constraints, and optimal block size selection, is
as follows. The MATLAB implementation of the poolHiTS algorithm is provided (see
Appendix A.7.1).

Algorithm 3.4 poolHiTS algorithm : Inputs – n,d,e,m and pB

1. Choose a value of dB in {1, . . . ,d−1}.

2. Find the set of nB that satisfy the inequality in Equation 3.2.

3. For each nB in this set use Algorithm 3.3 to evaluate STD(nB;qB;kB), if it exists, for
the given e and m. Calculate the total number of tests needed from B×tB, B =

⌈
n

nB

⌉
.

4. Choose the next value of dB and repeat steps 2 and 3.

5. After testing all values of dB in {1, . . . ,d−1} and the corresponding nB, select the
dB,nB pair that require the least number of tests. The whole library design (which
corresponds to nB = n, dB = d and B = 1) should also be included while making this
choice.

6. Design the pooling matrix, M = STD(n;q;k), for the choice of q and k.

A typical example of a result of applying Algorithm 3.4 to the pooling design problem
is shown in Table 3.1. Consider a case of a 10,000 compound library (n), where we expect
upto 3 active compounds (d) with 1% assay error-rate (e), a limit on mixing not more than
10 compounds in a test (m), and at least a 99% chance of finding the active compounds (pB).
From this problem specification we have two observations. First, a single whole library
design is not possible because the mixing constraint permits only 10 compounds per assay,
thus we must use a repeated block design. Second, we see that there is an optimal number
of blocks (B) that requires the least number of tests and has a block size (nB) between the
two extremes (nB = n and nB = 1). The best design chosen by poolHiTS(10000,3,1,10)
is to implement a block pooling scheme for nB = 110,dB = 1,e = 1 and m = 10, using
STD(10000;11;4), and repeat this design 91 times over to cover the whole library. The
reason for choosing nB = 110 rather than nB = 130 (see Table 3.1), while both provide equal
compression, is that the former provides a better actual error-correcting rate of 2.27%. It is
useful to note that this design is capable of screening a library of 91×110 = 10,010 com-
pounds vs. the specified 10,000 compounds. However, because of the extra error-correction,
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we can take advantage of this design by ignoring the extra compounds or using some form of
control compound in their place. The MATLAB implementation of this example is provided
(see Appendix A.8).

Number of Number of Number of Number of Error-rate Mixing Total
blocks compounds active tests handled constraint number

per block compounds needed provided of tests
expected per block needed
per block

(B) (nB) (dB) (tB) (e) (m) (t)
1 10000 3 – – – –

25 400 1 492 1.02% 10 12300
50 200 1 92 1.09% 9 4600
77 130 1 52 1.92% 10 4004
91 110 1 44 2.27% 10 4004

100 100 1 44 2.27% 10 4400
500 20 1 20 5% 4 10000

Table 3.1 Block Design Example

Sample case of n = 10,000,d = 3,e = 1% and m = 10 showing the efficiency of selected
block design parameters. The choice of error-rate (e = 1%) does not permit a full library
design (first row), thus it is left empty.

3.6 Conclusion

In this chapter I presented a pooling strategy called poolHiTS which implements tailored
modifications and enhancements that make the shifted transversal design (STD) algorithm
appropriate for drug discovery. First, I demonstrated how to switch from specifying the
number of errors (E) for a STD-based strategy to an error rate (e), which is the percentage
of errors expected in tests. Then, I showed that there is an upper limit to the error-rate that
can be handled by this STD-based algorithm and this error limit (Equation 3.1) strongly
constrains pooling designs to less noisy screening assays. I implemented error rate as an
input experimental parameter via Algorithm 3.2.

Second, I introduced and implemented explicit mixing constraints to make pooling
significantly more relevant to HTS assays via Algorithm 3.3. I also provided a necessary
correction to the STD construction algorithm pertinent to the mixing constraint.

Third, I introduced the concept of repeated block designs that retains the efficiency of
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pooling strategies in the face of the mixing constraint and error-rate limitations. I showed
that by using this block design, I am able to simplify the assay construction, increase the
error tolerance and decrease the assay size.

The combination of these features produce the poolHiTS strategy described in Algorithm
3.4. The MATLAB implementations of the poolHiTS algorithm and an example of its use
are provided in Appendix 3. poolHiTS provides a promising route to both reducing the
cost and increasing the accuracy of high throughput drug screening. Although poolHiTS
primarily focuses on drug screening, these same design methods can apply equally well
to other screening environments where the number of perturbations to a system is finite or
small (mixing constraint) and the error rate of the assay is approximately known.
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Chapter 4

QUAPO – Quantitative analysis of pooling

This chapter describes two different approaches to the analysis of the results of a pooling
design experiment. These approaches are then tested experimentally in a high-throughput
drug screen performed using the pooling design strategy described in Chapter 3.

4.1 Interpool

The decoding procedure described in Chapter 3 uses the number of testing errors expected
(E) to identify the active compounds correctly. This can be problematic for real experiments
where the a good estimate of the error rate is hard to come by and using an estimated error
rate (E) for decoding would reduce the scope of the pooling design to its design parameters
which, as described in Chapter 3, are provided for worst-case scenarios.

A decoding procedure called Interpool that bypasses the problem of using pooling design
parameters in decoding was proposed by Thierry-Mieg and Bailly (2008). This approach
consisted of two parts. First, they provided a comprehensive mathematical treatment for the
decoding problem, which is then used to solve it by finding a set of consistent interpretations
that match the pooled observations. The interpretations would consist of positive, negative,
and ambiguous calls for each compound’s activity. Second, using the same mathematical
framework the authors provided a tool to simulate the average case performance of the pool-
ing design. This tool would allow the experimenter to find the pooling design most suitable
for ranges of the two experimental parameters – hit rate and error rate – by running various
simulations of the performance of several pooling designs under these conditions. Although
computationally expensive when testing with large ranges of parameters, this method would
provide some degree of control over the optimal choice of a pooling design and free the
pooling strategy from the rigid confines of the worst-case pooling design methods described
in Chapter 3.
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4.1.1 Interpool decoder

The Interpool decoder starts with a set of observations from a pooling design experiment.
Using a cutoff value these observations are transformed into two categories, positive and
negative. In the case of high-throughput drug screening, the observations are the intensities
from a set of pooled wells that have been categorized as positive or negative using a cutoff
intensity value. With this as a starting point, the decoder applies the following rules to arrive
at a canonical interpretation of the observations. Paraphrasing from Thierry-Mieg and Bailly
(2008),

1. Any compound present in a negative well is tagged as inactive.

2. The remaining compounds are tagged active if they are the only compounds present in
a positive well where all the other compounds are inactive; otherwise they are tagged
ambiguous.

3. If every positive well contains at least one active or ambiguous compound, the
interpretation is consistent.

For a consistent interpretation there is no further decoding to be done. The ambiguous
compounds have to be retested to tag them as active or inactive. For inconsistent interpreta-
tions, the notion of conflicting variables and conflicting pools is applied. Again, translating
the conditions to the language of high-throughput drug screening,

1. Any positive well is non-conflicting, if it contains at least one active or ambiguous
compound, otherwise it is conflicting.

2. A compound is conflicting if it appears in at least one conflicting positive well.

3. A negative well is non-conflicting if it does not contain any conflicting compounds.
Otherwise, it is conflicting.

Using the above categorization it is now possible to look for consistent interpretations of
the observations, by switching wells from positive to negative and vice versa. However, this
kind of switching has a cost associated with moving away from the actual observations.

The simplest case is to have an equal cost for switching a positive well to a negative and
a negative well to a positive, say a cost of 1. Now, given an inconsistent interpretation, it
is possible to switch a certain number of wells such that we get a consistent interpretation.
The number of switches, in this case, would represent the cost of this interpretation. The
goal of the Interpool decoder is to find the set of consistent interpretations. There can be
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more than one consistent interpretation when switching is allowed, that come at minimum
cost. This set of consistent interpretations at minimum cost can then be used to arrive at a
final consistent interpretation using any rule – union, intersection, majority, etc. The main
goal is to find this minimum-cost set of consistent interpretations.

Equivalent to switching well states to find a consistent interpretation, sets of conflicting
compounds can be switched from inactive to active, or vice versa, and the corresponding
switches to the well states that make the interpretation consistent can be found and the
cost of this switch calculated. It is easier to implement this approach to find the minimum-
cost set of consistent interpretations. To identify this set, the Interpool decoder uses a
branch-and-bound strategy; see Brusco and Stahl (2005) for details.

As illustrated in Figure 4.1, the Interpool decoder starts with the canonical interpreta-
tion from the observations and identifies the conflicting compounds and wells. Using this
information it calculates, individually for each conflicting compound, the cost of switching
and its associated positive and negative conflicting well switches. These form the units that
start off the branch-and-bound strategy that helps identify the optimal solution set (or sets)
of conflicting compounds that, when switched, would provide a consistent interpretation at
minimum cost.

The following recursive algorithm implements the search for this set (or sets) of com-
pounds:

Algorithm 4.1 Interpool decoder : Inputs – units, pervious, best

1. Start with an empty solution set that serves as both previous and best solutions.

2. Sort the units by decreasing score and then by increasing size.

3. For each entry in units (in order of decreasing score), apply a pruning criterion (de-
scribed below) to check if adding more compounds to the set of solution set would
improve its score. If so, continue by going to step 4. Else, quit the algorithm.

4. Remove the entry from units and add it to the previous solution to get the current
solution.

5. Use the current solution to update the other entries in units and rescore and resize
them.

6. Compare the score of current solution against the best solution and update if required.

7. Go to step 2.
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Figure 4.1 A flowchart of the Interpool decoder.
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The pruning criteria allow the algorithm to limit the search space for the set(s) of conflict-
ing compounds that can be resolved to provide a consistent interpretation to the observations,
at minimum cost. The criteria provide a way to estimate in advance if adding any more
conflicting compound(s) to a set under consideration would improve the score, and thereby
minimize the cost. If not, the algorithm stops the search and returns the optimal solution(s).
The details for the pruning criteria and their efficiency at solving the search problem can be
found in Thierry-Mieg and Bailly (2008).

4.1.2 A note about the cost of switching

In the description above, the switching cost was shown to be equal for switching a negative
well to positive (correcting a false negative) and vice versa (correcting a false positive).
However, depending on the assay, the sensitivity for either form of error could vary. Further,
the cost of switching a well result can also depend on its intensity measurement value. For
example, the cost of switching a positive well that had a strong quantitative result could be
higher than the cost of switching a positive well that had a relatively weaker quantitative
result. Similarly for negative wells, there can be gradations in their negativeness. This
would allow for more sensitive decoding. The Interpool decoder allows this gradation to
be implemented with, usually, four levels – strong and weak for positive wells, and faint
and none for negative wells. The score of switching each of these states can be chosen
beforehand. These gradations can be extended to more levels as required.

4.2 QUAPO – Quantitative Analysis of Pooling

Despite the utility of the Interpool in solving the decoding problem from first principles it
still gives us only a qualitative answer. Interpool provides a compound list categorized as
active, ambiguous, and inactive, along with a measure of confidence in that categorization
(via the cost metric associated with the active and ambiguous calls). However, it does not
utilize all the quantitative data present in a high-throughput screen. It does not allow us to
rank order the active compounds, which would be beneficial while designing the follow-up
dose-response experiments for them. Typically, we are interested in compounds that show
high activity at low concentrations, as these translate into better drugs. In order to obtain
quantitative information from pooled screens we propose a new approach to decoding, one
that is based on a biochemical model of pooling.
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4.2.1 Biochemical model of pooling

A biochemical model that allows quantitative information from pooled screens is described
in the context of a competitive binding screen using a scintillation proximity assay (SPA)
type reporting technology (Wu and Liu, 2005). This model can be applied, almost identically,
to most other types of assays and reporting technologies. Consider an SPA-based screen
where a fluorescent bead that emits light when stimulated is used to anchor the receptors that
form the target in the assay. As shown in the first panel of the Figure 4.2, a radio-labeled
ligand bound to the receptor stimulates a signal which can be detected. However, as shown
in the second panel of the figure, when there are compounds that compete with the labeled
ligand in binding to the receptor, the presence of strong binding compounds decreases the
signal, a process called inhibition.

Figure 4.2 Example of a scintillation proximity assay (SPA) to detect competitive binding
molecules. The left panel shows the positive control well containing only radio-labeled ligands
bound to the receptor, which is attached to a fluorescent bead. The middle panel shows inhibition
of signal from the bead in response to chemical compounds displacing the labeled ligand bound to
the receptor. The right panel shows the negative control well containing a known strong inhibitor
displaces the labeled ligand.

This process can be modeled mechanistically as follows. The receptor (R) is the biologi-
cal target and the compound (D) is tested for competitive binding against a labeled ligand
(L). In the positive control well, only the ligand and receptor combine to form a complex (C).

R+L↔ C

At equilibrium, the dissociation constant of this reaction is,

Kd =
[L][R]
[C]

(4.1)
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The intensity measured (IPC) from this well, after removing nonspecific binding mea-
sured in the negative control well (INC), corresponds to the concentration of the ligand-
receptor complex,

IPC− INC ∝ [C] (4.2)

Combining Eqs. 4.1 and 4.2 and accounting for a total balance on the number of
receptors (Rtot = [R]+ [C]), we find,

IPC− INC

Rtot
∝

[L]
Kd +[L]

(4.3)

Here, Rtot is the total number of receptors present in the well (bound and free) and [L] is
the ligand concentration at equilibrium, which can be assumed to be taken in excess and
hence the same as the starting ligand concentration. For pooling designs we mix multiple
compounds in a well, resulting in the following reactions,

R+L↔ C
R+D1↔ C1

...
R+Dr↔ Cr

The intensity measurement from a pooled well (ITEST) will be reduced due to competition
with the unlabeled compounds for the receptor.

ITEST− INC ∝ [LR]eq (4.4)

If each compound is assumed to act independently of others (no chemical interactions)
in the well and that the concentrations of the labeled ligand and the compounds being tested
are not depleted by binding to the receptor, we arrive at the following expression for the
intensity (ITEST).

ITEST− INC

Rtot
∝

[L]/Kd

1+[L]/Kd +[D1]/Kd1 + . . .+[Dr]/Kdr
(4.5)

Using Equations 4.4 and 4.5 we can arrive at an expression relating the percentage
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inhibition observed in a well to the activity of the compounds placed in it.

%Inhibition = %I = 100×(1− ITEST− INC

IPC− INC
)= 100× [D1]/Kd1 + . . .+[Dr]/Kdr

1+[L]/Kd +[D1]/Kd1 + . . .+[Dr]/Kdr
(4.6)

Here, [L], Kd and [Di]s are known for the assay.

We can simplify Equation 4.6 by assuming that all the compounds in a well have the
same concentration ([D]) and use the association constant Ka to produce a linear sum. For
each pooled well in the screen, the following equation would hold true. We now define a
quantity T , which represents the summation of association constant (Ka) of the compounds
present in each well, in terms of the experimental measurement.

T =
1

[D]
· 1+[L]/Kd

100
%I −1

=
1

Kd1
+ . . .+

1
Kdr

= Ka1 + . . .+Kar (4.7)

This expression can be written for each of the pooled wells in the screen to obtain the
simplified linear algebra problem.

Figure 4.3 Linear relationship between compound activities and quantities measure from a pooled
screen.

As shown in Figure 4.2.3, M is a t×n binary matrix (where t is the number of pooled
tests and n the total number of compounds being screened) that represents the pooling
design used to mix compounds and T , a t×1 vector, represents the quantity obtained from
experimental measurements. It remains to solve for activities of the compounds K, a n×1
vector, given M and T . Moreover, due to the savings in tests achieved from pooling, t << n,
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making this linear system of equations underdetermined. The measurement noise, inherent
in T , makes the process of solving for K harder. However, using insights from a new field of
research called Compressive sensing (Candès et al., 2006; Donoho, 2006), it has been shown
that a good choice of pooling scheme (M) can guarantee the correct solution for K, even in
the presence of measurement noise. The details of the design of such pooling schemes and
the subsequent decoding procedure are discussed in the following section.

4.2.2 Compressive Sensing

Compressive Sensing is a relatively new area of signal processing that deals with the problem
of recovering a compressible signal from noisy measurements.

4.2.3 Compressive sensing guarantee

Suppose we wish to recover a vector x ∈ Rn from incomplete and noisy measurements
y = Mx + e; M is a m×n matrix with far fewer rows than columns (m << n) and e is an
error term. It is possible to recover x accurately based on the data y by solving the linear
program,

x̂ = min
z
‖z‖1 subject to ‖Mz− y‖2 ≤ ε (4.8)

where ε is the size of the error term e. If M obeys a Restricted Isometry property (RIP)
and x is sufficiently sparse, then the solution is within the noise level.

‖x̂− x‖2 ≤C · ε

See Candès et al. (2006) for details.

In the context of QUAPO, this implies that when there are a small number of compounds
that are active, the vector of compound activities K in Figure is reasonably sparse, i.e., has
very few large entries. Therefore, even with much fewer and noisy measurements, we can
successfully recover the activities of the compounds by solving the linear program (LP),
provided we choose a good mixing scheme.
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4.2.4 Pooling scheme construction

Accurate recovery of the compound activities is incident upon the choice of a good pooling
design, one that obeys the Restricted Isometry property (RIP). The RIP property requires
that the pooling scheme M preserve the length of k-sparse vectors. This implies, for some
k-sparse vector v and δ > 0,

1−δ ≤ ‖Mv‖2
‖v‖2

≤ 1+δ (4.9)

However, to obtain a stable solution to Equation 4.8, it is sufficient that we use a pooling
scheme M that satisfies Eq. 4.9 for an arbitrary 3k-sparse vector v. So, if there are only a
small number of active compounds (k << n) in the library being screened, then using a
pooling scheme that satisfies Equation 4.9 for 3k-sparse signals will ensure that the recovered
or decoded activities (x̂) are within the noise level of the measurements. Fortunately, there
are good deterministic constructions of pooling schemes that satisfy the RIP property. One
such construction was provided by R. DeVore using finite fields (DeVore, 2007). To this
construction is added another constraint arising from experimental implementation.

Pooling in a drug screening assay needs to satisfy the following three constraints:

1. Each compound must be present in sufficiently high concentration to be detectable.

2. The total concentration of the test solution must be low enough to prevent precipitation
of compounds or possible changes to the biological target.

3. The assay must be reasonably simple to construct.

These constraints imply that the total number of compounds that can be practically
pooled in any assay well is relatively limited. Assuming a reasonable physiological concen-
tration of ∼ 10µM, we can assume that each assay well can have at most ∼ 10 compounds
pooled in it. If more compounds are mixed, then the cost of creating the assay increases
and the total concentration of materials in the well mixture becomes too high, resulting in
inaccurate screening results. Thus, a pooling constraint must be placed on the design, limit-
ing the total number of compounds in each well to a preselected number, r (the maximum
number of 1’s in each row of M).

Therefore, given a compound library size n, the maximum number of active compounds
expected k and pool size limit r, a t×n binary matrix M can be constructed and implemented
that guarantees the successful decoding of the compound activities from noisy measurements.
The details of the construction are provided in Appendix C.1. The linear program (LP) is
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solved using a MATLAB package called `1-magic (Candès and Romberg, 2005).

4.3 Pooled high-throughput screen

In collaboration with the laboratory of Dr. R. Neubig (University of Michigan), a small
proof-of-concept screen was run to test the pooling design strategy described in Chapter 3
along with the decoding schemes described.

The goal of the original study was to identify small molecule inhibitors of the RGS4-Gαo

protein-protein interaction and was undertaken by Blazer et al. (2010). Regulators of G
protein Signaling (RGS) are proteins that negatively regulate G protein-coupled receptor
signaling pathways, which are important to many physiological processes (Berman and
Gilman, 1998). Therefore, RGS proteins are an important target in pharmacological research
(Neubig, 2002; Blazer and Neubig, 2008). In particular, the RGS4 protein is of interest
because it inhibits several pain modulating receptors (Garnier et al., 2003; Traynor and
Neubig, 2005). Hence, small molecules that inhibit binding of RGS4 to the Gαo protein
were sought. Further, those small molecules whose mechanism of action did not involve
reactions with the cysteine residues on the surface of the RGS protein were of interest.
The cysteine-reacting mechanism makes the small molecule less desirable as a potential
lead compound (Blazer et al., 2010). Therefore, cysteine-less versions of the RGS protein
(RGS4C) were used for the assay.

A time-resolved fluorescence resonance energy transfer (TR-FRET) mechanism was
used to monitor the binding of RGS4C and Gαo. Fluorescence resonance energy transfer
(FRET) is a well-known technology that allows the measurement of binding between pro-
teins (Selvin, 2000). Each binding partner is tagged with a fluorophore. When the two
proteins are bound and the donor fluorophore is excited by incident light, the proximity
allows energy transfer to the acceptor fluorophore. This increase in the acceptor fluorophores
emission intensity confirms the binding between the proteins. TR-FRET helps increase the
signal-to-noise ratio by reducing background fluorescence at the time of signal measurement
(Leifert et al., 2006). In the assay, the RGS4C was labeled with AlexaFluor-488 while
the Gαo was labeled with LanthaScreen™Tb thiol. As shown in Figure 4.4 (adapted from
Blazer et al. (2010)), Tb-Gαo was excited at 340 nm and the resulting fluorescence emission
at 490 nm for Tb-Gαo and 530 nm for RGS4C-AF488 was measured after a delay of 100ns.
The ratio of emission 520nm/490nm was used to detect binding between RGS4C and Gαo.
A strong inhibition of this signal implies that a small molecule is successfully inhibiting
RGS4C and Gαo binding.
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Figure 4.4 An illustration of the RGS4C-Gαo FRET-based assay

The assay and detection mechanism shown in Figure 4.4 can be easily adapted to the
biochemical model of pooling described in Section 4.2.1 and Figure 4.2. The positive control
would contain only RGS4C and Gαo. The test well would contain RGS4C and Gαo along
with a mixture of chemical compounds (multiplex). The negative control would contain
RGS4C and Gαo along with a strong inhibitor of the FRET signal. Using the intensity
measurements from these wells a %Inhibition (%I) of signal can be calculated which can be
used in Equation 4.7 to arrive at the quantitative pooled measurements required by QUAPO.
For simplicity, an approximation of Equation 4.7, shown in Equation 4.10, was used in the
QUAPO analysis. This allows the calculation, for each pooled well, of an approximate
quantitative value (LHS of Equation 4.10) of the binding strength (Ka) of the compounds
pooled together ({1, . . . ,r}), which allows the transformation of the decoding problem to a
linear system of equations, shown in Figure 4.2.3. Although this approximation does not
provide exact binding coefficients, it allows the active compounds identified in the screen to
be rank ordered by binding strength.

%I
100−%I

∝ Ka1 + . . .+Kar (4.10)

2000 compounds from the MicroSource Spectrum 2000 collection were screened at
the University of Michigan Center for Chemical Genomics in the assay described above to
identify small molecules that inhibit the binding of RGS4C with Gαo. From these data, a
single plate that contained 3 hits (at a cutoff of 3 standard-deviations (SD) from the mean
percent inhibition measurements of the negative control and compound wells taken together)
was used to run the pooled screen along with a control screen where the compounds were
not pooled.

For the sake of symmetry of the pooling design, 316 compounds from this plate were

49



used in the proof-of-concept pooling experiment (320 compounds are available on a 384
well-plate; the remaining wells are used for positive and negative controls). These 316
compounds were run in singleplex (each compound tested individually) and in multiplex.
The multiplex screen used the pooling design shown in Figure 4.5. This design corresponds
to the shifted transversal design that tests 316 compounds in pools of 4 with each compounds
tested 4 times in total. To test each of the 316 compounds once in pools of 4 requires 79
pools that together represent a layer of the design in Figure 4.5. Testing each compound 4
times in total required 79×4=316 pools. This symmetry in the design (4 compounds per pool
and 4 tests per compound) determined the choice of testing 316 out of the 320 compounds
on the plate. The use of 316 pools to test 316 compounds meant that the multiplex did not
represent any saving in tests when compared to the singleplex. A mosquito robot (TTP
LabTech, Melbourn UK) was used to perform the singleplex and pooling for the multiplex.

Figure 4.5 The STD pooling design used for small proof-of-concept screen consisting of 316
compounds screened 4 times across 316 pools with each pool consisting of a mixture of 4 compounds.
A layer represents the set of pools that contain each of the 316 compounds exactly once.

The activities of the 316 compounds tested individually in the singleplex, titled Sin-
gleplex 1, which was run alongside the multiplex, was compared to the activities of the
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compounds in the larger 2000 compound screen described earlier, titled Singleplex 2. Figure
4.6 shows the result of this comparison.

Figure 4.6 The %Inhibition (per-plate) for 316 compounds from the MS-2000 library from two
separate singleplex (one-compound-one-well) runs are shown in blue circles. The dashed lines
represent a 2 SD cutoff applied to each singleplex run separately. The consensus hits are highlighted
with green diamonds and the dissimilar hits are highlighted with red squares. The well numbers for
these hits are displayed.

Compounds that inhibited the TR-FRET signal≥ 2 SD from the mean percent inhibition
measurements of the negative control and compound wells, taken together, were classified
as active compounds or “hits”. The cutoff applied to data from the two singleplex runs is
shown in Figure 4.6. The cutoffs were applied separately to both the singleplex runs. Com-
pounds that showed greater than 2 SD inhibition (dashed line) in both runs were classified as
“consensus hits” (highlighted with green squares) – these included compounds in wells G21,
G15, B09, G19, and G17. Compounds that showed greater than 2 SD inhibition in only
one run were classified as “dissimilar hits” (highlighted with red squares) – these included
compounds in wells B15, C11, F03, M09, and E13. The differences between the two runs
give a sense of the false testing errors that can occur in automated screening. A false positive
result wrongly classifies an inactive compound as active and a false negative result wrongly
classifies an active compound as inactive.
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Figure 4.7 The %Inhibition data for 316 pooled wells, each containing a mix of 4 compounds,
from the multiplex run are shown in blue circles. As in the case of the singleplex runs, a 2 SD cutoff
was applied to the observations to identify the wells that contained active compounds. Pooled wells
that contained a compound classified as a consensus hit (green diamonds) or a dissimilar hit (red
square) in the singleplex runs (Figure 4.6) are highlighted.

The multiplex run consisted of 316 pooled wells each containing a mixture of 4 com-
pounds at the same concentration as the singleplex run. The %Inhibition measurements for
each of the pooled wells in the multiplex run are shown in Figure 4.7. The figure shows
the 2 SD cutoff and the corresponding classification of pools as “positive” or “negative.”
As seen in the figure, most of the positive pools contain at least one compound classified
as a consensus hit or a dissimilar hit in the two singleplex runs (see Figure 4.6). Several
pools that did contain such compounds were classified as negative in the multiplex run,
implying false negative testing errors. The next section describes the results of applying the
two decoding procedures described earlier in this chapter – Interpool and QUAPO – to the
multiplex data.
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Compressed Interpool
Compound Singleplex 1 Singleplex 2 Interpool 1 2 3 4 QUAPO

Consensus hits
G21 X X X X X X X
G15 X X X X X X X X
B09 X X X X X X X X
G19 X X
G17 X X X

Dissimilar hits
B15 X X X X X
C11 X X X X X
F03 X X X X X
M09 X
E13 X

False positive (FP) and negative (FN) calls
FP 3 2 4 2 1 4 6 8
FN 0 0 2 2 2 2 3 1

Table 4.1 The decoding results for the consensus and dissimilar hits selected from the two single-
plex runs are shown. A Xindicates a hit call in a given run. False positive and negative call numbers
are given relative to the consensus hits identified via the two singleplex runs. Therefore, by definition,
the two singleplex runs have no false negative calls.

4.4 Multiplex decoding
The multiplex data was decoded using three approaches:

1. Interpool decoding – using data from all 316 pooled wells.

2. Compressed Interpool decoding – using data from only three layers of the pooling
design, out of the four shown in Figure 4.5, thereby using 237 pooled wells and
achieving 25% compression compared to singleplex. Removing one layer at a time,
this analysis was performed four times.

3. QUAPO decoding – using data from all 316 pooled wells but with a quantitative
approach to decoding.

The consolidated result of these decoding approaches is shown in Table 4.1. The result
from each decoding approach is discussed in greater detail in the following subsections.
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4.4.1 Interpool decoding results

As described earlier, the Interpool decoder analyses the results of a multiplex screen by find-
ing an interpretation that is consistent with the observations at minimum cost. A consistent
interpretation is found by switching the states of pools in the observation from positive to
negative, or vice versa. An interpretation cost is only incurred when there are false testing
errors. The cost structure used by the Interpool decoder, based on the observations in Figure
4.7 are given below.

1. Strong – A positive well with inhibition ≥ 3 SD. The cost of switching this well to a
negative state is 4.

2. Weak – A positive well with inhibition ≥ 2 SD but < 3 SD. The cost of switching
this well to a negative state is 2.

3. Faint – A negative well with inhibition ≥ 1 SD but < 2 SD. The cost of switching this
well to a positive state is 1.

4. Negative – A negative well with inhibition < 1 SD. The cost of switching this well to
a positive state is 2.

The higher cost of switching a well result from positive to negative tunes the Interpool
decoder to be highly sensitive to active compounds, at the risk of finding more false positives.
The justification for this approach is that false negative results in high-throughput come with
the risk of missing out on potential lead compounds. False positive results only add to the
burden of secondary screening where each compound is tested retested for confirmation.
However, depending on the screen, the cost structure can be altered easily.

The Interpool algorithm shown in Figure 4.5 was applied to the full multiplex dataset (all
316 pooled wells) using a software implementation provided by the authors (Thierry-Mieg
and Bailly 2008) in the C language. The decoding procedure took less than 1 second to run
on an Apple G5 (4 x 2.5 GHz). As seen in Table 4.1, the full Interpool decoder was able to
identify three out of the five consensus hits (hence 2 false negative calls) along with four
false positive calls, three of which were hits in Singleplex 1. The theoretical guarantee for
the pooling design used in the multiplex run guarantees the identification of only three active
compounds in the presence of no testing errors. However, according to the consensus hit list
there were five active compounds and, using the 2 SD cutoff, this corresponded to nine false
positive and eight false negative testing errors in the multiplex data, as shown in Figure 4.7.

It is interesting to note that here Singleplex 1 and the decoded multiplex agree more
closely (when both consensus and dissimilar hits are taken into account) than the two single-
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plex runs do. This could be attributed to the fact that Singleplex 1 and multiplex were run in
the same batch using the mosquito robot, whereas the Singleplex 2 data was extracted from a
larger screen run separately. However, if we take the consensus hits as the gold standard it is
worthwhile to ask why the error rate is higher in the multiplex (5.38% as opposed to 0.95%
and 0.63% in the two singleplexes). One explanation could be that pooling compounds
produces unexpected effects – unwanted reactions, concentration effects, etc. This could be
partially addressed by optimizing the concentration of a pooled assay or avoiding mixtures
of known reactants. Another explanation is that false testing results could be compound
specific. Some active compounds may be more prone than others to produce false negative
results; same goes for certain inactive compounds and false positive results. Such behavior
could be attributed to their chemical properties. In a multiplexed screen each compound
is tested multiple times across all the pooled wells. In the present case, each compound
was tested four times across 316 pooled wells. Such repeated testing might also be the
cause for higher false testing results in multiplex screens, as each compound gets more
opportunities to behave. Either way, pooling designs may have to overcome higher testing
errors in practice.

It is useful to note that the Interpool decoder also provides an interpretation cost for each
active or ambiguous compound (data not shown). The cost provides a degree of confidence
in the compounds call. However, it does not provide a quantitative or qualitative estimate of
each compounds activity. Further, the Interpool decoder provides a short (2 to 4 compounds)
list of “ambiguous” calls (data not shown). These call imply that in trying to come up with
a consistent interpretation these compounds could not be classified as either positive or
negative and hence need to be retested.

4.4.2 Compressed Interpool decoding

One of the primary intentions of using pooling design strategies in high-througput screening
was to reduce screening effort by using fewer wells to test a compound library than the one
compound, one well approach. However, as discussed in Chapter 3, the mixing constraint
limits the amount of savings that can be achieved by pooling compounds. The pooling
design used in the multiplex screen tested compounds in pools of four. That implies one
layer (defined as the number of pooled wells that are needed to test each compound exactly
once) required 316/4=79 pooled wells. Pooling designs also require that each compound
is tested multiple times overall so as to enable decoding and to overcome testing error.
However, the additional goal to use fewer wells than singleplex cannot be met even when
using just four layers (79×4=316), each testing the compound once. But it is possible to
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analyze post-hoc the performance of a compressed version of the pooling design. This
can be done by removing a layer, and the corresponding pooled well measurements, from
the pooling design and using the Interpool decoder on this compressed design. Due to the
presence of a large number of active compounds and testing errors it is not worthwhile
to remove more than one layer from the design in Figure 4.5. Therefore, the compressed
decoding approach consisted of four runs each obtained by removing one of the four layers
of the pooling design – this corresponded to a savings of 25% compared to the singleplex.
For each layer removed, the corresponding wells were removed from the analysis and the
pooling design, the 2 SD cutoffs recalculated, the cost structure readjusted according to the
rules described earlier, and decoded using the Interpool algorithm.

The results of the compressed decoding approach are described in Table 4.1 under the
heading Compressed Interpool. As shown in Table 4.1, it was still possible to identify several
of the strongly active consensus hits correctly. As for the differing hits, the compressed
runs did not have the same success, except in the case of layer 4. However, the Compressed
Interpool decoding did not show more false positive or negative calls than the full Interpool
decoding.

4.4.3 QUAPO

Although the Interpool decoder provides us with classifications of compounds – active,
inactive, and ambiguous – and a confidence in that classification via the cost level, it does
not provide a quantitative estimate of the compounds activities. An active call at zero cost
in the Interpool decoder does not imply that the compound was quantitatively more active
than an ambiguous call at cost three, say. However, as seen in Figure 4.7, there is lot of
quantitative information generated in a pooled screen. The QUAPO decoding approach ,
described earlier, was developed to exploit this information.

For the QUAPO approach to succeed two principle requirements need to be satisfied:

1. Linearity – The measured quantity in a pooled well should map linearly to the activi-
ties of the compounds pooled in that well. This is required to enable the use of the
linear algebra model described earlier.

2. Sparsity – The number of active compounds should be small. In the quantitative case
this implies that the activity values of many if not most compounds should be close
to zero. This is required to guarantee the success of the linear programming decoder
described earlier.
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If these requirements are satisfied, the QUAPO approach could successfully identify
the active compounds along with quantitatively ordering these compounds by their activity.
First, the linearity assumption was tested. As described earlier, the assay shown in Figure
4.4 can be modeled using Equation 4.10.

This model allows the transformation of the decoding problem to a linear algebra prob-
lem of the form shown in Figure 4.2.3. Using data from Singleplex 1 and the linear algebra
model, a synthetic multiplex can be performed. First, the percent inhibition data was con-
verted to an equivalent “association constant” measure or “activity” using Equation 4.10.
This list of activities of all 316 compounds obtained from the Singleplex 1 data via this
method was then multiplied with the pooling design shown in Figure 4.5 (whose entries
are 0 or 1) arriving at the synthetic multiple measurements, as shown in Figure 4.2.3. The
synthetic measurements can be compared to the actual multiplex measurement in order to
check the linearity hypothesis, to within measurement noise. The results of this comparison
are shown in Figure 4.8. As seen in the figure, there is a lot of scatter at the higher values.
This is primarily due to large false positive and negative testing errors primarily in the
multiplex, as discussed earlier. However, this comparison provides the starting point for the
QUAPO analysis.

Figure 4.8 Comparison of the synthetic measurements, obtained via an in-silico multiplex exper-
iment performed using data from Singleplex 1 and the pooling design shown in Figure 3.5. This
comparison is useful in estimating the success of the QUAPO decoding algorithm.
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The QUAPO algorithm described earlier was applied to the multiplex data (from all
316 wells) using MATLAB software program (see Appendix C.2) using the `1-magic linear
programming function (Candès and Romberg, 2005). The decoding time on an Apple G5
(4 x 2.5 GHz) machine was on the order of a few seconds. The multiplex data on which
the decoding was performed had been transformed according to Equation 4.10 and was
retransformed to the percent inhibition scale using the reverse transform of the equation.
The corresponding 2 SD cutoffs were applied and the consensus and differing hits were iden-
tified. The results of the QUAPO decoder are shown in Figure 4.9 and presented in Table 4.1.

Figure 4.9 Results of the QUAPO decoding procedure comparing the percent inhibition values
of Singleplex 1 and to their % Inhibition-equivalent values in the decoded multiplex. As earlier, 2
SD cutoffs were calculated and applied. The well numbers corresponding to singleplex for the hits
are provided. The consensus hits from both runs are highlighted with green diamonds, while the
dissimilar hits are highlighted with red squares.

The figure shows the strong overlap in consensus hits between the singleplex and multi-
plex. As in the case of the Interpool decoder, a much larger list of consensus compounds was
found between Singleplex 1 and Multiplex. However, due to the sensitivity of the QUAPO
decoding procedure to large errors, which are non-gaussian in nature, there are a large
number of false positive calls. However, this can be adjusted using a tuning parameter for
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the linear programming engine of QUAPO just as the cost structure for the Interpool decoder
can be adjusted to balance sensitivity and accuracy. However, the accurate quantitative
ordering of the active compounds, as seen in Figure 4.9, demonstrates the utility of the
QUAPO decoding algorithm. It is worth noting that the scale of quantitative values for
the singleplex and multiplex runs are different due to the application of the approximate
transform shown in Equation 4.10.

4.5 Conclusions

This chapter discussed two different approaches to decoding the results of pooling design
strategies in high-throughput drug screening. These approaches provide different advantages.
The Interpool decoder accounts strongly for false testing results and provides the means to
analyze the results of the pooling design independent of the pooling design parameters. The
QUAPO decoder provides the means to exploit the quantitative nature of high-throughput
screening data to arrive at a rank ordering of the active compounds. Modifications to these
decoding methods, in order to improve their performance, are discussed in the concluding
chapter of the thesis.

The chapter also provided a proof-of-concept experiment to test the validity of pooling
design strategies using a small compound library of 316 compounds run in replicate using the
“one compound, one well” strategy and once in a multiplex run using the shifted transversal
design strategy.
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Chapter 5

poolMC – Smart pooling of mRNA samples in
microarray experiments

In this chapter, I extend the use of the quantitative methods developed in Chapter 4 to a novel
application – gene expression microarray experiments. I propose a novel pooling strategy
to make certain types of microarray experiments cost-effective and robust to measurement
noise. I then describe a proof-of-concept experiment to test the smart pooling approach. In
the context of this experiment, I discuss the potential, challenges, and future directions of
using pooling designs in mircoarray experiments. The tool that came out of this application
is called poolMC.

5.1 Background

Presently, pooling in microarray experiments refers to the act of mixing messenger RNA
(mRNA) collected from several biological-replicate samples, before hybridization onto a
microarray chip (Peng et al., 2003; Shih et al., 2004; Kendziorski et al., 2005; Zhang and
Gant, 2005; Mary-Huard et al., 2007; Zhang et al., 2007). This form of pooling may be used
to reduce biological variation, to lower costs by reducing the number of microarray chips
used, and to overcome the problem of limited sample availability.

In this chapter, I describe a different pooling strategy; a smart pooling strategy based on
compression algorithms from digital communication theory. The smart pooling strategy is
applied to a large number of diverse biological samples, not necessarily biological replicates,
which are pooled and tested on several microarray chips based on a pre-specified pooling
design. The mathematical properties of smart pooling designs ensure that each sample is
tested on multiple chips, but always in pools made up of a different set of samples, such
that, data from all the chips taken together capture the same information as the standard
one-sample-one-chip approach. Because of the convolution step involved in testing pools
of samples on multiple chips, the measurements made from the smart pooling strategy
must be decoded to obtain the gene expression value of each gene in every sample. To
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save cost and to accurately transmit information across digital communication channels,
where bandwidth is limited and the channel is noisy, a similar compression and recovery
strategy is used. Similarly, smart pooling can achieve an overall savings by using fewer
microarray chips than samples being tested. The built-in redundancy of testing each sample
on multiple microarray chips can also provide robust expression measurements. The gains of
compression and robustness from using smart pooling strategies motivated us to investigate
this method. Smart pooling strategies have been used in other high-throughput biological
applications such as blood testing (Westreich et al., 2008b), drug screening (Kainkaryam and
Woolf, 2008, 2009), protein-protein interaction mapping (Jin et al., 2007; Xin et al., 2009),
genotyping (Erlich et al., 2009a; Prabhu and Pe’er, 2009), and others (Du and Hwang, 2006).
By using commercially available gene chips to implement smart pooling, our method also
differs significantly from other attempts to design compressive sensing DNA microarrays
that apply smart pooling at the level of probes (Dai et al., 2009).

The pooling and decoding strategy is called poolMC – pooled microarray. poolMC is
based on theoretical ideas from the field of compressive sensing, which has already demon-
strated its utility in signal and image processing applications (Candès et al., 2006; Candes
and Wakin, 2008). Compressive sensing takes advantage of the intrinsic compressibility of a
data stream or set of experiments to produce experimental designs that require fewer experi-
ments and provide greater robustness. Other experimental design strategies, derived from
the field of group testing (Du and Hwang, 2000, 2006), have similar goals as compressive
sensing but are not designed to obtain continuous-valued, quantitative measurements. A key
requirement for any compression based experimental design is sparsity in the underlying
data. The definition of sparsity in the context of gene expression data will be discussed in
more detail in the following subsection.

To test the poolMC strategy, a small pooling experiment was carried out using validated
biological samples on commercially available gene chips. In the context of this pooled
experiment, we explain poolMC’s pooling and decoding strategy. The results of this pooled
experiment are then compared to the standard one-sample-one-chip method for the same set
of samples. Finally, I propose the ideal setting for using poolMC and suggest its potential
benefit for large microarray experiments.

5.2 Sparsity

A key requirement for any smart pooling strategy is that the data must be sparse to allow
compression. In this paper, the data describing a single gene’s expression pattern across
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several biological samples is called its expression profile. A gene’s expression profile is said
to be sparse if, across several samples, there are only a small number of samples in which
the gene’s expression is significantly different from its median expression value in these
samples. In this context “different” is ill defined, so for practical purposes, “different” can
be viewed as meaning differential expression. If a gene is differentially expressed in only a
small number of samples across many being tested, then it is possible to exploit this sparsity
to reduce the number of microarray chips needed to obtain the gene expression profile by
pooling or multiplexing samples.

Figure 5.1 Example of a gene showing only one spike (red circle) across 15 samples. The dotted
line marks the median value for the samples.

Figure 5.1 shows an example of a gene with a sparse expression profile, because out of 15
samples the gene is differentially expressed in only one sample. By subtracting the median
expression value from all samples only one sample, in this example, is left with a significant
value while the rest of the expression values are close to zero. The significant value that is
of interest is called a spike, as labeled in Figure 5.1. A spike can be a positive or negative
deviation from the median depending on whether the gene was up or down regulated in a
sample. Depending on the experiment there could be more or fewer spikes. For a particular
experiment, different genes may display a wide variety in the number of spikes in their
gene expression profile. However, most, if not all, genes in an experiment have a sparse
expression profile across a given set of samples, this sparsity can be exploited via smart
pooling to compress the experiment into a smaller and more robust design. One way to
achieve these savings while maintaining robustness is by pooling samples in microarray
experiments.

Before describing the details of the pooling method, I first identify two cases of mi-
croarray experiments that could produce sparse gene expression profiles. A first example
of sparsity could be mRNA samples obtained from similar cell samples, but with different,
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non-overlapping gene knockouts. This example case would bias the expression profiles
toward sparsity because many of the genes would have no difference in expression (zero
spike) across the various knockout samples. Those genes that do change would likely change
only in one genetic background. A second example of a sparse gene expression study is in
biomarker discovery where the samples, classified as treatment (or control), would have
few genes differentially expressed in the samples within each classification, though they
may show great variation when compared across each other. The next section describes the
concept of smart pooling and how it exploits sparsity in gene expression profiles.

5.3 Smart pooling

The central idea of smart pooling is to exploit sparsity in a gene’s expression across several
samples to obtain robust estimates of the gene’s expression in all samples, while using fewer
chips. This concept differs significantly from earlier microarray pooling attempts by not
focusing on reducing the number of microarray chips used or increasing statistical power
by estimating a single average expression value for each gene across multiple biological
replicate samples. The goal of smart pooling is to recover the unique expression value of
each gene in each of the samples being tested. To achieve this goal, samples are pooled
in a systematic way across several chips while keeping the number of chips used lower
than the number of samples tested. The pooling design ensures that each sample is tested
on multiple chips, always in pools with different samples. The mathematical properties of
the pooling design and decoding algorithm, discussed in more detail in the next section,
guarantee that the expression of each gene in all samples is decoded accurately. For this
strategy to succeed, two principle requirements need to be satisfied. First, as described in
the previous subsection, gene expression profiles need to be sparse. Second, the intensity
of pooled measurements should map linearly to the contribution from each sample being
pooled in the measurement.

If the data are sparse and mixing is additive, the pooling strategy can be reduced to a lin-
ear system of equations for each gene. As shown in Figure 5.2, the pooling design specifies
the samples to be mixed and tested on microarray chips. However, in reducing the number
of chips, we make fewer measurements than we have samples (e.g. 12 measurements of 15
samples in Figure 2). This mismatch between measurements and unknown variables (the
gene’s expression value in the samples) results in an underdetermined system of equations,
which has an infinite number of solutions. However, by assuming that the underlying data
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Figure 5.2 Schematic showing the pooling process and the utility of a sparse expression profile.
The right column shows a gene’s expression across 15 samples, with only 1 spike (highlighted dark
square). Samples are mixed according to the pooling design in the middle. The columns of the
pooling design represent the samples being pooled and the rows represent the microarray chips used
to test them. A black square in the pooling design represents the presence of the sample (along that
column) on the corresponding chip (along that row). The highlighted column in the pooling design
shows the sample that corresponds to the spike. The left column shows the resulting measurements
that contain only two significant values (dark squares), those coming from the sample with the spike.

are sparse, the number of possible solutions are reduced and the measurements contain
enough information to uniquely solve the system of equations. Figure 2 illustrates this
process. The right column shows a gene with only 1 spike (black square) in its expression
profile, corresponding to sample number 3. When the samples are pooled according to a
pre-specified pooling design shown in Figure 5.2 as a matrix, where a black square represents
the presence of a sample (represented by a column) in a specific pool along that row, sample
number 3 appears in pool numbers 2 and 6. The left column in Figure 5.2 shows the spike
(black square) appearing in measurement numbers 2 and 6, as expected. Thus, the sparsity
of an expression profile affects the number of useful measurements obtained by the pooled
experiment thereby allowing the system of equations to be solved to obtain a unique solution.
The redundancy attained through multiple measurements – two in this case – also provides a
way to improve the robustness of the predictions.

5.4 poolMC

This section describes the pooling design and decoding algorithm that together form the
poolMC smart pooling strategy. The details of the pooling design construction, the labora-
tory protocol for pooling, and the decoding of the results are described in the context of a
small pooling experiment that was performed to test poolMC experimentally.
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5.4.1 Experimental details

The current one-sample-one-chip microarray experiment is termed the monoplex. The
pooled microarray experiment is called the multiplex. Because the data measured by the
monoplex experiment are directly used, these data serve as both the monoplex measurements
and the monoplex results. However, the multiplex experiment has two parts. The multiplex
measurements refer to the data obtained from pooling samples on microarray chips, hence
fewer measurements than the monoplex, and multiplex result refers to the data obtained
from decoding the multiplex measurements. The multiplex result can be directly compared
with the monoplex result. A synthetic mutliplex was performed using the monoplex results
and multiplying them with pooling design for each gene in the system. This produced a
synthetic measurement, comparable to the multiplex measurement, and by decoding the
synthetic measurements produced the synthetic result, comparable to the monoplex and
multiplex results. The synthetic multiplex helped investigate the linearity assumption, by
comparing multiplex and synthetic measurements, and the sparsity assumption by comparing
the synthetic and monoplex results.

A proof of concept test was carried out using 15 mRNA samples obtained from the
root epidermis of the plant Arabidopsis thaliana. These samples included 4 pairs of bio-
logical replicates, hence 8 samples, and 7 independent knockout samples. The monoplex
measurements were performed at the usual concentration using 15 microarray chips. The
multiplex measurements were obtained by mixing fractions of individual samples and using
12 microarray chips, employing the pooling design shown in Figure 5.3 (right). The choice
of this pooling design is explained in the next subsection.

The mixing of fractions of individual samples was conducted at the mRNA level. Follow-
ing isolation of mRNA from plant material (using the Qiagen RNeasy kit), the concentration
of each sample was determined (Dinneny et al., 2008). For the monoplex experiment 3-3.5
µg mRNA was used. For the multiplex the samples were pooled based on the pooling
design described in the subsection below, such that a total of 3.5 µg mRNA per chip was
used. The cDNA was generated and labeled using the NuGen Ovation v2 and the NuGen
Ovation FL kit. A total of 4 µg of the labeled cDNA were hybridized on the Affymetrix
ATH1 Genechip.

The resultant mircoarray hybridization signal data corresponding to monoplex and
multiplex measurements were preprocessed separately using RMA (Irizarry et al., 2003)
and annotated using Brainarray custom CDF (Dai et al., 2005). Each chip simultaneously
measured the expression value of 21,505 genes. The microarray measurements obtained
from the monoplex and the multiplex were normalized separately to ensure that the data
were handled as though they were obtained from independent experiments, as typically
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expected.

5.4.2 Pooling design

Several pooling methods have been discussed in the literature (DeVore, 2007; Berinde and
Indyk, 2008). The design shown in Figure 5.3 (right) and used in the experiment was based
on an expander graph construction used by Berinde et al. (2008), which is defined as follows.

Expander graph definition

A (k,ε)-unbalanced expander is a bipartite simple graph G – (A,B,E) with left degree
d such that for any X in A with |X | ≤ k, the set of neighbors N(X) of X has size
|N(X)| ≥ (1− ε)d|X |, where | · | represents the cardinatlity of a set.

Figure 5.3 Demonstration of expansion property of an expander graph. Two dark-colored nodes
(samples) on the left of the graph expand to four different light-colored nodes (chips) on the right of
the graph, thus providing 100% expansion (ε = 0) for this particular pair of samples. The binary
matrix on the right of the figure is the matrix representation of the expander graph on the left of the
figure. Black squares in the matrix represent the presence of a sample (along the column) on a chip
(along the row).

Figure 5.3 illustrates this property of an expander graph in the context of the pooling
design used in this paper. The pooling design tests 15 samples using 12 pooled chips. The
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expander graph shown on the left of the figure can be represented as a binary matrix, shown
on the right. The presence of a sample on a chip is represented by the value 1 (black square
in Figure 5.3). The left degree (d) of this graph is 2, that is, there are 2 edges emanating
from each node on the left, which means each sample is tested on exactly 2 chips.

Definition 5.4.2 is illustrated with the example of samples 4 and 6, the left nodes shaded
in blue in Figure 5.3. The right neighbors for these two samples (|X | = 2 in Definition
5.4.2) are the chips numbered 3, 6, 9, and 11. Thus, |N(X)| in Definition 5.4.2 is equal to
4. Therefore, ε in Definition 5.4.2 for this example is equal to 0. Similarly, the expansion
coefficient ε can be calculated for other pairs of samples. For the design in Figure 5.3, ∼
77% of all pairs have ε = 0, the rest have ε = 0.25. Therefore, for simplicity, the design
used in this experiment can be considered an (k = 2,ε = 0)-unbalanced expander graph,
as defined in Definition 5.4.2. This simplification does not affect the demonstration of the
theoretical guarantee of decoding. The utility of the expansion property of the pooling
design is illustrated in the next section on the theoretical guarantee of decoding.

The pooling design is constructed by randomly placing d ones in each column of an
m× n matrix; the rest of the entries are zeros. This method guarantees a good expander
graph, with high probability, when choice of d and m are made appropriately for a given
n,k, and ε . Proposition 6 in Berinde et al. (2008), suggests that d = O(log(n/k)/ε) and
m = O(k log(n/k)/ε2). The MATLAB software implementation of the pooling design
construction is provided in Appendix B.1.

In practice, another constraint is imposed on the pooling design. The number of samples
that can be mixed on each chip is limited, thereby placing a cap on the number of ones in
each row of the pooling design matrix. However, since sparse matrices with good expansion
properties are needed, this cap is automatically satisfied, especially for large values of m and
n. However, in the software implementation, checks are imposed on the row weight of the
pooling design and reject designs with high row weights. Further, instead of pooling each
sample at full concentration, fractional concentrations of all samples are used in practice.
The fractions are determined by row weights such that they sum up to a concentration
equivalent to testing one sample, at full concentration, on each chip. Therefore, in practice,
the pooling design is not a binary matrix, but has entries that are fractions summing up to
one in each row. Finally, due to the small experiment size (12 chips for 15 samples), it
was possible to exhaustively calculate the expansion property of the pooling design for low
values of k (up to 2), thereby allowing us to choose a “good” design (where ∼ 77% of all
pairs of spikes had ε = 0).
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5.4.3 Decoding strategy

The poolMC decoder solves a linear program of the form:

min ||x̂||1 subject to ||Φx̂− y||2 ≤ δ (P1)

Here, Φ is the pooling design, y is the pooled measurement, and δ is a constraint relax-
ation parameter. poolMC uses the l1-magic software package (Candès and Romberg, 2005)
to solve the linear program. If the gene’s expression profile is sparse, then Theorem 5.4.4
guarantees accurate decoding. This guarantee is discussed in detail in the next subsection.

As seen in Figure 5.3, gene expression profiles are not sparse in the strictest sense. They
can, however, be sparse when their deviation from the median value is considered. Therefore,
poolMC’s decoder operates on the median-subtracted gene expression. An approximate
median value is arrived at from the median value of the pooled measurements. Since the
pooling design used in practice preserves the magnitude of the gene’s expression values (its
rows sum up to 1), taking the median of measurements gives a good approximation to the
actual median value. The decoder then operates on the median-subtracted version of the
measurements. The MATLAB software implementation of the poolMC decoder is provided
in Appendix B.2.

5.4.4 Theoretical guarantee of decoding

poolMC provides the following decoding guarantee (Berinde et al., 2008).

Decoding guarantee theorem

Let Φ be a m×n matrix of an unbalanced (2k,ε) expander. Consider any two vectors x, x̂,
such that Φx = Φx̂, and ||x̂||1 ≤ ||x||1. If S is the set of k largest (in magnitude) coefficients
of x, then,

||x− x̂||1 ≤C(ε)×||x− xS||1

As shown in the previous section, the pooling design used in the experiment described
in the paper is an (2,0)-unbalanced expander. Therefore, k = 1, in Theorem 5.4.4, which im-
plies that genes with a single spike in their expression profile are guaranteed to be recovered
with an error bounded by the right hand side expression. The error bound consists of two
parts – the deviation from the one-spike assumption of the design and the scaling constant
dependent on the design. The scaling constant is a function of the expansion coefficient ε of
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the expander graph, C(ε) = 2/(1−2α(ε)) where α(ε) = (2ε)/(1−2ε)). Figure 5.4 shows
the relationship between these parameters. It would be advantageous to have a low value
for ε as it would imply a low scaling factor. For ε = 0, the scaling factor is 2. The effect of
deviation from the sparsity assumption on the error guarantee of the decoding strategy is
discussed next.

Figure 5.4 Variation of the scaling constant in Theorem 5.4.4 as a function of the expansion
property of the expander.

As shown in Figure 5.2, the success of smart pooling depends on the sparsity of gene ex-
pression. Therefore, the theoretical guarantee for accurate recovery, Theorem 5.4.4, is stated
in terms of the sparsity, or lack thereof, of the underlying gene expression. Conventionally,
the mathematical arguments treat non-spikes as having a value close to zero. However, in
the case of gene expression, the non-spikes have a value close to the median, as seen in
Figure 5.1. Therefore, a median-subtracted version of the gene expression profile is used in
our analysis, a sample of which is shown in Figure 5.5.

Theorem 5.4.4 can be restated as follows:

%Decoding error≤ Constant×%Deviation from sparsity (5.1)

The decoding error refers to the total difference, across all samples, between decoded
and actual (true) expression for a gene and is scaled to magnitude of the expression profile.
According to equation 5.1, the percent decoding error will always be less than or equal to
the percent deviation from the one-spike sparsity assumption made by the pooling scheme.
The scaling constant depends on the pooling scheme used and is greater than or equal to 2,
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as described in the previous section. The guarantee provided by a smart pooling method,
stated in equation 1, helps guide the choice of parameters for the pooling scheme design.

Figure 5.5 Absolute value of median-subtracted gene expression for an example gene, sorted by
magnitude.

This result is illustrated using the example of the monoplex data for gene AT5G54740,
shown in Figure 5.5. For this gene, 90.41% of expression value is contained in a single
sample. Therefore, we can use the pooling scheme described in the previous section, which
was designed for a single spike.

Therefore, for the gene shown in Figure 5.5, the deviation from the one-spike scenario is
100%-90.41%=9.59%. Therefore, the right-hand side (RHS) of equation 1 takes a value of 2
x 9.59% =19.18%.

A synthetic pooling experiment was performed using the data shown in Figure 5.5, using
the design shown in Figure 5.3, in a noise-free setting. The decoded result of the synthetic
pooling experiment is shown in Figure 5.6. This example can be recreated by running the
MATLAB code provided in Appendix B.3.

The percent decoding error, left-hand side (LHS) in equation 5.1, for the gene shown in
Figure 5.6 is equal to 9.39%. While the scaling constant times the percent deviation from
sparsity, the right-hand side (RHS) of equation 5.1, was 2 × 9.59% =19.18%. Therefore,
the theoretical guarantee in equation 5.1 is satisfied.

The error guarantee in Theorem 5.4.4 is universal. Figure 5.7 demonstrates this for the
decoded results from the synthetic pooling experiment for all 21,505 genes in the system. As
shown in the figure, the decoding error is always below the theoretical error bound guarantee.
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Figure 5.6 Overlay of actual expression profile and decoded result of a synthetic pooling experi-
ment for the gene shown in Figure 5.5.

It also shows that the decoding error scales linearly with the deviation from sparsity.

Figure 5.7 A demonstration of Theorem 5.4.4 via a synthetic pooling experiment using the mono-
plex data, showing that the decoding error (y-axis) is always below the theoretical guarantee.

However, the conditions for the error bound in Theorem 5.4.4 are violated in practice in
the following three ways:

1. In real systems there is noise in measurements. The effect of measurement noise is
similar to deviation from sparsity in increasing the error bound on the decoded results.

2. As described in the pooling design section, the pooling design used in practice is not
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strictly a binary matrix (rescaled by a constant factor) as each row is rescaled so that
it sums to 1. The effect of this deviation from the conditions under which Theorem
5.4.4 holds is not clear. Although, the synthetic and experiments described in the
paper were not affected by this change. For large enough pooling designs constructed
randomly as in Berinde et al. (2008), the row weights cluster tightly about their mean
value and our rescaling procedure produces a matrix which deviates only slightly from
a truly binary matrix.

3. The poolMC decoder operates on the median-subtracted version of the measurements.
However, the discrepancy in the estimation of the median adds to the decoding error.
The decoding error due to median-approximation increases as the deviation from
sparsity, hence the error in median estimation, increases.

5.4.5 Analysis procedure

The decoding procedure described in the previous sub-section was applied individually to
each of the 21,505 genes in the system to obtain each gene’s expression in all 15 samples.

Both the multiplex and synthetic pooled measurements were decoded and analyzed
using the same procedure. The only source of noise in synthetic measurements is the noise
resulting from measurements of the individual samples, and as such can be used to identify
the sensitivity to experimental errors.

The success of poolMC was analyzed by directly comparing the monoplex and multiplex
results. To test the linearity hypothesis, the multiplex measurements were compared with
the synthetic measurements. To check if both datasets behaved similarly under standard
microarray data analysis techniques, six differential expression analyses were performed
between each of the 4 pairs of biological replicate samples present in the dataset for all three
results – monoplex, multiplex, and synthetic. The overlap of significant genes obtained from
the analysis in each of the six cases was used to evaluate the similarity of the monoplex to
multiplex results.

5.5 Experimental results

poolMC depends on two key assumptions – linearity and sparsity. To test the linearity as-
sumption the multiplex measurement was compared with the synthetic measurement. Figure
5.8 shows the alignment between synthetic and multiplex measurements, indicating that
mixing samples produces measurements that are linearly additive. In Figure 5.8, we observe
a greater disagreement between the synthetic and multiplex data in the low expression range.
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This disagreement is likely due to measurement noise, because the synthetic measurements
were simulated using the monoplex results, while the multiplex measurements were directly
measured. As the expression level drops, the signal to noise ratio of the assay decays,
generating discrepancies even between technical replicates. The slight deviation from the
45 degree line in Figure 5.8 is due to the monoplex, hence synthetic, and multiplex measure-
ments being preprocessed separately.

Figure 5.8 Comparison between synthetic and multiplex measurement for all 12 pooled samples,
showing all 21,505 genes.

Having confirmed the linearity assumption, the poolMC linear programming decoder
was applied to both the synthetic and multiplex measurements. Overview figures for all
samples are shown in Figures 5.9 and 5.10. These results demonstrate that overall the
synthetic case provides a better fit to the monoplex result. This better fit is expected because
the synthetic measurements have no measurement noise, relative to the monoplex. However,
where the synthetic and multiplex results show large deviations from monoplex results,
they do so in similar patterns, implying that the decoding error is due to deviation from the
sparsity assumption of the design.

Next the data at the individual gene level was examined to determine how well the multi-
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Figure 5.9 Comparison between monoplex and synthetic pooling results for all 15 samples, show-
ing all 21,505 genes.

plexed result could recover the monoplexed result. Figure 5.11 shows four representative
examples of individual genes, under different conditions of sparsity and measurement noise.

The four cases in Figure 5.11 are described below, numbered according to the figure.

a A gene with exactly 1 spike and close to no measurement noise (strong alignment
between synthetic and multiplex measurements in inset) is decoded accurately, as
guaranteed by the pooling design used.

b A gene with exactly 1 spike but with significant noise in a measurement (far right data
point in inset is not aligned), is not decoded accurately.

c A gene with multiple spikes but low noise is decoded with moderate accuracy, even
though the number of spikes exceeds the algorithmic guarantee.

d Gene with multiple spikes and low noise is not decoded accurately due to a larger
deviation from the sparsity assumption than in (c).

Although, the four examples are only a small sampling, the patterns shown in Figure 5.11
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Figure 5.10 Comparison between monoplex and multiplex results for all 15 samples, showing all
21,505 genes.

are representative of the properties of the decoding algorithm. The suggested experimental
settings that will maximize the utility of smart pooling are discussed in the next section.

Given that the monoplex and multiplex results often produce the same pattern of ex-
pression, we next compared the lists of differentially expressed genes obtained from both
lists. Because the 15 samples contain 4 pairs of replicate sample measurements (samples
2-4, 3-5, 7-8, and 12-15), differential expression analysis was performed between pairs of
biological replicates using the Significance Analysis of Microarrays (SAM) method (Tusher
et al., 2001) to obtain lists of significantly expressed genes. The SAM analysis compares
the expression data for two or more sample types (treatments or conditions) to identify
genes that were differentially expressed among them. Further, it uses a permutation-based
method to identify is the differential expression was significant. Hence the need replicate
measurements for each sample type. The SAM analysis was carried out independently
within each dataset – monoplex, synthetic, and multiplex – and the resulting lists of differen-
tially expressed genes were compared across the datasets (Table 5.5). Before carrying out

75



Figure 5.11 Four examples of decoding performance. (a) Low spike, low noise case, (b) Low spike,
high noise case, (c) High spike, low noise case, and (d) High spike, high noise case. For each gene,
expression profiles from monoplex result (black square), decoded synthetic result (red open circle),
and decoded multiplex result (blue star with lines) are shown. Inset shows the alignment between
synthetic and multiplex measurements (green dots) for the gene across the 12 pooled samples. Raw
gene expression values are shown.

the SAM analysis 50% of the 21,505 genes were filtered out based on variance to increase
statistical power (Hackstadt and Hess, 2009).

In all six comparisons, the longest significant-gene lists were produced by the monoplex
dataset. The multiplex and synthetic datasets identified fewer differentially expressed genes
at the 10% q-value cut-off. As expected, the synthetic dataset shows more overlap with
the monoplex than the multiplex does. This difference in overlap can be attributed to the
decrease in noise in the synthetic dataset. The significant disparity in number of significant
genes common to both monoplex and synthetic datasets can be attributed to the lack of
sparsity in a large number of genes in the 15 samples chosen for the experiment, resulting in
decoding errors.
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Sample pairs tested # of significant genes at q=10% # Overlap with Monoplex
Monoplex Multiplex Synthetic Multiplex Synthetic

2-4 v. 3-5 761 43 13 27 13
2-4 v. 7-8 1545 3 5 3 5

2-4 v. 12-15 163 69 175 21 87
3-5 v. 7-8 1 0 0 0 0

3-5 v. 12-15 280 2 1 2 1
7-8 v. 12-15 26 1 1 0 1

Table 5.1 Comparison of significant calls, obtained via a SAM analysis between biological repli-
cate measurements from monoplex, multiplex, and synthetic datasets. The overlap of significant
genes (at q-value=10%) common to monoplex and each of multiplex and synthetic datasets for each
biological replicate pair tested are shown.

5.6 Conclusions

In this chapter, I investigated pooled experiments following a compressive sensing inspired
design and decoder (poolMC) would be effective for gathering gene expression data. The
approach described here is easy to implement with existing chips, as it only requires an
intelligent mixing of samples. The analysis results indicate that gene expression measure-
ments are sufficiently additive to be amenable to a linear decoder, and in some cases are
sufficiently sparse to be compressed. When the experimental noise was sufficiently low and
the expression profile was sparse, we have shown that poolMC can provide experimental
compression.

However, the overall agreement between the lists of differentially expressed genes from
the monoplex and multiplexed results did not show a strong overlap. This lack of overlap
was due to three factors: (1) experiment size, (2) sparsity of gene expression, and (3) ex-
perimental noise. In this study, we carried out a small pilot study with only 12 multiplexed
results compared to 15 monoplexed results. At this scale, multiplexing provides relatively
few benefits in terms of both compression and robustness. As is shown in Figure 5.12, the
compressive abilities of a poolMC type design increase significantly as the design is enlarged.
The number of chips needed to identify k spikes in a experiment of size n is approximately
k log(n/k). For example, a study with 100 samples would require approximately 23 chips, if
only 1 in 10 samples showed differential expression. However, it should be noted that these
calculations ignore measurement noise and should therefore be treated as a lower bound on
the experiment size.

The second factor was the sparseness of the gene expression data. As is shown in Figure
5.12, the more spikes in a sample, the larger the required design. Gene expression data
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Figure 5.12 The approximate number of microarray chips needed based on number of samples
used for the pooling experiment and the number of spikes expected in the samples.

is not inherently sparse, but can be, depending on the particular samples chosen. In the
experimental case used here, the data contain a large number of genes that do not change,
corresponding to zero spike cases. These zero spike cases are in general accurately recovered
from the multiplexing, but are of less interest than the cases that show differential expression.
An ideal situation for multiplexing gene expression data would be a large dataset where
there are only a small number of unusual samples, such as for screening for a rare disease or
mutation. Alternately, the decoding methods could incorporate information about the corre-
lation structure of the genes to better exploit sparsity of the data. Finally, it should be noted
that negative spikes could be more difficult to decode than positive spikes because negative
spikes have a bounded magnitude that cannot go below zero. In contrast, up-regulated genes
are essentially unbounded in their magnitude, and as such easier to decode.

The third factor is experimental noise. Gene expression profiling is a well-standardized
method with relatively little noise, however this study shows that even the technical noise
present in gene expression profiling can cause artifacts in multiplexed results. The experi-
mental design can be modified to increase the robustness of the predictions to noise, but at
the cost of adding additional experiments.

This small experiment suggests that pooling can be carried out successfully within the
theoretical guarantees provided by poolMC. In practice, however, there are a number of
strong requirements of experiment size, sparseness, and assay noise that need to be consid-
ered to make pooling work well for gene expression profiling. Figure 5.12 implies that for
smart pooling to be successful, the number of samples used should be increased and the
type of experiment should be chosen carefully to avoid a large number of spikes. Finally, it
would be interesting to study the connections between the linear decoding procedure used in
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this paper and other `1 regression methods such as Lasso (Tibshirani, 1997).
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Chapter 6

Conclusions and Future Directions

In this thesis I took up the challenge of making large-scale, high-throughput biological
experiments more efficient and robust. Much of the challenge lay in identifying analogies
between biological experiments and communication theory and importing ideas used in the
latter to solve problems in the former. In this chapter I will discuss some of the key contribu-
tions of this thesis towards this challenge. I will also highlight ideas that represent useful
avenues of inquiry for improving the methods described in this thesis and their application.
Finally, I will speculate about other areas in which the pooling design framework could be
fruitful.

6.1 Biological channel capacity

In communication theory there is a concept called channel capacity. It refers to the rate at
which information, in the form of bits of data, can be transmitted over a communication
channel. Depending on the medium of transmission and the type of channel, there are often
limits on this rate – hence the term channel capacity. The engineering challenge is to come
up with ways to transmit information – called the “message” – at maximum channel capacity.
Additionally, the communication channel can be noisy, due to the physical act of transmitting
an electrical signal over a medium, leading to the corruption of the transmitted information.
These challenges led communication theorists to look for ways to efficiently and reliably
transmit information. The fields of information and coding theory came out of efforts to
achieve this goal. One approach was to use the fact that there is often redundancy in the
information being transmitted. Therefore, the message can be transmitted by removing the
redundant information – a process called “compression.” The transmitted message can then
be used to recreate all the information by expanding back the redundant compressed parts.
Additionally, the transmitted message has to overcome the corruption caused by a noisy
communication channel so that the message can be recreated accurately in its entirety. For
over half a century, the fields of information and coding theory have studied this problem
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and produced a solid theoretical framework to help solve it. These advances have helped
our digital age of cellular phones, the internet, GPS systems, etc. to become a reality.

Now think of the biological experiment as a communication channel across which we
obtain information about the biological system. Just like the communication problem, the
capacity of these channels is often limited and they too are subject to noisy transmission.
Rapid technological advances have allowed us to increase the “channel capacity” of biologi-
cal experiments to obtain large amounts of information fairly quickly. However, there is still
the engineering problem of making maximum use of this capacity.

In the following sections I will discuss advances made in this thesis and potential av-
enues of inquiry that help maximize the use of biological channel capacity. Just like in
communication theory I want to exploit redundancy in the biological information in order to
achieve this goal. It is no coincidence that pooling design theory has such a strong overlap
with coding theory.

6.2 Pooling designs and decoding

A key contribution of this thesis has been the identification of the pooling problem in the
context of two high-throughput biological experiments and establishing the connection
between these problems and the general theory of pooling designs. Drawing on a rich
literature stream from statistics, mathematics, and computer science, the thesis brings a
rigorous approach to solving the pooling problem and establishes a general framework that
is easily transported to other experimental platforms.

In the context of pooling designs, the thesis helped develop the shifted transversal de-
sign (STD) pooling strategy into a practical solution to the pooling problem for biological
experiments. Further, the STD strategy was made to fit the practical constraints of existing
experimental set-ups. The software to create specific STD-based experimental designs and
decode their results was made available.

6.2.1 Increasing complexity of pooling design strategies

Going forward, the goals of pooling design strategies will increase in complexity. Along
with the quest for improving the efficiency and robustness of high-throughput biological
experiments other practical needs will have to be met. The inability to mix a large number
of items in a real experimental scenario seems to be the biggest obstacle to the success of
pooling designs. In Chapter 3, I proposed the use of a block pooling design that solves the
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problem by cutting it up into manageable chunks – using the same pooling design repeatedly
on subsets of items being tested. Although this approximation is a useful engineering
solution, a more concrete mathematical formulation of the problem and a rigorous solution
that emerges from this formulation is desirable.

6.2.2 Information equivalence metrics

To further make the case for pooling designs, it would be useful to develop a metric that can
be help compare the information obtained by a pooling design relative to the “one item, one
test” approach. The inherent redundancy of pooling designs allows it to not only identify
the items of interest successfully but also overcome testing errors. A single run of the “one
item, one test” (singleplex) strategy can identify all the items of interest provided there are
not significant experimental errors. Multiple runs of the singleplex strategy may allow it
to overcome testing error. But the effort, in terms of number of tests used, also increases.
Therefore, it would be fruitful to have a metric of “equivalent information” that can be used
to compare the pooling design to the singleplex. For example, this metric could tell us
“for a biological experiment with a hit-rate of 1% and error-rate of 5% the pooling design
is equivalent, in terms of sensitivity and specificity, to 2 runs of the singleplex method.”
Developing such a metric would require the use of simulation methods to calculate the
average-case performance of the pooling design.

6.2.3 Computationally-intensive decoding strategies

Alongside developments in pooling design methods there need to be improvements in decod-
ing approaches as well. Chapter 4 described two methods that represent initial steps towards
a generalized, quantitative solution to the decoding problem. Inevitably these advanced meth-
ods would rely more heavily on the use of computation. An interesting new development
along these lines was the introduction of Bayesian methods to solve the decoding problem
(Uehara and Jimbo, 2009). The authors proposed a decoding strategy that can incorporate
prior knowledge about items being tested into the solution. This knowledge is used along
with the testing results to arrive at a posterior probability of each items “activity” using a
Bayesian inference method. Instead of yes-no calls for items the Bayesian method produces
a probabilistic estimate of each items activity. Such an approach can also be extended to
ask interesting questions about second-order effects of pooling designs, such as synergitic
or antagonistic effects of pooling compounds in high-throughput screens. Like most other
computational approaches the Bayesian methods would shift work from experiments to
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analysis. However, the low cost of computing makes the investigation of these approaches
worthwhile.

6.3 High-throughput drug screening

This thesis implemented a pooling design strategy to improve the efficiency and robustness
of high-throughput drug screening. The strategy was tested with moderate success in a small
proof-of-concept screen. The next step is to test the strategy on a large screen where the
number of compounds and associated hit and error rates provide a more suitable proving
ground for its success.

6.3.1 Cheminformatic approach to pooling design

Meanwhile, various kinks in the practical application of pooling designs need to be ironed
out in order to increase its acceptance in the wider screening community. First, the concern
about the deleterious effects of mixing chemical compounds in HTS needs to be addressed.
Several approaches have been proposed to prevent interactions among compounds during
pooling, such as: (i) reducing the number of compounds pooled; (ii) pooling dissimilar
compounds; and (iii) systematically preventing chemical classes such as electrophiles and
nucleophiles from mixing (Warrior et al., 2007; Hann et al., 1999). For adaptive pooling
designs, computational methods have been designed that use chemical structure information
to design optimal pools for maximizing coverage of the chemical space, while minimizing
overlap (Remlinger et al., 2006). For orthogonal pooling, simulation techniques have been
proposed that predict probabilities for the occurrence of synergy and blocking (antagonism)
to help select the most suitable efficient pooling and retesting schemes (Xie et al., 2001).
Similar methods can be developed for the pooling designs described in this thesis.

6.3.2 Exploiting compound interactions

Although reducing the effort required to screen a library of compounds for activity against a
biological target while building robustness to testing errors are a fruitful goals pooling in
high-throughput screen can offer much more. The search for new classes of multi-compound,
multi-target therapeutics has become the focus of drug discovery (Borisy et al., 2003; Zim-
mermann et al., 2007). This implies that identifying the effect of a single compound on
a target is insufficient. The cumulative effect of multiple compounds is now of interest.
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Several research groups have systematically screened multi-compound mixtures to identify
useful synergistic effects, with reasonable success (Feng and Shoichet, 2006). But even sys-
tematically testing pairs of compounds for thousand to million compound libraries becomes
prohibitive. Pooling designs provide a way to test for multi-compound effects – whether
they are synergistic, antagonistic, or additive effects – in a reliable manner. As described
in the previous section, the increasing complexity of the goals of pooling designs would
require advances in theory and practice. The STD strategy has an in-built parameter that
controls the coverage of pairs of compounds being tested together. This can be exploited to
test compounds together in a systematic yet efficient way. Next, the increased complexity of
the decoding problem, when multi-compound effects are allowed, needs to be addressed.
My guess is that the solution will come from the Bayesian pool decoding methods described
in the pervious section.

A problem similar to the discovery of multi-compound effects is the problem of screen-
ing natural product libraries (Mishra et al., 2008; Koehn, 2008). These libraries consist of
fractionated components of a naturally occurring therapeutic. The goal is to identify the
components that possess the therapeutic properties and use them to develop more efficient
and targeted cures. However, it is often seen in such screens that individual components
do not possess the therapeutic properties by themselves. It is often a mixture of these com-
ponents that actually possessed the therapeutic property in the natural state. As discussed
above, the pooling design approach can address the challenge of screening natural product
libraries.

6.3.3 Automating pooling design strategies

Finally, one of the practical challenges of pooled drug screening is the act of pooling com-
pounds from a large library. With existing liquid-handling systems the pooling process may
be time-consuming and inefficient. The tradeoff between the time taken to pool items and
the corresponding savings achieved by doing so may cancel each other out. A solution to this
problem could be creating a premixed library of compounds. The idea is to design a master
pooling scheme that has well-tested properties guaranteeing the ability to handle a high hit
and error-rate. Such a design can then be implemented once on a library of compounds
and the resultant master mix can be stored for future use. This would eliminate the need
to perform pooling for every time we screen this library. The master mix can be tested on
every target of interest using common liquid-handling systems.
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6.4 Gene expression microarrays

Chapter 5 described a novel smart pooling approach to run gene expression microarray
experiments. The idea was to exploit the sparsity in a genes expression profile to reduce the
number of microarray chips needed to obtain the expression profile. The methods hinged on
choosing a set of samples that were more likely to exhibit a sparse gene expression profile.
Further, the recovery of the expression profile from pooled measurements depended on an
assumption of linearity in measurements. A small poorf-of-concept validated the linearity
assumption but the sparsity assumption was not satisfied. The smart pooling strategy needs
to be tested on a larger scale in a well-chosen system that assures the validity of the sparsity
assumption. Possible candidates for such a system are biomarker discovery experiments
that look for differentially expressed genes between normal and tumor samples, such as
the Expression Project for Oncology (http://www.intgen.org/). Such experiments involve
testing several tumor samples from a specific tissue on microarray chips and compare the
results against the expression profiles of a similar number of normal samples from the same
tissue in order to identify biomarker or genes that show significant differential expression.
Typically, the number of samples in each category can range from a few tens to several
hundreds (see Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/projects/geo/ ) for
examples). The proposed smart pooling experiment would involve testing each set – normal
and tumor – of samples using a pooling design strategy. The sparsity assumption is more
likely to be satisfied within each group such that when the pooling design is applied to
the normal sample set, say, then it is likely that there are few spikes across them thereby
enabling efficient decoding. When a large number of samples are being tested for each
group, a pooling design would provide valuable savings in microarray chips needed while
guaranteeing success due to the satisfaction of the sparsity assumption.

6.5 Application of pooling designs to high-throughput bi-
ological experiments

As described in Chapter 1, there is a long history of applying group testing or pooling design
strategies to solve a similar core problem – searching for a needle in a haystack, with errors
– that cropped up in very diverse fields. In the past decade, the pooling approach has been
applied to several new biological problems mainly due to the increasing availability of auto-
mated platforms that allow a large number of experiments to be performed simultaneously.
Some of these attempts are described below.
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6.5.1 Population genotyping for rare genetic diseases

A recent application of pooling designs that received a lot of attention was the problem of
genotyping large populations to detect individuals carrying risk alleles, which indicate the
presence of a rare genetic disorder (Prabhu and Pe’er, 2009; Erlich et al., 2009a,b, 2010).
The central idea was to pool samples from individuals before sequencing the samples using
expensive next-generation sequencing technologies to detect rare mutations. The results
from the pooled samples can then be used to identify the individuals carrying these muta-
tions. From a pooling design point of view, there are several advantages of this experimental
platform. Firstly, pooling genetic material is usually much easier as the mixture is essentially
homogeneous, unlike chemical compounds. This homogeneity ensures that artificial errors
induced by pooling samples are limited. Second, next-generation sequencing (NGS) meth-
ods have much higher capacity that allows a large number of samples to be pooled (Mardis,
2008b,a). The equivalent of a well in HTS is a lane in NGS. Where a well in HTS could
accommodate at a pool of about 10 compounds, a lane in NGS can accommodate about 1000
samples (Erlich et al., 2010). The expanded capacity makes pooling designs more attractive
due to greater scope for savings in effort. Finally, rare mutations in populations are indeed
rare. Good estimates of the “hit-rate” are available for rare mutations, making the task
of designing pooling strategies much easier. In an application like HTS, every new target
screened against a compound library has essentially an unknown hit-rate, whereas NGS
does not have that problem. Further, NGS technology has much lower error-rates than HTS
(Mardis, 2008b,a). All these factors put together make pooling designs for detecting rare
mutations using NGS a very attractive field of study. There are several practical challenges in
designing efficient decoding methods for the pooled measurements from NGS applications
that still need to be addressed (Erlich et al., 2010).

6.5.2 Acute HIV infection testing

Another application where pooling designs have been tried is in the detection of very rare
cases of HIV infection using an expensive nucleic acid amplification test (NAAT) (Kim
et al., 2007; Westreich et al., 2008a). The problem is similar to the blood testing for syphilis
described in Chapter 1. The methods currently in use resemble orthogonal pooling strategy
described in Chapter 2. As described in Chapter 2, this pooling strategy does not allow the
detection of multiple infections. Therefore, this application would benefit from the pooling
design and decoding strategies described in this field.

86



6.5.3 Other applications

Several other applications display characteristics very similar to the pooling puzzle described
in Chapter 1. A variety of pooling techniques have been used in these applications. But they
could still benefit from the unified pooling design and decoding methods described in this
thesis. Some of these applications are briefly described below:

1. Testing food for contamination – In the light of recent outbreaks of food contamina-
tion such as – salmonella, E. coli, melamine etc. there is a proposal to subject food
supply chains to testing. The problem closely resembles group testing problems where
false-positive detections are a major concern (Kennedy, 2008).

2. Multiplexing targets – This considers the flip side of the pooling problem in high-
throughput screens, that of multiplexing targets rather than compounds (Grover et al.,
2003). If both multiple targets and multiple compounds are screened via a pooling
design, it opens up the possibility of discovering multi-target, multi-compound thera-
peutics.

3. Multiplexing siRNA screens – The goal is to compress RNA-based gene silencing
screens to investigate gene-function relationships and to identify molecular targets
(Martin et al., 2007; Silva et al., 2008).

4. Protein-protein interaction mapping – In order to uncover the interactome a lot of
pooling design efforts similar to those used in this thesis (Chapters 3 and 4) have been
applied (Jin et al., 2006, 2007; Vermeirssen et al., 2007; Xin et al., 2009). It would be
beneficial if both applications borrow from each other to solidify a general framework
for the pooling problem.

5. DNA-DNA hybridization experiments – Another instance of parallel development
and application of pooling designs to detect target sequences, such as different virus
subtypes, that are very similar and hence difficult to uncover using specific probes
(Schliep et al., 2003).

6. Compressive sensing microarray – Analogous to the DNA-DNA hybridization ex-
periments, the goal here is to develop a microarray chip that explicitly takes cross-
hybridizataion into account for detecting microbes (Dai et al., 2009).

Finally, one of the more interesting challenges I faced during my thesis work was a
communication problem very much in the spirit of the ones I tried to solve in my thesis. I
spent a great deal of time during my thesis work identifying analogies between biological
experiments and communication theory and importing ideas used in the latter to solve
problems in the former. I spent an even greater deal of time on the reverse process – that
of conveying the solutions to the target audience of experimentalists. This communication
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problem provided me the opportunity to develop my skills as a translator between two very
different languages and intellectual cultures – mathematics and biology. This process of
translation has given me immense pleasure as it allows me to explore different ways of
conveying ideas to disparate audiences and to get them talking to one another. Many of
the illustrations used in this thesis to convey the mathematics of pooling designs in the
context of biological experiments are a result of this process. My hope is that this thesis
will get establish an efficient and robust communication channel between these fields, so as
to maximize information transfer between them, leading to the successful and widespread
application of pooling designs in high-throughput biological experiments.
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Appendix A

poolHiTS

A.1 Shifted transversal design construction
Given the design parameters q and k, the pooling matrix M = STD(n;q;k) can be con-
structed as follows. The STD has a layered construction consisting of k layers of q× n
boolean matrices. For all j ∈ {0, . . . ,k−1}, let M j be a q×n boolean matrix representing
layer L( j), with columns C j,0, . . . ,C j,n−1. Let the circular shift operator, σq, be defined

as, ∀(x1, . . . ,xq) ∈ {0,1}q, σq


x1

x2
...

xq

 =


xq

x1
...

xq−1

 and C0,0 =


1
0
...
0

. Note that σq is a

cyclic function and when applied q times maps {0,1}q onto itself, σ s
q


x1

x2
...

xq

=


x1

x2
...

xq

,

s = q. To design a layer L( j), for all i ∈ {0, . . . ,n−1} construct C j,i = σ
s(i, j)
q C0,0, where,

• if j < q : s(i, j) =
Γ

∑
c=0

jc
⌊ i

qc

⌋
• if j = q : s(i,q) = b i

qΓ c

The layers L( j) are put together to form M by, STD(n;q;k) =
k−1⋃
j=0

L( j). A detailed descrip-

tion of the construction is available in the original STD paper (Thierry-Mieg, 2006a).

A.2 Error-rate limit

Given n,d and E, the STD algorithm uses a prime number q (< n) and a compression factor
Γ(=

⌈
logn
logq

⌉
−1) which satisfy the inequality, dΓ+2E≤ q. The number of tests required for

the design is, t = q(dΓ + 2E + 1). The error-rate corrected by this design can be defined
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as, e = E
t × 100. However, for a choice of q that satisfies the design requirement there

is a upper limit on the number of errors the corresponding design can correct, given by,
Emax =

⌊
q−dΓ

2

⌋
(arrived at from the inequality above). This implies that the error-rate (e)

that can be specified for a design is constrained in the following manner.

e≤ Emax

t
×100 (A.1)

Using the expression for t,

e≤ Emax

q(dΓ+2Emax +1)
×100 (A.2)

Substituting for Emax,

e≤
bq−dΓ

2 c
q(dΓ+2bq−dΓ

2 c+1)
×100 (A.3)

Using the above inequality it is possible to deduce the maximum error-rate that STD
can handle for a particular n-compound library with at most d active compounds and an
assay with a limit on mixing not more than m compounds in a test. However, in most
cases, the numerical value of the maximum error rate can only be calculated by executing
(Algorithm 3.3) completely. For the simplest case of d = 0, since q is a prime number and
hence odd (except for q = 2), the term bq−dΓ

2 c is reduced to bq
2c and is always equal to q−1

2 .
Simplifying the expression for the error limit, we get, e≤ q−1

2q2 ×100. Whereas, for q = 2
(the only even prime number), the value of the limit is, e≤ 1

6 ×100∼ 16.67%. This is the
maximum error-rate that STD-based designs can guarantee correction for.

A.3 STD correction

In the case where the choice of the design parameters q and k (= dΓ + 2Emin + 1) are
such that, k = q + 1, then the construction of the last layer ( j = k− 1,k = q + 1) will
use s(i,q) = b i

qΓ c (see Appendix A.1). Since each layer L( j) consists of q rows and
n columns and these are constructed by applying the circular shift operator (σq), s(i,q)
times, on C0,0 where i ∈ {0, . . . ,n− 1}. By definition qΓ < n ≤ qΓ+1, s(i,q) takes the
values {0,1, . . . ,q− 1} sequentially. As shown in the illustration below, for columns
i∈ {0, . . . ,qΓ−1}, s(i,q) = 0 and hence they all resemble C0,0 exactly. The next qΓ columns
have s(i,q) = 1 and resemble C0,0 once shifted and so on.
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row/col. 0 . . . qΓ−1 qΓ . . . 2qΓ−1 . . . . . . . . . n−1 . . . (q−1)qΓ . . . qΓ+1−1

0 1 1 1 0 0 0 0 0 0 0 . . . 0 0 0
0 0 0 1 1 1 0 0 0 0 . . . 0 0 0

...
...

...
...

d n−1
qΓ e 0 0 0 0 0 0 0 1 1 1 . . . 0 0 0

0 0 0 0 0 0 0 0 0 0 . . . 0 0 0
...

...
...

...
q−1 0 0 0 0 0 0 0 0 0 0 q×n . . . 1 1 1

When the library size n is such that
⌊

n−1
qΓ

⌋
< q− 1, only rows from 0 to

⌊
n−1
qΓ

⌋
have

compounds in them and the rest of the rows in the layer are empty. It follows that in this
layer the number of compounds mixed in each test is qΓ. Usually, the number of compounds
per test is dn

qe and in this case we know that n
q < qΓ. Hence, it is essential to make this

correction in order to correctly implement the mixing constraint.
For example, In Table 2 of the original STD paper (Thierry-Mieg, 2006a), there is a case

where n = 10000, d = 3 and E = 2 with the optimal choice of q = 13 and k = 14. In this
case k = q+1, so the actual number of tests is t = 174, and not 182 (= 13×14) as stated
in the paper, and the maximum number of compounds being mixed is actually 2197 rather
than 769.

A.4 Corrected STD

A modification is required for the special case where the choice of design parameters (q
and k) is such that k = q+1 and

⌊
n−1
qΓ

⌋
< q−1. The construction remains essentially the

same as Appendix A.1 with the only modification being the removal of the unnecessary tests
with no compounds in them. As shown in Appendix A.3, the last q− (bn−1

qΓ c+1) rows of
M need to be removed. It should be noted that the maximum number of compounds being
mixed in a test is qΓ. The MATLAB implementation of this construction is provided (see
Appendix A.7).

A.5 Choice of block size

The problem of block size selection is one of sampling without replacement. The compound
library (n) with at most d active compounds has to be divided into B blocks of size nB

and the probability of dividing these active compounds into different blocks needs to be
determined. The hypergeometric distribution provides a way to estimate this probability.
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Thus, the probability of finding i active compounds in a block of size nB selected without
replacement from the compound library of size n that contains d active compounds is given
as,

P(i) =

(
d

i

)(
n−d

nB− i

)
(

n

nB

) (A.4)

The identification of the experiment design parameter dB for the block requires the
specification of a probability (pB) representing a confidence in finding at most dB active
compounds in a block of size nB, which is the sum of all the individual probabilities of
finding exactly i = {0,1, . . . ,dB} active compounds out of nB compounds. Therefore the

condition for calculating dB is,
dB

∑
i=0

P(i)≥ pB, thus arriving at Equation 3.2. It is useful to

note that other design parameters of error-rate (e) and mixing constraint (m) are so defined,
as to be the same for individual blocks and the whole library. The MATLAB implementation
of this equation is provided (see Appendix C.1).

A.6 poolHiTS decoder

% poolHiTS_decode.m

%

% pooHiTS : A Shifted Transversal Design based pooling strategy for

% High-Throughput Drug Screening

%

% Decodes results (binary) of an expt. T using M from poolHiTS(n,d,e,m)

%

% Written by: Raghu Kainkaryam, University of Michigan

% Created: December 2007

% Modified : March 2008

function List=poolHiTS_decode(n,d,E,M,T)

[rm cm]=size(M);

Mneg=[];

Mpos=[];

Tneg=find(T==0);
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Tpos=find(T==1);

% Search for Inactive Compounds

% All compounds present in (E+1) negative tests

% are tagged inactive

for j=1:cm

if sum(M(Tneg,j)) ≥ E+1

Mneg=[Mneg;j];

end

end

% Search for Active Compounds

% All compounds present in (E+1) posiyive tests where

% all other compounds have been tagged inactive

% are tagged active

for x=1:cm

tempM=M(Tpos,:);

if isempty(find(Mneg==x))

tempM(:,[Mneg;x])=[];

else

tempM(:,Mneg)=[];

end

check=find(M(Tpos,x)==1);

sumM=sum(tempM,2);

if length(find(sumM(check)==0)) ≥ E+1

Mpos=[Mpos;x];

end

end

Pos=zeros(cm,1);

Neg=ones(cm,1);

Pos(Mpos)=1;

Neg(Mneg)=0;

List=(Pos+Neg)/2;

% disp('Active Compound Ids:')

Active=find(List==1);
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%

% disp('Number of Inctive Compounds :')

Inactive=find(List==0);

% length(Inactive);

%

% disp('Untagged Compound Ids :')

UnTag=find(List==0.5);

if length(Active) > d, disp('False Positives detected'),end

% End of Function

A.7 poolHiTS construction

This function is required for Appendix A.8.

% poolHiTS_constr.m

%

% pooHiTS : A Shifted Transversal Design based pooling strategy for

% High-Throughput Drug Screening

%

% Constructs poolHiTS(n,d,e,m) given [q Gamma k]

%

% Written by: Raghu Kainkaryam, University of Michigan

% Created: December 2007

% Modified : March 2008

function M=poolHiTS_const(n,d,e,m,q,Gamma,k)

flag=0;

% Check if STD Correction is needed

if k == q+1 && floor((n-1)/qˆGamma) < q-1 && qˆGamma≤m

flag=1;

end

M=zeros(k*q,n);

s=zeros(k,n);

C00=zeros(q,1);

C00(1)=1;

for j=1:k
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for i=1:n

if j-1 < q

for c=0:Gamma

s(j,i)=s(j,i)+ ((j-1)ˆc)*floor((i-1)/qˆc);

end

elseif j-1==q

s(j,i)=floor((i-1)/qˆGamma);

end

M((j-1)*q+1:j*q,i)=circshift(C00,s(j,i));

end

end

if flag==1

M((k-1)*q+(floor(n/qˆGamma)+1)+1:k*q,:)=[];

end

% End of Function

A.7.1 poolHiTS algorithm

% poolHiTS.m

%

% pooHiTS : A Shifted Transversal Design based pooling strategy for

% High-Throughput Drug Screening

function poolHiTS_par=poolHiTS(n,d,e,m,pB)

List=[]; % List of all parameters

out=poolHiTS_design(n,d,e,m);

List=[List;horzcat(1,out,out(end))];

s=1; % counter

for i=1:d-1 % loop over d

if pB ==1, % bSTD does not work for cf=1

break;

96



end

for j=s:n % loop over n

if poolHiTS_hypgeo(n,d,j,i) < pB % Faster way to find blocks that work

dB=i;

for nB=s:j-1

B=ceil(n/nB);

out=poolHiTS_design(nB,dB,e,m);

if isnan(out(end)) 6=1

List=[List;horzcat(B,out,B*out(end))];

end

end

s=j;

break;

end

end

end

% Find the design which uses least tests

Opt=find(List(:,end)==min(List(:,end)))

% disp('B nB dB e m q Gamma k Emin e_act e_max m_act tB t')

poolHiTS_par=List(Opt,:);

% If there is more than one design with min. tests, choose one with max.

% e_act

if length(Opt) >1

Opt=find(poolHiTS_par(:,10)==max(poolHiTS_par(:,10)));

% If there is more than one design with max. e_act, choose one closest to n

if length(Opt) >1

[clo Opt]=min(diag(poolHiTS_par(:,1)'*poolHiTS_par(:,2)));

end

poolHiTS_par=poolHiTS_par(Opt,:);

end

% End of Function

A.8 poolHiTS example

Requires Appendices A.6, A.7, A.7.1, A.9, and A.10.

% poolHiTS-main.m

%
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% pooHiTS : A Shifted Transversal Design based pooling strategy for

% High-Throughput Drug Screening

%

% (Error-rate, Mixing Constraint and Block Design included)

% (Example with False Negative Errors)

clear

clc

tic % timer

format short g

n=10000; % Total No. of Compounds

d=3; % Max. No. of Active Compounds expected

e=0.01; % Error-rate : fraction of False Results expected

m=10; % Mixing Constraint : Max. No. of Compounds per well

pB=0.99; % Confidence : probability of covering for actives in block

disp('Optimal STD Design Parameters chosen by poolHiTS');

disp('B nB dB e m q Gamma k Emin e_act e_max m_act tB t');

poolHiTS_par=poolHiTS(n,d,e,m,pB)

% poolHiTS Construction of 0-1 matrix M

M=poolHiTS_const(poolHiTS_par(2),poolHiTS_par(3),e,m,poolHiTS_par(6), ...

poolHiTS_par(7),poolHiTS_par(8));

B=poolHiTS_par(1);

disp('Use the binary matrix M'), B, disp('times over the entire library')

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Run a test experiment

% Let compound nos. 1000, 4000 and 7000 be Active

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Nat=zeros(n,1);

Nat([1000 4000 7000])=1;

% Taking care of blocks

B=poolHiTS_par(1);

nB=poolHiTS_par(2);

dB=poolHiTS_par(3);

Emin=poolHiTS_par(9);

right=floor(n/B);

extra=n-right*B;
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count=1;

Status=[];

HouseKeep=[];

% Since the block size and number of compounds in a block might not add up

% to the actual library size, we need to distribute the blanks evenly

% across the all blocks. The blanks are used for housekeeping -- to check

% if the decoding is correct.

for block=1:B

NatBlock=[];

if block ≤ extra

NatBlock=Nat(count:count+right);

count=count+right+1;

else

NatBlock=Nat(count:count+right-1);

count=count+right;

end

hkzeros=nB-length(NatBlock);

NatBlock=[NatBlock;zeros(hkzeros,1)];

% In-Silico Experiment

T=M*NatBlock;

T(find(T>0))=1; % Converting the results to binary -- positive/negative

% Introduce Error (STD designed for Emin=iSTD(9))

errT=randperm(length(T));

% Since Emin=1, introduce Emin+1 random errors (EXtra errors)

for bar=1:Emin

if T(errT(bar))==1

T(errT(bar))=0;

else

T(errT(bar))=1;

end

end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Decode & Store results of in-silico experiment with error)%

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Find=poolHiTS_decode(nB,dB,Emin,M,T);

Status=[Status;Find(1:end-hkzeros)];
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HouseKeep=[HouseKeep;Find(end-hkzeros+1:end)];

end

Compare=horzcat(Nat,Status);

% Status of all compounds used as controls

Contrast=horzcat(zeros(length(HouseKeep),1),HouseKeep)

plot(1:n,Nat,'ob',1:n,Status,'.r')

% Time taken for whole process (in minutes)

time_mins=toc/60

% End of Main

A.9 poolHiTS design

This function is required for Appendix A.8

% poolHiTS_design.m

%

% pooHiTS : A Shifted Transversal Design based pooling strategy for

% High-Throughput Drug Screening

%

% Designs poolHiTS(n,d,e,m)

% Returns [n d e m q G k Emin e_act e_max m_act t]

function Send=poolHiTS_design(n,d,e,m)

prime_set=primes(n); % List of all prime nos. upto n

Choice=[];

for foo=1:length(prime_set)

q=prime_set(foo);

if rem(log(n),log(q)) == 0

Gamma=log(n)/log(q)-1;

else

Gamma=floor(log(n)/log(q));
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end

if d*Gamma ≤q

Emax=floor((q - d*Gamma)/2); % Max. No. Errors correctable

e_max=Emax/(q*(d*Gamma+2*Emax+1)); % Max. Error-rate handled

if e_max ≥ e

for Emin=0:Emax

if Emin/(q*(d*Gamma+2*Emin+1)) ≥ e

k=d*Gamma+2*Emin+1;

if k < q+1 && ceil(n/q) ≤m

Choice=[Choice;horzcat(n,d,e,m,q,Gamma,k,Emin, ...

Emin/(k*q),e_max,ceil(n/q),k*q)];

break

elseif k == q+1 && n == qˆ(Gamma+1) && qˆGamma≤m

Choice=[Choice;horzcat(n,d,e,m,q,Gamma,k,Emin, ...

Emin/(k*q),e_max,qˆGamma,k*q)];

break

elseif k == q+1 && floor((n-1)/qˆGamma) < q-1 ...

&& qˆGamma≤m % STD Correction

Choice=[Choice;horzcat(n,d,e,m,q,Gamma,k,Emin, ...

Emin/(k*q),e_max,qˆGamma,(k-1)*q+...

floor((n-1)/qˆGamma)+1)];

break

end

end

end

end

end

end

if isempty(Choice)

Send=NaN*ones(1,12);

return;

end
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[low loc]=min(Choice(:,end));

Send=Choice(loc,:);

% End of Function

A.10 Block pooling success probability

This function is required for Appendix A.8

% poolHiTS_hypgeo.m

%

% pooHiTS : A Shifted Transversal Design based pooling strategy for

% High-Throughput Drug Screening

%

% Calculates the probability for given n, d, nB, dB

function P=poolHiTS_hypgeo(n,d,nB,dB)

F=[];

for i=0:dB

F(i+1)=exp(gammaln(d+1)+gammaln(n-d+1)+gammaln(nB+1)+gammaln(n-nB+1) ...

-gammaln(i+1)-gammaln(d-i+1)-gammaln(nB-i+1) ...

-gammaln(n-d-nB+i+1)-gammaln(n+1));

end

P=sum(F);

% End of Function
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Appendix B

poolMC

B.1 poolMC design

% pmc_design: poolMC design function takes in number of samples (n),

% number of chips (m), testing redundancy (d), and mixing constraint (r)

% and produces the pooling design, which is a m x n binary matrix M,

% with d ones in each column and at most r ones in each row.

%

% Usage: [M list] = pmc_design(n,m,d,r);

%

% M - m x n binary matrix with d 1's in each col. and at most r 1's in each

% row

%

% list - a sparse representation of M. list is a n x d matrix with the row

% positions for each sample.

%

% n - Number of samples being tested

%

% m - Number of rows to be used (Look at Supplementary matrials for a guide

% to choose this value)

%

% d - Number of times each sample is tested in the pooling design (Look at

% Supplementary matrials for a guide to choose this value)

%

% r - Maximum number of samples pooled on a single chip

% (To prevent an endless loop, choose a value ≥ n*d/m)

function [M list]= pmc_design(n,m,d,r)

list=zeros(n,d);

q=1;
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% Unique row and column loop

while q 6=0

p=r+1;

% Row weight loop

while p>r

z=0;

% Empty row loop

while z==0

M=zeros(m,n);

% Randomly assign 'd' ones to each columns of the matrix

for i = 1:n

while true

l = randint(1, d, [1 m]);

if length(unique(l)) == d

break;

end

end

list(i,:)=l;

end

% Check if any row is empty

for j=1:n

M(list(j,:),j)=1;

end

z=min(sum(M,1));

end

% Check for mixing constraint

p=max(sum(M,2));

end

% Check if each column is unique

for foo=1:n-1

for bar=foo+1:n

if nnz(M(:,foo)-M(:,bar))==0

q=42;

end

end

end
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% Check if each row is unique

for foo=1:m-1

for bar=foo+1:m

if nnz(M(foo,:)-M(bar,:))==0

q=42;

end

end

end

% Reset process if rows and cols are not unique

if q 6=42

q=0;

end

end

% End of Script

B.2 poolMC decoder

% pmc_decode: poolMC decoding script using l1-magic to

% solve quadratically constrained l1 minimization:

%

% min ||x||_1 s.t. ||Phi*x - y||_2 ≤ \epsilon

%

% Phi - poolMC pooling design with m rows and n cols

% scaled such that each row sums to 1

%

% y - pooled measurements

%

% Dependencies: l1-magic

% Need to download l1-magic from http://www.acm.caltech.edu/l1magic

clear

clc

format short g

tic

% place l1magic in the same directory as this .m file

addpath(fullfile(pwd, '/l1magic/Optimization'));
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% Load the binary matrix generated by pmc_design

% Below is the design used in the paper -- n=15, m=12, d=4, r=3

% M=[ 0 0 0 0 0 0 0 0 0 0 0 1

1 0 0

% 1 0 1 0 0 0 0 0 0 0 0 0

0 0 0

% 0 0 0 1 0 0 0 1 1 0 0 0

0 0 0

% 0 0 0 0 1 0 0 0 0 1 0 0

0 0 1

% 0 0 0 0 0 0 0 0 0 0 0 0

0 1 1

% 0 0 1 0 0 1 1 0 0 0 0 0

0 0 0

% 0 0 0 0 0 0 0 0 1 1 0 0

0 1 0

% 1 0 0 0 1 0 0 0 0 0 0 0

0 0 0

% 0 0 0 1 0 0 1 0 0 0 1 0

0 0 0

% 0 1 0 0 0 0 0 1 0 0 0 0

0 0 0

% 0 1 0 0 0 1 0 0 0 0 0 0

1 0 0

% 0 0 0 0 0 0 0 0 0 0 1 1

0 0 0];

M=load('pmc_design.txt');

[rm cm]=size(M);

% Scale down the matrix, since the experiment is carried out at fractional

% concentrations

Phi=M;

scale=sum(M,2);

for i=1:rm

Phi(i,:)=M(i,:)./scale(i);

end

% Load the multiplex measurements.

Data=load('multiplex.txt');

[rdat cdat]=size(Data);

% Parameter to control the sensitivity of the decoded result.
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% Increase its value to get a less sensitive result (more zeros in the

% solution)

epsilon = 1;

Sav=[];

% Repeate for each gene in the system

for i=1:rdat

% Decoding on non-logged data (change if data is already non-logged)

y=2.ˆData(i,:)';

% Estimate the median from the measurements

sub=median(y);

% Subtract the median from the results to induce sparsity

ystar=y-sub;

% Use the conjugate gradient method to initialize l1 minimization

cgfun = @(z) Phi*Phi'*z;

sol = cgsolve(cgfun,ystar, 1e-4, 1000, 0);

% A' * sol is a solution to A * x = b

x0 = Phi'*sol;

% Run LP

xstar = l1qc_logbarrier(x0, Phi, [], ystar, epsilon, 1e-4);

xhat=xstar+sub;

% Median correction for NaN or negative values

foo=[];

foo=[find(isnan(xhat)==1);find(xhat<0)];

foo=unique(foo);

if isempty(foo)==0

% If the number of such values in xhat is less than half

% set them to the median value of xhat

if length(foo) < floor(length(xhat)/2)

xhat(foo)=median(xhat);

% If the number of such values in xhat is more than half

% set them to a low value

else

xhat(foo)=2; % log2(2)=1
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end

end

Sav=vertcat(Sav,xhat');

end

save('Multiplex-decoded-15samples-21505genes.txt','Sav','-ASCII');

time_mins=toc/60

% End of Script

B.3 poolMC example

% pmc_example: Example of poolMC pooling and decoding in action

clear

clc

format short g

tic

% place l1magic in the same directory as this .m file

addpath(fullfile(pwd, '/l1magic/Optimization'));

% Load the binary matrix generated by pmc_design

M=[ 0 0 0 0 0 0 0 0 0 0 0 1

1 0 0

1 0 1 0 0 0 0 0 0 0 0 0

0 0 0

0 0 0 1 0 0 0 1 1 0 0 0

0 0 0

0 0 0 0 1 0 0 0 0 1 0 0

0 0 1

0 0 0 0 0 0 0 0 0 0 0 0

0 1 1

0 0 1 0 0 1 1 0 0 0 0 0

0 0 0

0 0 0 0 0 0 0 0 1 1 0 0

0 1 0

1 0 0 0 1 0 0 0 0 0 0 0

0 0 0
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0 0 0 1 0 0 1 0 0 0 1 0

0 0 0

0 1 0 0 0 0 0 1 0 0 0 0

0 0 0

0 1 0 0 0 1 0 0 0 0 0 0

1 0 0

0 0 0 0 0 0 0 0 0 0 1 1

0 0 0];

[rm cm]=size(M);

% Scale down the matrix, since the experiment is carried out at fractional

% concentrations

Phi=M;

scale=sum(M,2);

for i=1:rm

Phi(i,:)=M(i,:)./scale(i);

end

% Load monoplex data for gene AT5G54740 (#20282)

x=[ 10.178

8.885

10.935

11.537

9.717

104.94

10.382

10.602

8.1999

10.588

9.2549

9.6879

9.717

8.7789

9.3176];

% Parameter to control the sensitivity of the decoded result.

% Increase its value to get a less sensitive result (more zeros in the

% solution)

epsilon = 1;

% Simulates a noise-free multiplex experiment

y=Phi*x;
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% Estimate the median from the measurements

sub=median(y);

% Subtract the median from the results to induce sparsity

ystar=y-sub;

% Use the conjugate gradient method to initialize l1 minimization

cgfun = @(z) Phi*Phi'*z;

sol = cgsolve(cgfun,ystar, 1e-4, 1000, 0);

% A' * sol is a solution to A * x = b

x0 = Phi'*sol;

% Run LP

xstar = l1qc_logbarrier(x0, Phi, [], ystar, epsilon, 1e-4);

xhat=xstar+sub;

% Median correction for NaN or negative values

foo=[];

foo=[find(isnan(xhat)==1);find(xhat<0)];

foo=unique(foo);

if isempty(foo)==0

% If the number of such values in xhat is less than half

% set them to the median value of xhat

if length(foo) < floor(length(xhat)/2)

xhat(foo)=median(xhat);

% If the number of such values in xhat is more than half

% set them to a low value

else

xhat(foo)=2; % log2=1

end

end

% plot the results and compare monoplex to multiplex

figure('Color',[1 1 1]);

[s l]=sort(x,'descend');

plot(s,'sk');

hold on;plot(xhat(l),'.-b');

xlabel('Samples (sorted)','fontsize',12);

ylabel('Gene expression','fontsize',12);

legend('Actual','Decoded','Location','NorthEast');
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% Time taken

time_mins=toc/60

% End of Script
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Appendix C

QUAPO

C.1 Restricted isometry property of Shifted Transversal
Designs

Deterministic constructions of compressive sensing matrices satisfying the RIP property,
described in Chapter 4 were introduced by DeVore (2007) and are identical to a construction
called shifted transversal designs (STD), described by Thierry-Mieg (2006a). Since the STD
construction is easier to describe, they are presented below.

For a given number of compounds n, maximum expected active k and maximum that
can be pooled r, pick a prime q so that

k−1≤ q
Γ

where Γ = min{γ|qγ+1 ≥ n}, and
dn

q
e ≤ r

Let,
p(x) = a0 +a1x+ . . .aΓxΓ

be a polynomial of degree Γ over GF(q).
Let us order the tuples ( j,k) ∈GF(q)×GF(q) in lexicographic order and let Q, a vector

of length q2, denote the graph of the polynomial p over GF(q). That is,

Q( j,k) = 1 if p( j) = k and 0 otherwise.

The STD matrix is simply the graphs, represented as columns, of n polynomials of
degree Γ over GF(q). For the construction details of STD see Appendix A.1.
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C.2 QUAPO decoder

% quapo_decode.m

%

% Quantitative Analysis of Pooling for High-Throughput Screening (Main File)

% (using Sparse Random Matrices)

%

% Requires l1-magic package

path(path, './l1magic/Optimization');

% Load pooling design

M=load('pooling_design.txt');

[rm cm]=size(M);

% Load % Inhibition measurements (single vector) from pooling experiment

mplex=load('pooling_data.txt');

% Convert %Inhibition to activity

y=mplex./(100-mplex);

% Set sensitivity for decoding

epsilon=1;

tol=1e-4;

max_iter=1000;

% Use the conjugate gradient method to initialize l1 minimization

cgfun = @(z) M*M'*z;

sol = cgsolve(cgfun,y, tol, max_iter, 0);

% A' * sol is a solution to A * x = b

x0 = M'*sol;

% Run LP

xstar = l1qc_logbarrier(x0, M, [], y, epsilon, tol);

% Convert activity pack to %Inhibition value

perI=100*xstar./(1+xstar);

% End of script
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