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SUMMARY  

Aging is a complex process by which a combination of environmental, genetic and 

stochastic factors generate whole-system changes that modify organ and tissue function 

and alter physiological processes. Over the last few decades, many genetic and 

environmental modulators of aging have been found to be highly conserved between 

humans and a diverse group of model organisms. Yet, an integrative understanding of 

how these environmental and genetic variables interact over time in a whole organism to 

modulate the systemic changes involved in aging is lacking. The goal of this thesis 

project is to advance a systems perspective of aging by providing the experimental tools 

and conceptual framework for dissecting the regulatory connection between 

environmental inputs, molecular outputs and long term aging phenotypes in 

Caenorhabditis elegans, an experimentally tractable multi-cellular model for aging.  

Specifically, this work advances the quantitative imaging toolsets available to biologists 

by developing and refining microfluidic, hardware, computer vision, and software 

integration tools for high-throughput, high-content imaging of C. elegans. Compared to 

previously described imaging systems, significant engineering improvements to the 

components themselves and to the integration and interfacing of these components at the 

systems level were made. By facilitating scalability in the manufacture of these 

technologies and dramatically improving their operational robustness, these 

improvements have enabled the dissemination and utilization of these technologies by 

non-experts. As a result of these technological advances, new roles for the TGF-beta and 
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serotonin signaling pathways in encoding environmental food signals to influence 

longevity were uncovered and quantitatively characterized.  

Moreover, this work develops and integrates new microfluidic technologies with off-chip 

support systems to establish a platform for long-term tracking of the health and longevity 

trajectories of large numbers of individual C. elegans. The capabilities of this platform 

have the potential to address many important questions in aging including addressing 

environmental determinants of aging, the sources of inter-individual variability, the time 

course of aging-related declines and the effects of interventional strategies to improve 

health outcomes. Together, the toolsets for quantitative imaging and the long-term culture 

platform permit the large-scale investigation of both the internal state and long-term 

behavioral and health outputs of an important multicellular model organism for aging.  
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CHAPTER 1: INTRODUCT ION AND BACKGROUND  

The aging process, both in terms of absolute longevity and the physiological integrity of 

an organism as it ages, has important consequences for human health and society. Yet, 

aging is a complex process by which a combination of environmental, genetic and 

stochastic factors generate whole-system changes that modify organ and tissue function 

and alter physiological processes.  The extent and diversity of the potential extrinsic 

environmental and lifestyle inputs into this process, a similarly large list of potential 

intrinsic genetic and epigenetic modulators, and the necessity to observe long-term and 

often subtle outputs has made aging intrinsically difficult to study in human or 

mammalian models. Compounding these problems, aging and longevity is subject to 

large individual-to-individual variability (Figure 1.1). While some of the variability in 

humans may be due to a combination of underlying lifestyle and genetic factors (Figure 

1.1a), substantial variability persists even when these factors are controlled in model 

organisms (Figure 1.1b), suggesting other poorly understood sources of underlying 

biological variability (1-3). Dissecting these components of lifespan variability and 

potentially opening them up to clinical intervention thus requires large-scale longitudinal 

aging studies with careful control of both lifestyle and genetic contributions. 
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Figure 1.1: Both human populations subject to underlying genetic and 

lifestyle differences (a) and genetically and environmentally controlled 

laboratory populations of Caenorhabditis elegans (b) exhibit significant 

individual to individual variability in longevity outcomes. Data in (a) based 

on total mortality in the US population for 2005 from CDC National Vital 

Statistics. Data in (b) contributed by Dr. Eugeni Entchev and Dr. Dhaval 

Patel. 

Due to the intrinsic difficulty of controlling critical environmental and genetic 

experimental variables in mammals, much of our mechanistic understanding of the aging 

process has been derived from studies in more tractable model organisms. From initial 

results from simple models such as yeast, worms and flies, subsequent studies have 

pointed to a high degree of conservation for many mechanisms of aging modulation (4-

7). Over the last few decades, many genetic components of aging have been found to be 

highly conserved between humans and a diverse group of model organisms (4, 5). 

Moreover, many conserved environmental modulators of aging, including diet and 

temperature, have been discovered (7-9). To begin to understand how these genetic and 

environmental modulators interact in an integrative way, some of the genetic targets that 

sense, store and translate environmental signals into lifespan alterations have started to be 

characterized in model organisms.   



 3   

 

In particular, the nematode Caenorhabditis elegans serves as an extremely convenient 

multicellular model system for aging. Its ease of culture and amenability to genetic 

manipulation permit a high degree of control over both environmental and genetic 

factors.  Moreover, its optical transparency permits minimally invasive, in vivo 

assessment of gene activity and other functional outputs via the use of fluorescent 

reporters and biosensors. Finally, the multicellular nature of C. elegans permits the 

modeling of complex inter-cellular and inter-tissue responses and observation of changes 

in functional behavior and mobility that would be impossible to appreciate within even 

simple single-cell models. Thus, the worm, C. elegans, serves as a model system for 

aging that encapsulates both sufficient levels of biological complexity and experimental 

tractability. 

Yet, despite the identification of some important modulators of aging and the availability 

of a tractable model organism, an integrative understanding of how environmental and 

genetic variables interact over time in a whole organism to modulate the systemic 

changes involved in aging is lacking. In part, the large-scale longitudinal studies 

necessary to address questions of gene-environment interactions and biological 

variability have been hindered by the inability of existing experimental tools to address 

the specific experimental challenges of a multicellular model such as C. elegans. In 

particular, some of the same traits that make the worm an attractive model organism, such 

as its small size and its relatively short lifespans, have simultaneously posed particular 

experimental challenges such as difficulty of manipulation and necessity for high 

temporal resolution (Table 1.1). Moreover, the millimeter-long nematode is not 
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compatible with many existing commercial toolsets for single-cell studies, requiring the 

development of new hardware tools to serve some of the same experimental functions. 

Dissecting relevant cell- or tissue-specific information from the multicellular worm also 

poses diverse, experiment-specific image processing problems that have been difficult to 

address to current ready-to-use image processing packages. 

Table 1.1: Traits of C. elegans as a model organism results in both intrinsic 

experimental advantages and challenges. 

 

The work presented in this thesis is aimed at advancing a systems perspective of aging by 

providing the experimental tools and conceptual framework for dissecting the regulatory 

connection between environmental inputs, molecular outputs and long term aging 

phenotypes. To address the aforementioned experimental challenges, this work applies 

and integrates microfluidics and computer vision techniques to develop two automated 

experimental platforms capable of dissecting cell-specific functional readouts in C. 

elegans via fluorescence imaging and following the long term health trajectories of 

individual C. elegans as it ages. This work also demonstrates the application of some of 
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these tools towards understanding the genetic mechanisms of diet-induced modulation of 

longevity in C. elegans. The following sections serve to broadly contextualize and 

highlight the overall significance of the work presented in this thesis by briefly reviewing 

the history of aging studies in C. elegans and introducing the limitations of previously 

available methods for experimental investigation in the worm. 

1.1: C. elegans as a Model for Aging 

The aging process is modulated by genetic and environmental variables.  Genetically, the 

early discovery of extreme longevity in C. elegans daf-2 insulin receptor mutants (10) has 

led to the discovery of a conserved insulin pathway that regulates aging in other 

invertebrates and mammals (4, 5).  Since then, many other genetic modulators of lifespan 

have been characterized (5, 11, 12). Environmentally, a broad range of model organisms 

have been found to respond to food and temperature manipulations in similar ways.  

Specifically, dietary restriction has been demonstrated to increase lifespan in yeast, C. 

elegans, Drosophila melanogaster and mammalian models (7).  Similarly, modulating 

body temperature has been shown to have similar lifespan responses in both invertebrate 

and mammalian models (8, 9).   

In the discovery of these mechanisms underlying aging, the nematode C. elegans has 

undoubtedly been the source of the most information. Importantly, its short (2-3 week) 

lifespan enables rapid lifespan analysis while its hermaphroditic reproduction permits the 

generation of large isogenic populations for lifespan assays.  Moreover, it is extremely 

susceptible to genetic manipulation and its optical transparency permits visualization of 

intermediate aging phenotypes. 
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In C. elegans, there is evidence that the link between environmental variables and 

lifespan is based on active sensation by genetic components and subject to regulation.  

Mutants with defects in the sensory cilia and environmental perception have been shown 

to have increased lifespans (13) and ablation of specific sensory neurons also produce 

lifespan phenotypes (14). Moreover, the lifespan response to environmental temperature 

has been shown to be modulated by the presence of thermosensory neurons (8).  The 

transcriptional activity of several lifespan-altering genes has also been found to be 

environmentally responsive (15-21).  In particular, abundance of tph-1 and daf-7 have 

been shown to be both food and temperature responsive (16, 18) and implicated to have 

functional connections to the daf-2 insulin signaling pathway that is a conserved 

modulator of lifespan (11, 17). The tph-1 gene encodes the serotonin-synthesizing 

enzyme tryptophan hydroxylase and is specifically expressed in the ciliated sensory ADF 

neuron pair and in the NSM neuron pair. The level of tph-1 transcriptional activity in the 

ADF neurons has previously been implicated in mediating serotonin-dependent 

environmental stress responses via the daf-2 insulin pathway (17).  The daf-7 gene 

encodes a member of the TGF-beta superfamily that is expressed in the ciliated sensory 

ASI neurons.  The responsiveness of daf-7 transcriptional activity to environmental 

conditions has been established in early developmental decision-making (18, 19).  

Recently, its role in mediating longevity responses via the insulin signaling pathway has 

been uncovered (11). 
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1.2: Conventional Approaches for Experimental Investigation of C. elegans 

C. elegans has many intrinsic experimental advantages that make it a particularly 

attractive model organism for the study of the genetic and environmental regulation of 

aging. In particular, its optical transparency permits readouts of transcriptional activity 

and other phenotypes via non-invasive fluorescent imaging techniques.  However, the 

micron-scale worm is at a size scale below that of effective human manipulation, making 

handling and imaging of large populations difficult.  Traditionally, C. elegans have been 

subjected to high resolution imaging via mounting and anesthetization on a thin agar pad 

(22). Using this technique, a small population of tens of animals can be quickly mounted 

via pipetting or picking. However, the resulting arrangement and orientation of worms on 

the slide tend to be haphazard, resulting in occasionally poor and variable imaging 

results. While worms can also be carefully manually manipulated into more desirable 

positions and orientations, this process is tedious and time-consuming, limiting the 

number of animals that can be imaged without a reasonable experimental time frame. 

Finally, in both cases, recovery of animals from the imaging pad is also time-consuming 

and animals may be subject to physiological alterations due to anesthetic exposure. 

At this time, only one commercially available system permits high throughput imaging of 

C. elegans. The COPAS system is a modified flow cytometer that allow fluorescent 

readouts along the anterior-posterior axis of the animal and sorting of populations based 

on these imaging readouts (23). The advantages of the COPAS system has enabled 

intensity based sorting in C. elegans and has been a critical enabling technique in 

previous studies on phenotypical variability in the worm (24, 25).  However, the 
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fluorescent readouts of the COPAS system is inherently low resolution, eliminating the 

possibility for reading cell- or tissue- specific signals. This is a major limitation as most 

phenotypes of interest in a multicellular model require higher resolution images with 

more sophisticated signal readouts. 

Owing to its small size, hermaphroditic reproduction, large brood size, low culture 

requirements and short lifespan, C. elegans also has the potential to enable highly 

genetically controlled, large-scale aging experimentation. However, the limitations of 

conventional culture techniques available for C. elegans have hindered the ability to both 

control environmental variables and work with large populations in a longitudinal way. In 

the laboratory, populations of worms are typically maintained on Nematode Growth 

Medium (NGM) agar plates. While individual worms can be cultured separately, this is 

costly in terms of materials, time and space. Thus, worms are typically maintained as 

small populations for lifespan assays, prohibiting truly longitudinal data acquisition. 

Furthermore, the natural behaviors of the freely moving worm can occasionally result in 

individuals escaping from the agar surface under unfavorable environmental conditions. 

These experimental limitations fundamentally limit the potential scale of each study and 

the robustness of the culture technique for different environmental conditions. 

While food and temperature have been identified as important modulators of aging in C. 

elegans (7, 8), the ability to precisely control these inputs is also fundamentally limited 

using standard techniques. As a food source, the NGM plates are spotted with liquid 

cultures of specific bacterial strains such as Escherischia coli OP50. These spots are then 

allowed to dry and grow into a confluent bacterial lawn on the agar. To control for 



 9   

 

environmental food supply, liquid bacterial cultures can be adjusted to defined 

concentrations prior to seeding and the NGM media can be altered and supplemented 

with antibiotics to inhibit unwanted bacterial growth (26). However, the final 

concentrations of bacteria on plate may not be well defined due to uneven or inconsistent 

drying of the plates, the potential for continued bacterial growth and continual depletion 

of the food source with time.  

To control for temperature, these plates are typically kept in standard incubators 

maintained at set temperatures typically ranging from 15°C to 25°C. Inspecting the 

worms for lifespan or healthspan metrics or transferring worms to different plates to 

maintain food concentration using a microscope thus requires disruption of temperature 

control. Along with the time-consuming nature of manual inspection and worm transfer, 

this inability to continuously maintain environmental control fundamentally limits the 

temporal resolution of assays. As a result of these limitations, lifespan studies in C. 

elegans have typically been limited to population studies of tens of worms with only 

daily time resolution. 

1.3: Microfluidic Approaches for Experimental Investigation of C. elegans 

To address the fundamental limitations of macro-scale traditional handling techniques for 

micro-scale biological specimens, miniaturization of experimental platforms using 

microfabrication techniques has gained popularity (27). Specifically, microfluidics 

describes a subclass of microtechnologies that handle small volumes of liquids and 

control flow at the micro-scale. Although the term is generally applied to any system 

involving micro-scale liquid handling, one of the most common realizations in biological 
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applications involves the use of standard photolithographic processes to form micron-

scale features on a silicone substrate, which is then used to mold these features in 

elastomeric materials (28). In particular, the soft elastomer polydimethylsiloxane 

(PDMS) has gained popularity as a microfluidics material in biological applications due 

to its biocompatibility and tunable mechanical properties (29). 

The capability for producing features at the micron-scale allows for the design of 

experimental platforms on the same size scales with the specimens and phenomena of 

interest.  Along with highly controllable transport phenomena associated with operating 

at small scales, this can also often result in a higher degree of environmental control with 

lower reagent consumption. Importantly, technologies have also been developed to allow 

for active manipulation of flow and specimens on chip, bridging the size-scales of active 

human manipulation with the size-scales of the specimens of interest. One of the 

foundational principles underlying various types of on-chip actuators has been the 

pneumatically driven membrane, which can form on-chip valves to gate flow paths in a 

controlled manner (Figure 1.2a) (30, 31). 

Many groups have applied these microfluidics capabilities to address specific 

experimental challenges for C. elegans. Specifically, to address the need for both high 

throughput and high resolution imaging of individual worms, many specific toolsets have 

been developed for handling large populations worms for imaging in conventional 

microscopy setups (32-38).  In general, these devices leverage the availability of on-chip 

valves (30) for serial positioning of individual C. elegans within a fixed field of view 

(Figure 1.2b). Many of these tools can also facilitate sorting of individual worms based 
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on imaging results (Figure 1.2c) and allow for functionality similar to flow cytometry. 

Moreover, the micro-environmental control enabled by microfluidics has enabled the use 

of non-anesthetic immobilization techniques for the worm such as cooling, carbon 

dioxide and compression (32, 34-36). Together, these developments demonstrate the 

viability of critical concepts for high throughput, minimally invasive collection of 

imaging data from large populations of C. elegans. However, despite these conceptual 

advances, these tools often lack fabrication and operational robustness, resulting in a poor 

success rate in practice. Furthermore, these tools require off-chip hardware and software 

support systems to integrate on-chip actuation with image acquisition. The difficulty of 

adapting and transporting these support systems to different lab environments have 

hindered adoption of these tools. As a result, these technologies have mainly been 

utilized within the hands of the technology developers themselves. 

 
Figure 1.2: Schematic overview of microfluidics technologies for high-

throughput serial worm imaging. a) Schematic of traditional microfluidic 

control valves utilize pressure-induced deflection of a PDMS membrane. b) 

Sequence of operation for sequencing loading, imaging and releasing worms 

in a microfluidic device using valve actuators. c) Downstream capability for 

sorting worms into different outlets depending on imaging results. 



 12   

 

In addition to toolsets facilitating high resolution imaging, microfluidics tools have also 

been developed to assess functional outputs such as neuronal responses to specific stimuli 

and behavior, which may contribute to assessments of organismal health with age (39-

43). To address longevity, platforms have also been adapted to permit long-term culture 

of C. elegans on chip via perfusion of the bacterial food source suspended in liquid media 

(44-46). While some of these long-term culture platforms demonstrate the capacity for 

longitudinal tracking of individual worms (44, 45), the hardware requirements associated 

with these platforms are not compatible with scaling up for higher sample sizes or a large 

range of experimental conditions. Moreover, none of these tools demonstrate the capacity 

for controlling environmental temperature.  

1.4: Image Processing Approaches for Data Extraction in C. elegans 

The potential capability for high throughput, high resolution imaging permits the 

extraction of many sophisticated imaging readouts from large data sets.  However, the 

large data sets that are enabled by new experimental technologies puts the bottleneck of 

discovery on the data processing end.  Information within these imaging datasets may 

also surpass the human ability for objective visual processing and be difficult to 

consistently ascertain using manual processing. Moreover, to realize the full capabilities 

of many new tools, it is advantageous to facilitate high throughput decision-making using 

automated image processing.  Thus, software capabilities for unsupervised extraction of 

relevant data from biological images serve a critical role in facilitating the intrinsic 

functionality and effective utilization of new experimental hardware.  
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To address the need for both fast and objective biological image processing, ready-to-use 

toolsets have been developed to address some general needs of biologists (47-49). While 

much development have been focused on single-cell studies (47), some of these have 

been extended to perform general quantification functions in the worm (48). Other worm-

specific toolsets have also been developed to address specific needs such as assessing 

growth, behavioral classification and worm tracking (42, 50-53). 

Despite the availability of technologies to serve common image processing needs in the 

worm, the diverse range of biological experimentation in the worm and biological 

communities poses many specific image analysis problems that are beyond the scope of 

these general toolboxes. To enable problem-specific data extraction and decision-making, 

computer vision techniques such as Support Vector Machines (SVM) have been applied 

to extract readouts of interest and perform real-time experimental decision-making (37, 

54). However, the resulting image analysis algorithms tend to be highly specific, 

requiring alteration for use in other experimental contexts. Compounding this problem, 

there is also no clear way by which the computer vision techniques can be applied to alter 

or develop new tools to address specific problems on the part of the end-user. 

1.5: Thesis Contributions and Significance 

These thesis provides a collection of microfluidic, hardware and software technologies to 

address the experiment challenges hindering large-scale, longitudinal tracking of health 

and longevity of individual worms. In addition to the development and validation of these 

technologies, this work demonstrates the utilization of the combination of these 

technologies to derive new biological insight about the mechanisms of food sensation in 
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modulating longevity. Moreover, this work demonstrates the construction of robust, 

integrated systems that have been disseminated and successfully used in the hands of 

non-engineers in the course of this work. Thus, in addition to serving the immediate aims 

of the work presented here, the hardware and software packages developed in the course 

of this work have the potential to facilitate wider adoption of microfluidic technologies in 

biology labs. 

The work here also presents several conceptual advances for the general microfluidics 

and biological communities. For the microfluidics community, this work extends the 

design and application of single layer microfluidic valves, which have the capability to 

both increase the potential range of microfluidic functionality and increase the fabrication 

and operational robustness of existing technologies. For the biological community at 

large, this work presents a new image processing framework capable of address many 

problems in biological image processing. Finally, for the C. elegans community in 

particular, this work presents a new micro-scale multi-well experimental platform for C. 

elegans which is capable of robustly isolating individual worms within discrete chambers 

over a long period time. Additionally, this work provides a toolset that allows for precise 

temperature control of microfluidic chips alongside continuous monitoring using 

darkfield microscopy. These technologies provide a degree of environmental control that 

was not easily accessible for microfluidic platforms before and permit higher temporal 

resolution of experimental studies without disruption of environmental control. Overall, 

the applications of the technologies in this work go well beyond the study of aging 
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process and the work in this thesis presents a significant advance to the microfluidics and 

biological toolbox in general. 

  



 16   

 

CHAPTER 2: INTEGRATE D MICROFLUIDIC SYSTE MS FOR HIGH -

THROUGHPUT IMAGING O F C. ELEGANS 

2.1: Introduction 

While many chip designs have been introduced to accelerate different forms of 

experimentation in C. elegans (55), the demonstration of these technologies are usually 

based on limited studies performed without the laboratory of the technology developers 

themselves. In this context, issues of fabrication and operational robustness and common 

failure modes are not particularly relevant or widely discuss due to the existence of on-

site fabrication and expert troubleshooting capabilities. However, the yield of functional 

devices from the fabrication process and the design of friendly user interfaces that 

address common errors and failure modes is vital to the dissemination of these chips 

outside of the hands of technologists. Thus, the ultimate impact of microfluidic 

technology concepts depends on refinement of early designs and the integration of new 

functions in a way that facilitates robustness and usability. 

Additionally, accessing the capabilities of microfluidic chips in practice often requires 

many chip-extrinsic systems that support the functions of the chip itself. Much of the 

time, the hardware and software support systems that truly comprise a full microfluidics 

system are presented conceptually as in Figure 2.1 and are not developed in a physical 

manifestation that is easily disseminated to other labs or users without an engineering 

background. Conversely, the commercialization and general adoption of microfluidic 

digital PCR technologies relied on the development of a packaged system for robustly 



 17   

 

interfacing with the digital PCR chip (56). Thus, expanding the adoption of other 

microfluidic technologies in general will likely require the development of some 

generalizable, packaged off-chip support systems that extend public access to and 

understanding of these systems beyond the concept stage. 

 
Figure 2.1: Conceptual overview of a microfluidics system. The utility of the 

microfluidic chip requires the coordination of different off-chip hardware 

systems via software control. 

This chapter will discuss the development of both on-chip features and off-chip hardware 

and software support systems to address some of the issues associated with technology 

dissemination. While the discussion here will focus around the refinement of 

technologies for high-throughput serial worm imaging conceptualized in Figure 1.2, 

many of the specific developments here are generalizable to different chip designs and 

have been adopted for other purposes within the laboratory. 
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2.2: Optimizing and Increasing On-Chip Functionality  

2.2.1: The Single Layer Valve and Increasing On-Chip Functionality  

The capability to actively control flow on microfluidic chips using microfabricated valves 

has become a critical part of microfluidic chip design (30). It is a critical enabling 

technology for the function of previously published serial imaging devices (Figure 1.2) 

(32, 33, 35-37, 54). However, the traditional microfluidic valve, which fully occludes 

flow in a channel as shown in Figure 1.2a, is not ideal for controlled loading of biological 

specimens. While closure of the valve is necessary to physically define the position of the 

loaded specimen, the complete restriction of flow by the valve precludes entry of the 

specimen in the first place. Thus, secondary flow paths such as those shown in Figure 

2.2a have to be created to permit entry of the specimen (32). In addition to requiring 

additional design features, the traditional microfluidic valve involves a complicated 

fabrication process that requires the assembly of three different components fabricated in 

polydimethylsiloxane (PDMS) (Figure 2.2b, Appendix A). Furthermore, in the 

fabrication process, a film of PDMS is left in the optical pathway, which can induce 

imaging aberrations (Figure 2.2b) (57-59). 
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Figure 2.2: Utilization of microfluidic valves for worm handling. a) Tradition 

full closure microfluidic values do not permit direct loading due to complete 

flow obstruction. b) Addition of secondary flow channels facilitate loading. 

c) Fabrication and optical pathway of traditional full closure valves. d) 

Fabrication and optical pathway of simplified partial closure valves. 

To combat the flow and optical problems, previous work in the laboratory of Dr. Hang 

Lu have resulted in the development partial closure valves for worm handling 

applications (Figure 2.2c). While this design obviates the need for secondary flow 

channels and leaves an unobstructed optical path between the coverslip and the worm 

itself, the fabrication process still requires the precise assembly of two components 

fabricated in PDMS (Figure 2.2d, Appendix A.3).  
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Figure 2.3: Physical constraints of laterally deflected membranes. a) 

Schematic comparison of top and side valves for controlling flow in 

microfluidic devices. b) Physical constraints of membranes for top and side 

valves. Membranes for second layer (top) valves afford more dimensional 

flexibility to allow higher deflections in comparison to lateral (side) valves. 

To permit fast and robust fabrication of devices, fabrication of active membranes in a 

single PDMS molding process is ideal (Figure 2.3a). However, the ability to fabricate 

effective membranes with single-step molding is limited by several constraints (Figure 

2.3b). First, one of the dimensions of the membrane is fundamentally limited by the 

height of the microfabricated channel.  In practice, this height is constrained both by the 

size of the worm and the height limitations of the fabrication process. Typically, imaging 

devices must be 50 to 80 ɛm tall to enable effective handling of adult worms. Second, the 

thinness of the membrane is limited by the resolution of the micro-fabrication process. 

For features 50 to 80 ɛm tall, the minimum thickness of a membrane is typically 30 ɛm. 

Thus, as shown in Figure 2.3b, the dimensions of a single layer membrane is inherently 

more restrained in a way that is less conducive to effective deflection under pressure. 

Finally, the pressures that can be applied to a single layer membrane is also 
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fundamentally limited by the strength of the bond between PDMS and glass. Typically, 

reliable operation requires that these pressures be maintained under 40 psi. 

 
Figure 2.4: Laterally deflected membranes for single layer loading of C. 

elegans. a) Finite element model in COMSOL showing the ability of two 

opposing membrane structures to obstruct a flow path. b) Three dimensional 

reconstruction of confocal images showing a channel fil led with FITC 

solution obstructed by a pair of laterally deflected membranes. c) 

Visualization of effect valve closure derived from confocal images showing a 

tapered closure of the channel. d) The tapered profile of side valve closure 

effective traps the head or the tail of a worm. 
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However, fabrication in PDMS permits tuning of the elastic modulus of the final material 

by altering crosslinker availability (60). Thus, the dimensional constraints of laterally 

deflected side membranes can be partially compensated for by changing the prepolymer 

to crosslinker ratio from standard 5:1 and 10:1 mixtures to 20:1 (see Appendix A.2). 

Under these conditions, modeling of membrane deflection using a finite element model in 

COMSOL indicates the potential of two-sided valves to create effect flow path closure 

under even under appropriate dimensional and pressure constraints (Figure 2.4a). 

Compared to previous attempts to characterize single layer membranes, the model shows 

the capability for higher deflections at more restrictive membrane and channel 

dimensions that facilitate robust fabrication and the accommodation of single worm 

loading (61-63). The ability of two laterally deflected side membranes to create effective 

channel closure was then confirmed via confocal microscopy of a microchannel filled 

with FITC solution. As shown in the three dimensional reconstruction in Figure 2.4b, 

empirical profiles of channel closure by side valves are similar to those from the finite 

element model in Figure 2.4a. As shown in Figure 2.4c, this profile indicates a tapered 

closing of the channel along the length of the valve. When used for loading of C. elegans, 

this closing profile effective captures and constrains the tapered worm head and tail 

(Figure 2.4d).  

In addition to active valves to control sequential worm loading, previous generations of 

serial worm imaging devices also took advantage of low thermal masses and small 

transport distances on chip to permit rapid cooling and immobilization of the freely 

moving worm within the imaging channel (32, 37, 54, 64, 65). To do this, fluid that is 
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chilled off-chip can be cycled through a cooling channel adjacent to imaging channel. 

This was typically accomplished using a cooling channel fabricated on the same layer as 

two-layer valve structures. However, the ability to move this functionality onto one 

feature layer using a side cooling channel as shown in Figure 2.5a has the potential to 

fully eliminate a layer of features and reduce the fabrication complexity of a device 

without compromising any functionality.  

Finite element modeling in COMSOL demonstrates the potential of a single layer cooling 

scheme to effectively cool the imaging channel (Figure 2.5b and c). In both the models in 

Figure 2.5b and 2.5c, the fluid entering the channel is assumed to be chilled to 0°C off-

chip and enters at a rate of 1.3 ml/minute, a typical flow rate with common small form 

factor peristaltic pumps. The model in Figure 2.5b accounts for only thermal transfer and 

emission to the ambient air beneath the glass coverslip and is representative of imaging 

with an air objective. The model in Figure 2.5c, which shows diminished cooling 

performance, also accounts for contact with an objective lens through a thin layer of oil 

and is representative of imaging with an oil objective.  

In practice, when using the same external hardware and settings for off-chip cooling and 

cycling of the cooling liquid, the side cooling channel is sufficient for robust 

immobilization of the tail of the worm. However, the imaging channel temperatures 

achieved using an oil objective under slightly elevated room temperatures near 25°C is 

insufficient to fully eliminate pharyngeal pumping or head movement in the worm. The 

diminished efficiency of cooling from a side channel can be addressed by increasing the 

performance specifications of the off-chip hardware for cooling and flow (Section 2.3.2). 
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However, as an alternative approach to optimize heat transport on-chip, this work also 

demonstrates the compatibility of laterally deflected side valves with additional second 

layer features via the incorporation of second-layer cooling with single-layer valves 

(Figure 2.6a). 
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Figure 2.5: Incorporating complete imaging functionality onto a single layer 

of fabrication using lateral cooling for immobilization of C. elegans. a) 

Layout of single layer imaging device showing flow, control and cooling 

channels and numbered inlet and outlet ports for fluid introduction and 

pneumatic control. b) COMSOL model of single layer cooling performance 

shows effective cooling of the worm channel under imaging with an air 

objective. c) COMSOL model of single layer cooling performance showing 

diminished cooling of the worm channel under imaging with an oil objective. 
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Figure 2.6a shows a two-layer device utilizing single-layer, laterally deflected valves for 

flow control and a second layer cooling channel for immobilization. As opposed to the 

lateral cooling scheme presented in Figure 2.5b, a second layer cooling channel can 

overlap valve structures on the first layer. This overlap permits more effective cooling of 

the portions of worm that are trapped under the valve structures themselves (Figure 2.4d). 

Moreover, a second layer cooling scheme can simultaneously cool both the top and the 

two side surfaces of the imaging channel. As a result, COMSOL modeling results in 

Figure 2.6b and 2.6c demonstrates consistently higher cooling performance of this two 

layer scheme compared with the side cooling scheme in Figure 2.5b and c. The same 

model setup, accounting for thermal emission and transform to a layer of air below the 

coverslip, and the same flow rates were used for the models in Figure 2.5 and Figure 2.6. 

In practice, a second layer cooling scheme results in robust immobilization of both the 

head and tail of the worm despite variations in ambient temperature. Moreover, while 

fabrication of a second layer cooling channel does involve an additional molding step and 

requires the alignment of two feature layers, alignment tolerances for a single, large 

cooling channel are substantially higher than for multiple, small valve control channels 

throughout the chip. Thus, the use of single layer valves in this case still offers substantial 

increases in fabrication and operational robustness despite the utilization of a second 

feature layer for cooling. Moreover, as the following section (2.2.3) demonstrates, the 

ability to segregate functional features into two layers adds a degree of freedom to device 

design that permits the incorporation of more complex operational capabilities within the 

same physical space. 
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Figure 2.6: Incorporation of second layer cooling with laterally deflected 

valves for optimizing on-chip heat transfer. a) Layout of imaging device 

utilizing laterally deflected side valves and a second layer cooling channel, 

which is also diagrammed in a cross-sectional view. Flow, control and 

cooling channels as well as inlets and outlets ports for fluid and pneumatic 

pressure are indicated. b) The second layer cooling scheme results in high 

cooling performance when used with an air objective. c) Even with additional 

deleterious heat transfer using an oil objective, the second layer cooling 

scheme maintains low imaging channel temperatures. 
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2.2.3: Increasing Sorting Functionality 

In addition to facilitating rapid end-point imaging experiments, the serial imaging devices 

presented in the previous section have often been utilized to conduct forward genetic 

screens (32, 37, 38, 54, 64, 65). These applications require binary sorting of a worm 

population into one population that is recovered for further study and another population 

that contains animals deemed to be not useful or interesting (Figure 2.7a). However, to 

extend sorting based on high-content imaging readouts to the recovery of multiple 

populations of interest, binary sorting devices are insufficient. For example, to cleanly 

recover two interesting populations, at least three sorting outlets must be present to 

accommodate the two populations of interest and the subset of animals that have been 

loaded or imaged improperly or otherwise cannot be assessed properly for sorting. Yet, 

due to the physical limitations of arranging independent control and flow lines on chip 

and robustly directing appropriate movement of the worms themselves via flow, 

increasing the number of outlets is non-trivial. In general, for robust independent gating 

of each, each flow line can only be split into two outlets. To increase the number of 

outlets despite this restriction, Figure 2.7b shows how taking advantage of the 

compatibility of laterally deflected valves and second layer features can ease physical 

constraints to accommodate additional flow paths and outlets from the imaging channel. 
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Figure 2.7: Comparison of binary sorting with single-layer cooling and mutli-

population sorting with second-layer cooling. a) Single-layer devices 

intrinsically restrict the dimensionality of design and limit the ability to 

physically accommodate flow and control paths for independent sorting. b) 

Increasing the dimensionality of fabrication using second-layer cooling can 

ease physical restraints and accommodate addition flow paths and increase 

sorting capability.  

The operation of the device in Figure 2.7b permits sorting of worms into at least three 

outlets while respecting space limitations and the inability of worms to be directed at very 

acute angles in the flow path. While loading worms, the side outlets are made 

inaccessible to the worms using a set of valves (Figure 2.8a). Worms that are trapped in 
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the imaging channel can be directed either forwards into a ñdiscardò outlet (outlet b1 in 

Figure 2.7b) using flow from a forward flush inlet (inlet  2 in Figure 2.7b) or backwards 

towards sorting outlets from a backward flush inlet (inlet b3 in Figure 2.7b, Figure 2.8b). 

As a safety factor to prevent erroneous sorting, the ñdiscardò outlet is located in the 

forward or default flow path from the worm inlet. This arrangement ensures that debris, 

eggs or worms that are not trapped by the positioning valve or are accidently pushed 

forward in the flow path are always discarded. Upon imaging and decision-making, 

worms that are appropriately loaded in the imaging channel can be actively sorted into 

the one of the sorting outlets via backflow. After the worms enter the sorting flow path, 

its trajectory into each of two independent outlets are directed by a second set of sorting 

valves (Figure 2.8c). 
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Figure 2.8: Operation of the multi-population sorting device. a) Upon 

loading, access to the sorting outlets is restricted by a sorting valve that 

directs the worm into the imaging channel. b) Worms that are in the imaging 

channel can be directed forwards to a discard outlet by a forward media flush 

inlet or backwards towards the sorting outlets by a backward media flush 

inlet. c) Once worms are guided by the backward fluid movement into the 

sorting area, independent sorting valves determine the specific outlet a worm 

enters. 

 

While the device layout presented in Figures 2.7 and 2.8 only accommodate the recovery 

of two potentially interesting populations, it embodies design concepts that can be 

extended for the accommodation of a larger set of populations. The utilization of second 

layer cooling frees up physical space on the flow layer for the sorting design to be 
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reflected across the imaging channel, resulting in the recovery of four populations. 

Moreover, the demonstrations of laterally deflected valves and their compatibility with 

second layer features creates additional opportunities to increase sorting and other on-

chip capabilities in general by using a combination of lateral and second-layer control 

features. 

2.2.2: Optimizing Loading and Orientation 

While the adult worm is a relatively large, millimeter-long specimen, understanding 

biological processes within the multicellular worm often requires the extraction of local 

information from specific sub-cellular, cellular or tissue-level structures at the micron-

scale. Thus, the size an intact worm is usually large with respect to both the lateral x-y 

and axial z resolutions of the microscopy setups necessary to obtain detailed local 

information of interest. This mismatch creates a need for orientating the worm in an 

optimal position for targeting imaging to relevant structures.  

With respect to lateral x-y resolution, the ability to resolve spatial information in the final 

image is dependent upon both the intrinsic resolution of the optical system (66) and the 

resolution afforded by the digitization at the camera sensor. Common sensors used for 

quantitative imaging offer pixel sizes of roughly 6.5 µm2 arrayed in configurations of 

roughly 1000x1000 pixels or fewer. Thus, to be able to resolve a 2-3 µm neuronal cell 

body in the worm with multiple pixels, magnifications of at roughly 20X must be 

utilized. Furthermore, quantitative fluorescence imaging applications are often signal-

limited, requiring the use of higher magnification and numerical aperture lenses or digital 

binning for adequate signal. However, higher magnifications increase spatial resolution 
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and the light gathering ability of the system at the cost of decreasing the extent of the 

space that can be viewed within the limited size of the sensor. Thus, as shown in Figure 

2.9a, the effective field of view of digital microscopy systems necessary to extract local 

information from fluorescence imaging is usually only in the hundreds of microns.  

 
Figure 2.9: Biasing anterior-posterior orientation on chip to facilitate 

targeting of high resolution imaging. a) Under commonly used magnifications 

for single-cell analysis, the field of view (red dotted box) is limited to small 

regions along the anterior-posterior axis of the worm. To aid in targeting the 

field of view, loading orientation can be biased by the entry area for the 

worms (black dotted box). b) ñStyle Aò entry area permitting relatively direct 

entry of the worm into the imaging. c) ñStyle Bò entry area with pillar 

obstacles promoting the adoption of crawling behaviors in the worm prior to 

entry. d) Analysis of anterior-posterior loading orientation shows that direct, 

Style A entry areas offer little bias for specific orientations whereas crawl-

promoting Style B entry areas offer consistent biasing of orientations towards 

head-f irst entry. 
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Thus, to facilitate high-resolution imaging in a high-throughput manner, it is necessary to 

target the field of view to specific locations of interest. If necessary, this can be 

accomplished using active movement of the stage guided by image recognition 

algorithms or manual control. However, physical orientation of the specimen on-chip 

provides another technique for expediting targeted data collection via the reduction of 

intermediate processing and stage movement steps. In particular, orientation of the long 

anterior-posterior axis of the worm along the imaging channel is important for providing 

rough anatomical positioning of the field of view along the length of the worm.  

As shown in Figure 2.9b and c, the anterior-posterior orientation of the worm is governed 

by the microfluidic area for worm entry. Whereas entry areas that allow worms to 

directly enter the imaging channel offer relatively no bias for anterior-posterior 

orientation (Figure 2.9b and d), entry areas that provide flow path obstacles tend to 

increase the bias for a head-first entry into the imaging channel (Figure 2.9c and d). 

Specifically, sparse pillar arrangements within the entry area tend to slow worm 

movement and allow them to adopt forward crawling behaviors before entering the 

imaging channel. As shown in Figure 2.9d, these microfluidic features promote head-first 

entry of the worm across different ages and worm sizes. 

With respect to axial z resolution, quantifying intensities in specific cells within the 

relatively thick (~50-70um) worm body poses particular imaging challenges.  Imaging 

aberrations increase with distance of the target from the coverslip and targets far from the 

coverslip suffer from loss of contrast and intensity attenuation (58, 67).  These effects can 

be observed in Figure 2.10, where fluorescence in a bilaterally symmetric pair of 
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neuronal cells located in the head of the worm (Figure 2.10a) is observed from two 

different orientations. When the cell pair is imaged in an orientation along the x-y plane, 

they exhibit similar intensities (Figure 2.10b). However, when the cell pair is imaged 

oriented along the y-z plane, the cell pair furthest from the coverslip shows diminished 

intensity (Figure 2.10c). Furthermore, z-axial resolution is more limited compared with 

lateral resolution in the x-y plane, diminishing the ability to resolve the two cells.  

 
Figure 2.10: Imaging quality of bilaterally symmetric neuron pair under 

different imaging orientations. a) Schematic of the bilaterally symmetric ASI 

neurons, organized as a left-right pair of cells in the head of the worm. b) 

Imaging the cell pair oriented along the x-axis results in comparable 

intensities for both cells and good spatial resolution of the individual cells in 

the x-y plane. c) Imaging the cell pair oriented along the z-axis results in loss 

of intensity for the cell located furthest from the coverslip and poor spatial 

resolution of the individual cells in the y-z plane. 



 36   

 

Compromises in both spatial resolution and signal loss in the z-axis of imaging suggest 

that consistent orientation of the worm is critical for both accurate intensity quantification 

and structural characterization.  Previous work has demonstrated microfluidic features to 

laterally orient the worm along the z-axis as shown in Figure 2.10c in order to resolve 

particular biological structures on the left or right side of the worm (38). However, since 

many sensory neurons in C. elegans exist as bilaterally symmetric pairs, it is particularly 

advantageous to orient the animal such that both neurons are in the same plane of focus 

especially when studying potential asymmetries in neural processing.  Figure 2.11a 

shows that imaging of worms in a straight rectangular imaging channel tends to induce a 

rotational skew such that the left and right neurons differ in z-position by roughly 20 ɛm. 

Moreover, the z-plane difference due to this small rotational skew is sufficient to bias the 

intensities of the neurons pairs such that quantifiable differences of ±50% between 

neuronal intensities can be observed due to differences in z location (Figure 2.11b). 
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Figure 2.11: Reducing rotational asymmetry in imaging of bilaterally 

symmetric biological structures. a) Imaging in a straight rectangular imaging 

channel results in a rotational skew that puts bilaterally symmetric features 

roughly 20 ɛm apart from each other on the z-axis. b) The rotational skew 

and resulting z-axial differences observed straight imaging channels results 

in quantifiable neuron intensity differences of about ±50%. c) Diagram of 

scheme for restriction of the z range of motion via sequential tapering of the 

imaging channel. Worms progress from the inlet (1) through two downward 

and steps aligned at a specified angle ɗ in the imaging channel (2) before 

stopping at the positioning valve (3). d) In addition to reducing the total z-

range for data acquisition, top down compression provided by sequential 

steps eliminate the rotational skew previously observed in the worm. 

Providing differential compression of the worm via angled steps can also 

alter the rotational profiles observed on-chip. 

To reduce the confounding effects of z-dependent intensity changes, a vertical tapering of 

the imaging channel can be employed to restrict the z axial range at the imaging location. 
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As shown in Figure 2.11c, step-wise truncation of the height of the imaging channel can 

be accomplished using multi-layer soft lithography (Appendix A). In order to provide 

compression of the head of the worm while still allowing sufficient space for efficient 

loading and removal of the worm through the channel, 30 ɛm is used as the minimum 

height at the imaging location. At the same time, an overall device height of 10 to 15 ɛm 

above the width of the worm is necessary to facilitate efficient entry and loading of the 

worms into the device. In practice, a single height step down to 30 ɛm in the imaging 

channel tends to result in folding of the worm head upon loading, resulting in clogging 

and loss of worms. In order to robustly guide the worm head into the 30 ɛm restriction, 

two sequential height steps are used with no more than roughly 20 ɛm in height change at 

each step (Figure 2.11c bottom). 

The configuration in Figure 2.11c both restricts the amount of z-deviation permissible 

between the two neurons and eliminates the rotational skew previously observed in 

simple rectangular imaging channels (Figure 2.11a). With height steps perpendicular to 

the length of the channel (ɗ=0 in Figure 2.11c), the z-position deviation between two 

bilaterally symmetric neurons shown in Figure 2.11d is centered around 0 and the 

maximum z deviation is about half of those observed with simple rectangular imaging 

channels shown in Figure 2.11a. Furthermore, when the height steps are fabricated at an 

angle of 75° relative to the channel perpendicular, further refinement of the rotational 

distribution is observed (Figure 2.11d).  

These results indicate that top-down compression of the worm during loading is an 

effective means of tuning the orientation of the dorsoventral axis of the worm relative to 



 39   

 

the z imaging axis. In combination with the ability to tune anterior-posterior orientation 

using features at the worm inlet of the imaging device, the design and characterization of 

these microfluidic features provides another modular microfluidic toolset to manipulate 

worms on-chip to maximum imaging throughput and quality.  

2.3: Hardware Support Systems for Microfluidic Imaging  

2.3.1: Integrated Pressure and Solenoid Valve Controllers 

The operation of the microfluidic devices presented thus far require controlled off-chip 

pressure sources for both on-chip membrane valve deflection and driving flow on chip. 

Typically, control of pneumatically driven valves on-chip require activation pressures of 

roughly 30-40 psi, which must be quickly applied and released for valve activation and 

deactivation. On the other hand, pressures necessary for driving flow on-chip range from 

3-10 psi depending on the particular application and fluidic resistance of the microfluidic 

chip. Finally, off-chip, electrically activated solenoid pinch valves are often utilized as a 

method to rapidly start and stop flow on chip and prevent undesirable back-flow into 

certain flow paths. To accommodate all of these potential needs, an integrated controller 

incorporating multiple independent pressure controls, pneumatic valves, and accessory 

outlets to drive additional off-chip components is necessary.  
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Figure 2.12: Integrated pressure and valve controller for integrating control 

of off -chip microfluidic flow control. a) Pictures of the front and back of the 

pressure and valve controller box showing relevant pressure controllers and 

inputs and outputs on the front and back panels. b) Schematic overview of the 

outputs of the pressure box demonstrating functional connections with a 

microfluidic imaging chip. 

An integrated solution for both pressure, pneumatic and pinch valve control is presented 

in Figure 2.12a. This controller incorporates four independent pressure controllers 

operating at different pressure ranges to accommodate both high and low pressure 
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requirements. Additionally, the controller accommodates the independent operation of up 

to eight high pressure on-chip valves (outputs 1-8 in Figure 2.12b) and 2-4 low pressure 

sources for flow control (outputs 9-10 in Figure 2.12b). Additionally, 2-4 constant low 

pressure sources are supplied for continuous pressure (ñOò outlets in Figure 2.12b). 

When necessary, flow lines driven by these constant pressure sources can be rapidly 

gated by off-chip solenoid pinch valves driven by the four electrical outlets for control of 

additional accessories (outputs 13-16 in Figure 2.12b). As shown in Figure 2.12b, these 

control elements accommodate full control of all of the microfluidic designs presented in 

this chapter and can be flexibly adapted to other chips requiring different pressure and 

flow inlets. 
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Figure 2.13: Internal view of pressure and valve control box. a) Picture of 

pneumatic connections on the interior of the valve box. b) Schematic of 

pneumatic connections showing the distribution of a single pressure source 

amongst four independent pressure regulators and 16 potential outputs. c) 

Picture of the electrical connections to the LED controller responsible for 

furnishing computer control of valve and accessory power output activation. 

d) Schematic of the electrical connections showing the independent control of 

16 potential valve and external outputs using a single LED controller. 

An internal view of the pneumatic connections in pressure and valve control box is 

shown in Figure 2.13a. A detailed schematic of the pressure distribution and control lines 

in the box is shown in Figure 2.13b. Pressure from the air inlet on the back of the box is 

distributed amongst four sets of four pressure outputs. The first three sets of pressure 
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outputs are gated by three-way pneumatic valves as shown in the inset in Figure 2.13b. 

These valves switch the pressure output between a regulated pressure input and 

atmospheric pressure in order to rapidly pressurize and de-pressurize media or worm 

reservoirs. The last set of pressure outputs is not electronically gated and directly 

connects the pressure output to the regulated pressure input. These outputs are intended 

for constant-flow applications or constant pressurization of large reservoirs, which have 

large dead volumes for pressurization and are more rapidly gated by off-chip pinch 

valves.  

To facilitate computer control of the pneumatic valves and accessory power outputs in 

the box, the power lines for the valves and outputs are wired to a USB-controllable LED 

controller as shown in Figure 2.13c and d. The commercially available 16 output LED 

controller supplied by Ultimarc Limited gates the connection of the negative terminal of 

valve and power outputs to the ground of the power input and electronically closes each 

the circuit powering each valve or external output on demand. The LED controller 

integrates control of all electronic outputs in the box to one USB connection with the 

computer through the back of the box and provides a unified interface for software valve 

control. 

2.3.2: Cooling Systems for Immobilization 

The pressure and valve controller box described in the previous section serves to address 

two general microfluidic needs for pneumatically driving both flow and valves on chip. 

However, the ability to immobilize worms via cooling for worm imaging applications 

depends on a third off-chip support system generating and cycling chilled liquid through 
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the cooling channels discussed in Section 2.2.1. An overview of such a system is shown 

schematically in Figure 2.14.  

 
Figure 2.14: Overview of liquid cooling system for on-chip immobilization of 

C. elegans.  

Through the system, a 50:50 v/v glycerol-water mixture is utilized as the cooling solution 

due to the need for freezing point depression in the heat exchanger. This cooling liquid is 

first pumped from a reservoir using a peristaltic pump. The use of a peristaltic pump 

facilitates the maintenance of constant flow despite changes in the viscosity of the 

cooling liquid when chilled and potential changes in the fluidic resistance of the on-chip 

cooling channel itself. Furthermore, as opposed to pressure-driven flow, which requires a 

closed vessel to maintain an upstream pressure, driving flow using a peristaltic pump also 

facilitates recycling of the cooling liquid back into the same open reservoir. However, 

despite the aforementioned advantages, the cyclical operation of peristaltic pumps often 

results in pulsatile flow profiles that may manifest in deleterious pulsatile vibrations in 

the cooling channel on-chip. To dampen the pulsatile nature of the flow, liquid from the 
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peristaltic pump is first directed into an air-tight flow-buffering container. This container 

acts as a flow capacitor, dampening the flow profile from the peristaltic pump.  

After a steady flow of cooling liquid has been generated by the peristaltic pump and the 

downstream capacitance container, it must be chilled before being introduced into the 

microfluidic chip. Here, a heat exchanger module can be used to lower the temperature of 

the incoming liquid before delivering to the microfluidic chip. While various heat 

exchanger designs have been previously utilized in the lab to accomplish this goal (64), 

previous solutions tended to lack portability, repeatability and robustness. Specifically, 

the initial use of ice for fluid cooling lacked the ability to adjust cooling temperatures for 

different conditions and required frequent manual intervention to maintain cooling. 

Subsequent designs using a peltier module to chill fluid also suffered from a lack of long 

term stability due to degradation of the flow module joints and seals due to repeated 

thermal cycling over time. These initial peltier-based designs also required difficult 

assembly procedures and expensive off-chip voltage controllers or PID controllers that 

made the system difficult to replicate.  

Figure 2.15a highlights the specific failure modes of the previous cooling designs in red. 

Early designs called for two-point compression assembly of all of the components of the 

heat exchanger. This mode of assembly required careful and simultaneous alignment of 

multiple pieces and often leads to improper sealing between the copper flow module and 

the peltier module. Moreover, the hand-fabricated PDMS seal used as a gasket for leak 

prevention had high rates of fabrication failure and could also shift or tear during 

assembly. Finally, the inlets and outlets of the flow module were initially created using an 
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epoxy seal with the copper flow module. While initially effective, the epoxy tended to 

separate from the copper flow module and the stainless steel inlet and outlet ports due to 

repeated thermal cycling. 

To address these failure modes, Figure 2.15b shows the components of an independently 

sealed flow module. The flow module is sealed using 8-point compression against a 

commercially acquired Teflon tape sealant, resulting in an easy and robust assembly 

process and the maintenance of a continuous seal over time. Furthermore, inlets and 

outlets are created with screw-in gasketed barb fittings, eliminating the possibility of 

adhesive failure over time. Together, these components form an independently assembled 

and sealed flow module with inlet and outlet ports in the front and a highly conductive 

contact surface for the peltier module on the back (Figure 2.15c). To create a full heat 

exchanger assembly, this flow module can then be mounted to commercially available 

peltier modules via the standard fittings provided with commercially available CPU 

cooling assemblies as shown in Figure 2.15d. 
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Figure 2.15: Improved heat exchanger module eliminates fabrication 

challenges and failure modes in previous designs. a) Early peltier heat 

exchanger design with failure modes highlighted in red. Two point 

compression, a hand-fabricated PDMS seal and epoxy joints lead to fluid 

leaks due to improper compression and degradation of epoxy contact with 

thermal cycling. b) Components of improved independently sealed flow 

module which eliminates the failure modes outlined in part a. c) Pictures of 

assembled flow module show flow inlets and outlets in the front and the 

contact surface for the peltier module on the back copper surface. d) Picture 

of flow module assembled with commercially available peltier module and 

liquid CPU cooling assembly. 

Finally, to complete the cooling system, the peltier module must be driven by a power 

supply. To accommodate the potential need for increasing or decreasing cooling capacity 

for different chip designs or ambient temperatures, Figure 2.16 outlines a custom 

adjustable power supply to drive the peltier module. Figure 2.16a shows the circuit 

diagram for the voltage regulation and buffering steps. A LM317 linear voltage regulator 
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is used to adjust the output voltage from 1.25V to roughly 12V using a panel-mounted 

knob potentiometer. To account for the high current requirements of the peltier module, 

the low current output from the voltage regulation step is delivered to a voltage buffering 

step with a BJT transistor to increase current output. Pictures of the front and back panels 

and interior of the cooling voltage control box is shown in Figure 2.16b and c. 

 
Figure 2.16: Electronic components for adjustable peltier cooling. a) Circuit 

diagram of voltage regulator and buffer used to generate an adjustable power 

supply for the peltier module. b) Front and back panels of the power supply 

box for cooling control. c) Interior view of the electronics in the cooling 

power supply box. 



 49   

 

2.4: Software Support Systems for Microfluidic Imaging 

In order to perform automated imaging tasks with the microfluidic tools and support 

hardware described in the previous sections, specific hardware components of the 

imaging system have be electronically controllable via computer control. A minimal list 

of hardware components that must be controllable via a computer interface is tabulated in 

Table 2.1 alongside typical actuation mechanisms for each component and the computer 

interfaces used. While the pressure and valve controller box described in Section 2.3.1 

addresses the actuation of the microfluidic components via a common USB interface, the 

specific mechanisms and interfaces for the other components are dependent on the 

specific microscopy setup being used for microfluidic imaging. 

Table 2.1: Microfluidic and microscopy hardware that must be electronically 

controllable via a computer interface for general automated imaging 

applications. 

 

In order to provide integrative computer control of all of the components listed in Table 

2.1, custom control software is necessary. Commercial and open-source microscopy 

software packages typically only accommodate control of common microscopy 

components and are not easily customizable to permit full microfluidic control. 



 50   

 

Furthermore, integration of custom on-demand image processing and decision-making 

can be difficult within the constraints of more narrowly tailored microscopy packages.  

To develop modular, portable and customizable microfluidic control software, it is 

advantageous to select a software environment that is commonly available within 

academic environments, amenable to rapid design changes and testing and readily 

supports parallel instrument control with drivers available for common microscopy 

components. To address these specifications, Figure 2.17 shows an overview of control 

software developed in the LabVIEW development environment for integrative control of 

all of the components listed in Table 2.1. The code and the LabVIEW environment offers 

the flexibility to quickly change modules for different microscopy setups and the ability 

to incorporate custom image processing algorithms within the course of automation. 
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Figure 2.17: Custom LabVIEW software for automated fluorescence imaging 

of C. elegans on microfluidic chips. a) Block diagram underlying software 

operation showing three independent control loops. b) Outline of the 

functions and interdependencies of each loop. c) Overview of the user 

interface for the software. 

Figure 2.17a shows an overview of the block diagram, which underlies the operation of 

the custom LabVIEW software. The block diagram consists of three independent control 

loops which operate according to the outline provided in Figure 2.17b. Briefly, the three 

loops are responsible for the coordination of automation functions, responding to user 

interface commands and continuous operation of the camera, respectively. In order to 

execute automation functions, the automation control loop can interact with the other two 

loops to mimic user interface commands in loop 2 or alter camera operation in loop 3. 
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The user interface to direct the function and operation of these three loops and receive 

visual feedback of camera and image processing results is shown in Figure 2.17c.  

A more detailed block diagram of automation routines is shown in Figure 2.18 below.  

Figure 2.18a shows a high level description of how the automation loop interacts with the 

user interface and camera loops to facilitate coordinated function of the microfluidic 

device and other microscopy components. Blocks indicated by dotted boundaries indicate 

functions where image processing is necessary for decision-making. These image 

processing operations are discussed in more detail in Chapter 3. Figure 2.18b shows a 

lower level block diagram of z-stack collection, showing how all of the components listed 

in Table 2.1 are utilized in automated imaging. 
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Figure 2.18: Block diagram of automated microfluidic image acquisition. a) 

High level block diagram of how the automation loop interacts with the user 

interface and camera loops to alter microfluidic chip configurations and 

interface with the camera. b) Lower level block diagram of z-stack collection 

procedure showing how other microscopy components are controlled in data 

acquisition. 

2.5: Discussion and Conclusions 

This chapter describes both the development of new microfluidic chip functionality and 

the construction of the off-chip ecosystem to support the function of microfluidic chips. 

Some of these developments such as the laterally deflected valve, pressure and valve 

controller system and the general the framework for integrative microfluidic and 

microscopy control have broader utilization beyond the handling and imaging of C. 

elegans. However, this chapter describes the specific utilization and refinement of these 

tools alongside other technological innovations to enable robust, high-throughput 
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imaging of C. elegans. While imaging and sorting of C. elegans on microfluidic 

platforms have been previously demonstrated, the body of work in this chapter refines 

and increases the robustness and usability of these technologies with the aim of 

ultimately increasing the dissemination and impact of microfluidic technology. As a 

demonstration of progress towards this goal, microfluidic imaging systems have been 

disseminated and successfully used in several non-engineering laboratories in the course 

of this work. 
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CHAPTER 3: TWO-LAYER CLASSIFICATION  ARCHITECTURE FOR 

BIOLOGICAL IMAGE PRO CESSING 

This work has been submitted for publication in PLoS Computational Biology as of 

September 24, 2014. 

3.1: Introduction  

Diverse imaging techniques exist to provide functional and structural information about 

biological specimens in clinical and experimental settings. On the clinical side, new and 

augmented imaging modalities and contrast techniques have increased the types of 

information that can be garnered from biological samples (68). Similarly, many tools 

have recently been developed to enable new and accelerated forms of biological 

experimentation in both single cells and multicellular model organisms (27, 43, 55, 69, 

70). Increasingly, the capacity for high-throughput experimentation provided by new 

optical tools, microfluidics and computer controlled systems has eased the experimental 

bottleneck at the level of physical manipulation and raw data collection. Still, the power 

of many of these toolsets lies in facilitating the automation of experimental processes. 

The ability to perform real-time information extraction from images during the course of 

an experiment is therefore a crucial computational step to harnessing the potential of 

many of these physical systems (Figure 3.1). Even when off-line data analysis is 

sufficient, the capability of these systems to generate large, high-content datasets places a 

large burden on the speed of the downstream analysis.  



 56   

 

 
Figure 3.1: Unsupervised image processing techniques are often necessary to 

harness the power of emerging imaging and experimental technologies. 

Automated image processing and the use of supervised learning techniques have the 

potential for bridging this gap between raw data availability and the limitations of manual 

analysis in terms of speed, objectivity and sensitivity to subtle changes (71). Yet, 

automated image processing solutions tend to be highly problem-specific, limiting the 

development of ready-to-use tools that are both broadly generalizable and robust (71). 

Compounding this problem, there is not a clear methodology by which these 

computational approaches can be applied to solving common problems in mining 

biological images (72). Thus, the development or adaptation of these tools for specific 

problems has thus far been relatively opaque to many potential end-users and require a 

high degree of expertise and intuition. Specifically, extraction of meaningful information 

from biological images usually involves the identification and calculation of metrics 

about particular structures rather than the usage of global image metrics. Depending on 

the specimen and the experimental platform, this may range in scale from molecular or 

sub-cellular structure recognition to the identification of individual cells within a field of 

view, specific cells or tissues within a heterogeneous specimen or free-moving organisms 
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within a culture area. While toolsets have already been developed to address some 

general needs of the biological community (37, 42, 47, 48) and powerful, general 

algorithmic tools exist for pattern and feature discrimination and decision-making (73-

75), many specific biological image processing problems have been left unaddressed by 

existing toolsets.  

Image analysis algorithms to address these specific individual needs have typically been 

developed on an ad hoc basis and relied on expertise and intuition that made it difficult 

for general end-users to adapt or generate new solutions to suit individual problems. In 

contrast, unified approaches and prescribed workflow architectures have the potential to 

both promote understanding and facilitate customization on the part of end-users and to 

assist in complex problem solving via formal modularization.  This chapter presents a 

general scheme for the detection of specific biological structures that has the potential to 

be applied as a basis for solving a diverse set of problems. As opposed to finished, ready-

to-use toolsets which address a limited problem definition by design, the image 

processing workflow devised here has the power to simultaneously address the need for 

accuracy, problem-specificity and generalizability by promoting the design and 

customization of toolsets by end-users. 

This chapter also demonstrates the application of this formalized approach to specifically 

address the common image processing challenges associated with automated, high-

throughput imaging of C. elegans. To address the problems of extracting region-, tissue- 

and cell-specific information within a multicellular context, image processing algorithms 

are developed to distinguish the head of the worm under bright-field imaging and enable 
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specific cell identification under fluorescence imaging. These developments demonstrate 

the flexibility of the two layer classification framework to accommodate different 

imaging modalities and disparate biological structures. The resulting toolsets also 

contribute directing to addressing two fundamental needs for automated studies in the 

worm and contribute specific concepts and modules that may be applied to a broader 

range of biological problems. 

3.1: Generalizable Architecture for Biological Image Processing 

Figure 3.2 outlines the two-tiered classification scheme developed to identify specific 

biological structures within an image.  To identify biological structures of interest, 

images are first pre-processed to condition the data and generate candidates for the 

structure of interest. In general, candidates can either be individual pixels or discrete 

segmented regions generated via a thresholding algorithm applied during pre-processing. 

In the subsequent two layers of classification, these candidates are quantitatively 

described by two distinct sets of descriptive features, which may be derived from 

intuitive metrics designed to mimic human recognition or mathematical abstractions that 

capture additional information (73, 76). These features are mathematical descriptors that 

help delineate the structure or interest from other candidates and will form the basis for 

classification in each layer.  
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Figure 3.2: Overview of biological structure detection using multi-layered 

classification. Intrinsic, computationally simple features and relational or 

computationally expensive features are partitioned into two layers to 

accommodate both structural complexity and efficiency. 

Separation of features into two distinct layers of classification in the classification 

scheme serves three purposes. First, it permits conceptual separation of intrinsic and 

extrinsic or relational properties of a biological structure. Second, it permits the inclusion 

of higher level descriptions of the relationships between structures identified from the 

first layer of classification. Finally, it reduces the number of times computationally 

expensive features must be calculated if they are associated with the second layer of 

classification and thus a reduced candidate set. Accordingly, the first layer of 

classification uses computationally inexpensive, intrinsic features of the candidates to 

generate a smaller set of candidates. To both address additional complexity and reduce 

computation time, computationally expensive features or extrinsic features that involve 

the relationship between different candidates are reserved for the second layer of 

classification. Overall, the workflow architecture presented in Figure 3.2 permits the 
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identification of generic biological structures and balances the capability for describing 

biological complexity with computational speed. 

At each layer of classification, features calculated about each candidate are used in a 

trained classifier to make a decision about the candidateôs identity. To accommodate 

different image acquisition setups and acquisition parameters in practice, the algorithm in 

Figure 3.2 utilizes an image calibration factor, ὅ, in feature calculation. This calibration 

factor characterizes the relationship between the digitized and real-world length scales for 

a specific experimental setup and can be used to normalize feature and parameter scaling 

in all image processing steps (Section 1.4.3). With these normalized features, this work 

utilizes support vector machines (SVM) for all classification steps.  SVM is supervised 

learning approach that involves minimal user input or manual parameter selection and 

offers relatively general utility due to its insensitivity to specific conditioning of feature 

sets (74, 77). However, for problems where constraints of the feature sets are well known, 

other models including Bayesian discriminators and heuristic thresholds can also be used.  

3.2: Application for Head versus Tail Detection in C. elegans 

Due to its relatively large size, only a limited portion of the worm body can be captured 

within the field of view under high resolution imaging and it is necessary to target 

specific regions along the anterior-posterior axis of the worm to capture specific cells or 

tissues of interest (Figure 3.3a). Even at lower resolution, it is also often desirable to 

target stimuli to and understand responses of specific regions of the worm body. Thus, 

image processing for orientation along the length of the worm is crucial to enabling the 

full potential of many of the toolsets for high resolution image and physical and optical 
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manipulation. To address this need, many ad hoc tactics such as the presence of 

fluorescent markers (32, 33, 37, 43) or the assumption of forward locomotion in freely 

moving worms (42, 51, 78, 79) are often used delineate between the head and tail and 

orient the anterior-posterior axis. However, these tactics are strain-specific, impose 

constraints on the magnification, imaging modality and experimental setup, and therefore 

lack generalizability. Moreover, image metrics based on fluorescence may cause 

unnecessary photobleaching of the sample before data acquisition and be confounded by 

age and condition-specific autofluorescence in the worm body (80).  

 
Figure 3.3: The necessity of head versus tail delineation under high 

resolution imaging. a) The limited field of view of high resolution imaging 

systems creates a need for spatial positioning along the anterior-posterior 

axis of the worm. As a landmark for orienting the A-P axis, the head of the 

worm is distinguished by the presence of the pharynx and a grinder structure 

(inset below). b) In an automated microfluidic imaging system, a sparse z-

stack in bright field may be acquired to accommodate for z-focus uncertainty. 

In order to approach this problem without a reliance on a specific experimental 

framework, there are several consistent morphological differences between the head and 

the tail of the worm that are observable under bright field imaging. While the shape of the 

head and the tail differs significantly, these differences are difficult to detect due to low 

contrast and may be physically obscured by some experimental platforms (32). Instead, 
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the head of the worm is more clearly distinguished by the presence of the pharynx, which 

has a stereotypical morphology that includes a biological structure for masticating food 

called the grinder (81). As shown in Figure 3.3a, the grinder is a dark, uniquely shaped, 

high-contrast structure under bright field imaging. This stereotypical feature of the head 

can serve as the target biological structure for the two layer classification scheme.  

To construct and validate the classification solution for automated head versus tail 

detection, bright field images of the worm head and tail were collected using a custom 

microfluidic device (Figure 3.3b, Section 3.5). Following the classification architecture in 

Figure 3.2, application of the scheme involves three major steps: preprocessing of raw 

images to generate candidates for the structure of interest, selection and calculation of 

features to describe these candidates at both layers of classification, and optimization and 

training of the two classifiers based on these feature sets.  

3.2.1 Preprocessing and Feature Selection for Pharyngeal Grinder Detection 

First, in the preprocessing step, a minimum intensity projection is used to consolidate 

dark structures of potentially multi-plane bright field images into a single image (ὓὖ in 

Figure 3.4a) and Niblack local thresholding is used to generate discrete binary particles as 

potential candidates for the grinder (ὄὡ  in Figure 3.4a).  This work utilizes the Niblack 

local thresholding procedure in both this and the following cell identification application 

to robustly segment particles despite the potential variability in local lighting, texture and 

background tissue intensity (Section 3.5). Following initial thresholding, preliminary 

filtering of the binary particles is then applied to remove segmented regions that are 

either too small (less than 37.5 ɛm2) or too large (greater than 100 ɛm2) to reduce 
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downstream computation (ὄὡ  in Figure 2b). The remaining particles are processed 

through the two-layer classification scheme to detect the presence of the pharyngeal 

grinder. 

 
Figure 3.4: Preprocessing and first layer features for pharyngeal grinder 

detection. a) Preprocessing steps concatenate multi-plane images and 

binarizes the image to generate candidates for subsequent classification 

using. b) First layer features are based on describing only the intrinsic 

properties of each binary particle, which is insufficient to eliminate all non-

grinder particles in classification. 

Second, in the feature selection step, distinct mathematical features which may help to 

describe and distinguish the structure of interest are calculated for each layer of 

classification. In the first layer of classification, intrinsic and computationally 
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inexpensive metrics of the particles are computed and used as features (Figure 3.4b, 

Figure 3.5) in classification of the grinder shape. These features represent a combination 

of simple, intuitive geometric features, such as area and perimeter, in addition to higher 

level measures of the object geometry and invariant moments suitable for shape 

description and identification (76).  Training and application of a classifier with this 

feature set eliminates candidates on the basis of intrinsic shape (ὄὡ  in Figure 3.4b).  
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Figure 3.5: Robust descriptors for binary particle shape for layer 1 of 

classification scheme. a) Table of 14 features for binary shape description 

including low-level geometric descriptors, more complex derived measures of 

geometry and invariant moments. b) Diagram of binary particle indicating 

variables used for feature definition. c) Illustration and example of defining 

and calculating the perimeter of an irregular particle based on pixel 

connectivity. d) Illustration and example of the convex hull of a binary 

particle. 

The resulting false positives in Figure 3.6a show that the information within the shape 

metrics used in layer 1 is insufficient to distinguish the grinder with high specificity. To 

refine the description of the biological structure in the second layer classification, 
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features that describe the relationship of candidate particles to nearby particles and 

texture are utilized (Figure 3.6b). Specifically, the grinder resides inside the terminal bulb 

of the pharynx, which is characterized by a distinct circular region of muscular tissue 

(Figure 3.3a). Based on this observation, second layer features are defined based on 

distributions of particle properties within a circular region around the centroid of the 

grinder candidate particle. Noting that the pharyngeal tissue is characterized by textural 

ranges in the radial direction and relative uniformity in the angular direction, layer 2 

features describe both the radial and angular distributions the surrounding particles 

(Figure 3.7).  
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Figure 3.6 Utilization of second layer region features to refine classification 

of grinder structure. a) Classification based on the intrinsic shape of binary 

structures is insufficient to fully eliminate background particles and cannot 

adequately distinguish the head and the tail of the worm. b) Regional 

properties of the grinder used in layer 2 classification refine this 

classification decision to permit accurate head and tail detection. 



 68   

 

 
Figure 3.7: Regional descriptors for structural detection of the pharyngeal 

grinder. a) Diagram of the region of interest around a grinder particle 

showing changes in texture and particle density along radial partitions. b) 

Diagram of the region of interest around a grinder particle distinguishing 

individual particles using different colors and showing particle distributions 

along angular partitions. c) Table of 34 features used to describe regional 

characteristics of the grinder particle for the second layer of classification. 
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3.2.2 Training of Support V ector Machine Classification Model 

Using the features outlined in the previous section, each classification step is a 

mathematical model that is trained to distinguish between structures of interest such as 

the pharyngeal grinder and irrelevant structures generated represented the textures and 

boundaries of other tissues in the worm. To allow for supervised training of both the layer 

1 and layer 2 classifiers, a training set is constructed by manually identifying particles 

that represent the pharyngeal grinder in a selection of images (n=1430). The classifiers 

can then be trained to associate properties of the feature sets with the manually specified 

identity of candidate particles. However, in addition to informative feature selection and 

the curation of a representative training set, the performance of SVM classification 

models is subject to several parameters associated with the model itself and its kernel 

function (74, 82) Thus, to ensure good performance of the final SVM model, model 

parameters are first optimized based on five-fold cross-validation on the training set 

Figure 3.8, Section 3.5).  
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Figure 3.8: Schematic of SVM parameter optimization via five-fold cross-

validation. Training sets are partitioned into five random sets which are each 

used as validation testing sets for five iterations of SVM model training and 

classification. Accuracy estimates derived from this process are used to 

select appropriate parameters for the SVM model.  

Within the parameter selection process, the optimization metric can be design to reflect 

the goals of classification in each layer (Figure 3.9a). For the first layer of classification, 

the goal is to eliminate the large majority of background particles while retaining as many 

grinder particles in the candidate pool as possible for refined classification in the second 

layer. Therefore, SVM parameters are optimized via the minimization of an adjusted 

error rate that penalizes false negatives more than false positives (Figure 3.9a). With an 

appropriate parameter selection, the first layer of classification can eliminate over 90% of 

background particles while retaining almost 99% of the true grinder particles for further 

analysis downstream. (Figure 3.9a).  



 71   

 

 
Figure 3.9: Parameter optimization and performance for first layer 

pharyngeal grinder classifier. a) Grid search of SVM parameters using an 

adjusted error rate that penalizes false negatives. b) Linear Discriminant 

Analysis visualization of the classification performance of the first layer 

SVM classifier trained with optimized parameters shows relatively high false 

positive rate. 

To visualize feature and classifier performance, Fisherôs linear discriminant analysis is 

employed to linearly project the 14 layer 1 features of the training set onto two 

dimensions that show maximum separation between grinder and background particles 

(Figure 3.9b). Significant overlap between the grinder particles and background particles 

in this projection suggest that shape-intrinsic features are insufficient to fully describe the 

grinder structure. Nevertheless, the first layer of classification enriches the true grinder 

structure candidates in the training set from roughly 6.2% of the original particle set to 

40% of the particle set entering into the second layer of classification (Figure 3.9b). This 

enriched set of candidate particles is used to optimize and train the second layer of 

classification in a similar manner (Figure 3.10a). With appropriate parameter selection, 

the second layer of classification is capable of identifying the grinder with sensitivity and 
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specificity above 95% (Figure 3.10b). The final layer 2 classifier is trained with the 

reduced training set and these optimized parameters to yield high classification 

performance in combination with layer 1 (Figure 3.10c). 

 
Figure 3.10: Parameter optimization and performance of the second layer of 

classification for pharyngeal grinder detection. a) Operating in cascade with 

the layer 1 classifier, the layer 2 training set consists of particles that are 

passed by layer 1 classification. b) Grid search of SVM parameters using a 

balanced error rate. c) Linear Discriminant Analysis visualization of layer 2 

classifier performance demonstrates both high sensitivity and specificity. 

3.2.3 Pharyngeal Grinder Classifier for Head versus Tail Detection 

In spite of the performance of the classifier within the training set of images (Figure 3), 

the performance of the classifier in practice may be altered by changes in experimental 

conditions, the genetic background of the worms under study or changes to the imaging 

system. To account for some of this potential variability, worms imaged at different ages 
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and food conditions are included within the training set of images. To validate the utility 

the resulting classification scheme in practice, its performance is analyzed on new data 

sets acquired under difficult conditions. First, in spite of morphological changes due to 

experimental conditions (Figure 3.11a), the resulting classification scheme operates with 

consistently high performance in distinguishing the head and the tail of the worm in new 

testing data sets (Figure 3.11b). Second, while the training set only includes wildtype 

worms imaged under different conditions, the morphology and texture of the worm is 

also subject to genetic alteration (Figure 4c). To see whether the classification scheme 

can accommodate some of this genetic variability, the classification scheme was also 

validated against a mutant strain (dpy-4(-)) with large morphological changes in the body 

of the worm (Figure 3.11c). Finally, changes in the imaging system can alter the effective 

magnification and final digital representation of biological structures of interest (Figure 

4e). The inclusion of a calibration factor adjusting for the pixel to micron conversion of 

the imaging system is sufficient for maintain classifier operation across a two-fold change 

in the effective magnification of the system (Figure 3.11g).  
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Figure 3.11: Head versus tail classification using grinder detection is robust 

to changes in experimental conditions and genetic background.  a) Changes in 

experimental conditions, such as food availability, can alter the bulk 

morphology and the appearance of worm body in bright field, with potential 

consequences for classification accuracy. b) The head versus tail 

classification scheme maintains sensitivity and specificity at over 95% at 

different ages and feeding conditions despite these biological changes. c) 

Genetic changes can also induce changes in bulk morphology and texture of 

the worm. d) Despite not being represented within the training set, the 

performance of the classifier is maintained even for mutant worms (dpy-4 (-)) 

with major morphological changes. e) Changes in the optics, camera or 

acquisition parameters can alter the effective magnification and digitization 

of images. f) The inclusion of the calibration metric within feature 

calculation (Supplementary Figures 1 and 2) maintains classifier performance 

across a two-fold change in effective magnification due to alternations in 

digital binning. 

3.3: Application for Cell -Specific Identification in C. elegans 

The identification of the pharyngeal grinder and the ability to target imaging and 

stimulation along the anterior-posterior axis of the worm provides only provides rough 

anatomical resolution. To understand biological phenomena within a multi-cellular 
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context, cell-specific resolution is often needed to dissect individual components of 

organismal responses and functions. In particular, specific neuronal responses are 

important understanding information processing and coordination of biological function 

in a multicellular context. While such detailed information of neuronal function is 

difficult to obtain in mammalian models, the transparency and highly stereotypical 

nervous system of the worm makes it a convenient model to understand the nervous 

system. Yet, despite the demonstrated importance of understanding neuron-specific 

information processing in C. elegans (15, 83-86), these studies have relied on manual 

data extraction, which have limited the speed and breadth of these studies. To address this 

limi tation, this work will develop a framework for neuronal cell identification within the 

worm with the aim of enabling fast, automated data extraction to accelerate these studies. 

3.3.1 Single Cell-Pair Detection 

A growing set of genetically encoded fluorescent reporters have increased the ability to 

obtain functional neuronal readouts from intact worms via fluorescence imaging (43, 69, 

70, 79). To accelerate data extraction and enable automated experimentation with these 

new techniques, this work applies the two layer classification scheme in Figure 3.2 to the 

identification of neurons within fluorescently labelled images. In particular, many 

neurons in C. elegans are organized as bilaterally symmetric pairs of cells in the head 

region of the worm near the pharynx (Figure 3.12a) (83). As a stereotypical example of a 

bilaterally symmetric neuron pair, this work will first focus on the identification of the 

ASI neurons, a sensory pair of cells that have been implicated to be important 

environmental encoding and the coordination of appropriate physiological responses (15, 
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18, 83, 86). Figure 3.12b shows a corresponding set of bright field and fluorescent images 

showing the positioning of the neuron pair within the head region of the worm. The 

power of fluorescent reporters to provide functional readouts depends on the ability to 

accurately assessing intensities. The fluorescent maximum intensity projection in Figure 

3.12b demonstrates that identification and extraction of intensities from specific cellular 

regions is important for eliminating confounding intensity effects from background 

autofluorescence. 
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Figure 3.12: First layer classification for detection of fluorescently labelled 

neuronal cells demonstrates generalizability of first layer features for particle 

shape classification. a) Stereotypical positioning of the ASI neuron pair in 

the head of the worm. Many neuronal cells in the worm are organized as 

similar pairs near the pharynx. b) Bright field and fluorescent maximum 

intensity projection showing the appearance and positioning of fluorescently 

labelled ASI cells in the head of the worm. c) Preprocessing of raw 

fluorescent images showing binary image after Niblack thresholding (ὄὡ ) 

and initial filtration of the candidate set by size (ὄὡ ). d) First layer 

classification of fluorescently labeled neurons shows good generalizability of 

the first layer feature set developed for pharyngeal grinder detection for 

classification based on binary particle shape. 

Again following the architecture from Figure 3.2, the construction of the cell 

identification toolset begins with preprocessing of the raw images by maximum intensity 

projection, Niblack thresholding and preliminary filtering of the resulting candidate 
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particles (Figure 3.12c, Section 3.5). In the selection of features for both layers of 

classification, this work takes advantage of the fact that the layer 1 feature set constructed 

for the detection of the pharyngeal grinder can be generally applied to the description of 

particle shape within other contexts (Figure 3.5). Using this feature set, a layer 1 SVM 

classifier is optimized and trained using a manually annotated training set (n=218) 

(Figure 3.13, Section 3.5). The resulting classifier is sufficient for identifying cellular 

regions with relatively high sensitivity and specificity (Figure 3.12d, Figure 3.13).  

 
Figure 3.13: Parameter selection for the first layer of classification for 

fluorescent cell pair identification. 

While layer 1 classification succeeds in eliminating many irrelevant background particles 

generated by the thresholding process, variable background intensity within the tissues 

surrounding the neurons can generate confounding binary particles that pass layer 1 
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classification (Figure 3.14a). To make a final identification of a true cell pair, a second 

layer of classification is applied based on the properties of candidate pairs of particles 

that pass layer 1 classification (Figure 3.14b). To describe the spatial arrangement and 

relative intensities of the cell pairs, the relative distances between the candidate neuron 

centroids and normalized mean intensity values for each candidate in the pair are used as 

features (Figure 3.14b). A detailed description of this relational feature set can be found 

in Figure 3.15. Unlike the secondary feature set for pharyngeal grinder detection (Figure 

3.6, Figure 3.7), the relational features calculated for the candidate pairs are 

computationally simple. However, embedding relational features on the second layer of 

classification dramatically reduces the size of the paired candidate set. For example, for 

detection of cell pairs amongst n particles, there are 
ὲ
ς

Ȧ

Ȧ
 possible candidate 

pairs that require feature calculation.  
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Figure 3.14: Relational features for second layer classification of neuron 

pairs. a) The first layer of classification is insufficient for rejection of all 

background particles. b) The reduced candidate set from the first layer of 

classification is used to form candidate cell pairs with feature sets describing 

their relative positioning and intensities 
























































































































































































































































































































