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representative capability of gene expression reSpaNSES...............ueeevcmeeeeeeennnnn. 109

Figure 4.7: Expression readoutstplfi-1 anddaf-7 encode food information with higher
accuracy than final lifespan phenotypesThg ability of expression and lifespan
readouts to respond to and represent (encode) food conditions can be estimated by using
the readouts of interest to infer the true food conditions. The results can be visually
represented by matrices where the squar@ach column indicate the frequency with
which particular inferences are made for a given true food level. Distinet, non
overlapping readouts result in high discriminatory power, represented by a highly
diagonalized matrix (top). Indistinct, overlapgiresponse profiles result in low (random)
discriminatory power, represented by a uniform matrix (bottom). b) Matrices indicating
the representational capabilitytph-1 anddaf-7 readouts individually or in combination
exhibit similar total encoding fidigy to that of lifespan outputs in wildtype animald.14

Figure 4.8: Crossand selregulation of tpkhl and daf7 control the aaaracy of internal
representation of food levels. a) Encoding accuracy of individual nejexcific
expression readouts in wildtype and mutant populations, as indicated by the legend.
Dotted line indicates the lower bound for encoding accuracy due toechHgreunctional

XVI



combinations of the neurespecific expression readouts increase encoding accuracy in
both wildtype and mutant populations. ¢) Matrices indicating the full encoding accuracy
of the combination of all gene expression readouts in wildtygerarant animals reveal

a surprising increase in accuracy with the lospfl. ............ccooeviiicceeee, 116

Figure 4.9: Loss of food representative calitghin the tph-1 anddaf-7 encoding system

is consistent with attenuation of lifespan responsiveness to food. a) Schematic indicating
the distinct mechanisms by whighh-1 anddaf-7 control the representational capabilities

of the systemtph-1 anddaf-7 exert their effects largely via modulating dynamic range or
variability in gene expression, respectively. b) Mutant animals show diminished encoding
accuracy relative to wildtype when only functional expression readouts (filled symbols)
are considered.df example, onlglaf-7 expression in ASIRdaf7as)) is a functional

readout in théph-1(-) mutant. ¢c) Encoding accuracies of lifespan response in the mutants
exhibit decreases that are consistent with the loss of representational capabilit¥i8 (b).

Figure 5.1: Optical micrographs of the worm chamber array device. ajilRgeimage

of the device showing array of 48 circulaaambers connected between the arms of a
main serpentine flow channel. Black arrows represent flow direction. 11, worm inlet; 12,
chemical inlet; O, outlet. b) Zoomed in image of the boxed region in a showing
microfluidic components to enable hitjiroughputsingle worm loading and chemical
delivery: a, serpentine channel; b, single worm loading channel; ¢, worm loading
restriction; d, circular chamber; e, array of small chamber outlets; f, outlet of chamber
flow path into next serpentine arm. White arrowsresent flow direction. ¢) Schematic
drawing showing crossection of the deviCe.............ccceeeiiiiiiiicccciiiccie e 131

Figure 5.2: Device operation process: tofyesoatic drawing of the crosection of the
device; middle, illustration of single circular chamber; bottom, optical micrographs of the
single circular chamber. a) After filling the device with buffer, outlet valve is closed, and
worm suspension is pipettén the worm inlet. b) To load the worms in the single worm
loading channels, the outlet valve is open to allow low pressure, gaslitged flow. c)

Once the worms are in the single loading channels, the large plug is rapidly inserted into
the worm inle. This applies pressure to expand the stopper and push the worms through
the stopper and into the chambers.............o e 134

Figure 5.3: Expansion of the restriction region allows worm loading into the circular
chambers. a) Top, optical micrograph of a single chamber; bottom left, zoonmeage
of the boxed region showing the restriction; bottom right, schematic of the-sszd®nal

vew(@abé) of the restriction showing its di me
restriction before (left) and after (right) the large plug is inserted. c) Confocal mhage

the crossecton(da 6) i n a showing expansion of the
inserted. The outlet valve remained closed. Dotted red circle represents th&ectuss
ofayoungadulC.elegang 40 em i n di amet er pcrossectolConf oc a

@adé) in a at pressur es..Q.... a...9.....2..8.1354 . 6, a
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Figure 5.4: Optical photographs ©f elegandoaded inthe single worm loading channels
(a) and in the circular chambers (b). Red arrow head, successfully loaded single worms;
white arrow head, empty channels/chambers; blue arrow head, multiple worms in single
AN Suc e e 137

Figure 5.5: Rapid, lowolume media exchange on chip. a) Schematic drawing of the
crosssection of the device describing the chemical delivery process. b) Optical
photographs showing dye delivery. The device reaches a steady state concentration in all
chambers in about 13 seconds, with chamber 41 being the last to reach steady state. c)
Plot showing stepwise chemical delivery in chamber 1 and chamber 41 as a fahction
L1101 PO SR URPPPPPPUPRRRR 138

Figure 5.6: Quantification of body bending frequency under the influence of sodium

azide. a) Population average (n26both 5 mM and 10 mM conditions) of body

bending frequency. Curves represent a 5 second running average of body bend frequency.
The standard error for each curve is given in light blue and light red for 5mM and 10mM
respectively. b) Raster plot showimgidences of body bending for all 26 animals under

the influence of 5mM sodium azide. c) Raster plot showing incidences of body bending

for all 26 animals under the influence of 10mM sodium azide. Red dashed lines indicate
the time of sodium azide apphitoN (1=0).......vvueiiiiieei e e 140

Figure 5.7: Quantification of male specific behavior under the influence of
hermaphodite-conditioned medium. a) Time lapse images showing a worm entering into,
maintaining and exiting out of male specific behavior. Frames categorized as male
specific behavior are outlined in red. b) Quantification of the percentage of time engaged
in malke specific behavior for males and hermaphrodites subjected to sequential treatment
of M9 and M9 or M9 and YA (young adult conditioned medium). n=16 for male control,
n=35 for male conditioned medium, n=20 for hermaphrodite control, n=19 for
hermaphroditeonditioned medium. *Statistically significant P <4 @ther data pairs

are not statistically significant (a=0.05). ¢) Raster plot showing incidences of male
specific behavior for 10 male worms during a full experiment (3 min M9, 3 min
conditioned mediunB MiN MO)........ouiiiee e 143

Figure 6.1: Overview of lonterm culture and data asgition system. The entire system
consist of three major subsystems that enable control over two critical environmental
variables and integrative control over data acquUISItiON..............cooooviiiccceieeeeennnnn. 154

Figure 6.2: Refined worm chamber array for laagn culture and observation Gf

elegansa) Overview of device showing 60 chambers arranged along a serpentine
channel with one inlet (I) and one outl€)( b) Inset on inlet channel showing staggered
herringbone structures for bacterial mixing. c) Inset on one chamber showing the loading
channel, the restriction gating entry into the main chamber and the array of outlet
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channels to maintain chamber perfus d) Bright field images showing deflection new
of loading channel restriction UNder PreSSUIE............uiiiiiee e e ceeeceee e e 157

Figure 6.3: Characterizatian onchip flow via mutliscale modeling. a) COMSOL

finite element analysis of flow distributions within a single chamber reveathipn

velocity distributions and a bulk hydraulic resistance for each chamber: b) Re
interpretation of the worm chamber ar@s a lumped element distributed resistance
model using the hydraulic resistance from COMSOL modelscfup) flow distributions

in a computationally inexpensive manner. c) Flow rates for each chamber from lumped
element MOAEIING..........ooi i e e e e e s ennn s 161

Figure 6.4: Offchip flow modules for regulation of food and worm delivery. The
functionality of the microfluidic device is dependent on initial wooading operations

(flow paths denoted by purple and red arrows) and long term food delivery (flow paths
denoted by purple and blue arrows). Initial worm loading relies on the involvement of
off-chip modules A, B, and C. Subsequent kbaign flow regulatioris dependent on
modules A, B, and D. Maintenance of sterility in the system is enabled by luer adapters
for flow paths that require disconnection or replacement..............ccceeevveeeeeeeennn. 164

Figure 6.5: Sequence of pressure and pinch valve operations for priming and loading of
the microfluidic device. a) The device itself and the flow lines in the worm delivery
module are first primed with media frothe food delivery flask. b) To fully eliminate air
bubbles in the system, the device is pressurized via the food delivery module and any air
is allowed to diffuse out from the PDMS device. c) With the device primed, worms are
then added to the worm dedity module and pressure injected into the device at low
pressure. The tubing and device are then washed out with fresh media from the food
delivery module. d) To push the worms into the chambers on chip, the device is
pressurized via the food delivery Mao@lu.................ooorrriiee e, 167

Figure 6.6: Modes of food and chemical delivery into the device. a) The flow regulation
module has two outlets and permitsitinuous delivery of new media to the device at a
low flow rate that is regulated by a fluidic resistor at one of the outlets. b) The
microfluidic resistor governing flow rates during continuous delivery can be
dimensionally altered to accommodate digfetrflow rates and numbers of devices
attached to the fotinput flow regulation module. c) An electronic pinch valve at the
other, low resistance outlet can open to induce momentary flow at a high flow rate for
rapid fluid exchange or physical agitatioitiee worms. d) Flow rates can also be pulsed
on chip by increasing the pressure to the food delivery module using a pneumatic valve.

Figure 6.7: Modified pressure and valve controller to allow loading and long term food
delivery to worms on the worm chamber array. a) Picture of the front panel of the
modified box shows the three distinct pressures necessary for loagiagdi®) and

XIX



food delivery (), pressure output ports and electronic outputs to control the pinch
valves for loading and flow modulation. b) Schematic diagram of the operation of the
pneumatic system within the DOX.............ccoooiiiiiiiccci e, 172

Figure 6.8: Overview of microfluidic temperature controller. a) Schematic of functional
elements of the temperature controller system and mechanism for assembling the
tempeature module. b) Pictures of assembled temperature module showing functional
elements in a. c) Image taken with 4d@wn illumination with an LED ring

demonstrating the level of contrast available via delkl reflective illumination.....174

Figure 6.9: Temperature control unit electronics. a) Temperature control unit box. The
front user interface shows voltage output and thermisfarticonnections and the

interior view shows one Arduino MEGA controller and multiple voltage buffer modules
for each output channel. b) Detailed operation of one output channel showing
connections between the Arduino microcontroller, there thermistotsigmal the voltage
BUFTEr MOAUIE...... . e eannnes 176

Figure 6.10: Response times and stability of temperature control system. a) Heating
response to a temperature set point roughly 2°C above ambient. b) Cooling response to a
temperatureet point roughly 5°C below ambient, ¢) Temperature stability over the

course of a 24 hour operation Periad...............oovvuiiiiiccceieeeeeee e 178

Figure 6.11: Charcterization of orchip temperature control. a) Picture of chips mounted
atop temperature module using custoruligs to maintain thermal contact. The chip is
perfused with incoming ambient temperature media at a defined flow rate. b) Incoming
media is diected along a 25 mm channel before flowing into experimental worm
chambers. c) Profile view of flow in entry channel showing parameters affecting on chip
temperature. d) Temperature distribution through the glass coverslip, flow layer and
PDMS modeled usspnCOMSOL. The flow layer is demarcated by white lines and the
output temperature is considered as the temperature at the end of the 25 mm channel. e)
Flow outlet temperature errors for different differentials between the set point and
ambient temperaturé a flow rate of 1 ml/hour. The typical error is indicated with an
arrow. f) Flow outlet temperature errors for different flow rates. Typical steady state flow
rates and the maximum flow rate without a resistance device are indicated by 480ws.

Figure 6.12: Camera motion system for automated data acquisition. a) Overview of
modified CNC machining platform for camera motion tosup data acquisition. The X

and Z axis stepper motor controls move the camera relative to the temperature modules
on a platform below. The Y axis stepper motor moves the platform relative to the camera.
b) Exterior of control box for motion control showrotor and axis limit switch

connections. c) Interior of control box shows a single Arduino Micro with a USB
computer interface integrating control of three stepper motor drivers for the three axes.



Figure 6.13: User interface of LabVIEW program for integrating control of all the
subsystems for lonterm culture. a) Overview of user interface. The user controls for

valve control, vorm loading and food delivery are shown on the left. Additional

functions are accessed via different subpanels tabulated at the top. b) Subpanel for control
of temperature control units. ¢) Subpanel for control of experimental data acquisiion.

Figure 6.14Block diagram of LabVIEW program showing underlying control loops.
Each loop directs the operation of a different subsystem. The automation loop (Loop 1)
interacts with the subsystem loops to run action sequences for automated data acquisition.

Figure 6.15: Comparison of muitrell and onchip longevity outputs in response to food

at 25°C. a) Liquid dietary restriction experimesing multiwell culture showing a

12.5% lifespan extension with a decrease in food abundance. b) Liquid dietary restriction
experiment using microfluidic system showing a 7.3% lifespan extension with a decrease
in food. Dashed lines indicate the medi&urfvivorship=0.5). Error bars on right are
51tz 10 =T o [T (0] oSO PUUSPRR 191

Figure 6.16: Ageelated declines in stimulated and spontaneouslityola) Schematic

of automated experimental acquisition sequence with hourly pressurélowinduced
physical stimulation. b) Average stimulated (red line) and unstimulated (blue line)
mobility of a small selection of worms reared at an OD of 5. Brage stimulated (red

line) and unstimulated (blue line) mobility of a small selection of worms reared at an OD

Figure Al: Fabrication of masters for soft lithographic replica molding of PDMS. a) In

the first step, S8, a negative photoresist is deposited onto a silicon wafer via spin
coating. The thickness of the film and the resulting structure is determined by the
viscasity of the SU8 and the spin coating speed. b) The&id patterned via
photolithographic transfer of a pattern on a printer photomask. After the transfer of the
pattern, the wafer can be developed to generate a single layer master or additional layers
of SU-8 can be added for mulayer fabrication. c) Schematic of the fabrication of raulti
layer masters via repeated application of&&ahd photolithography...................... 205

Figure A.2: Soft lithographic replica molding of PDMS microdevices. a) Replica molding
in 10:1 prepolymer to crosginker PDMS results in a device with uniform mechanical
properties. b) For higher deformability of the i@atlayer, a thin feature layer is formed
with higher prepolymer to crosslinker ratios and a bulk handling layer is cured on top
USING 10:1 PDMS ... ree ettt eeeea bbbttt e e e e e e e e e s eemseeeees 206

Figure A.3: The creation of access ports and closed chanrfeldMIS microdevices. a)
Access ports are created by puncturing the PDMS device with a sharpepedddge
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needle. b) The feature surface of the prepared PDMS device is then oxidized by air
plasma exposure and covalently bonding to a glass slide to ciesdd channels...207

Figure A.4: Multilayer soft lithography process for two layer fabrication in PDMS. a)
PDMS deposition via twdistinct methods onto the top and bottom feature layer masters.
b) Assembly of two layers via alignment of the partially cured top layer PDMS onto the
bottom layer master and CUFMMNG............ovvuvuiieiiiimmre e eerennn e 208

Figure B.1: Neurorspecific expression distributions fiph-1(-) mutants. Distributions

of NSM, ADF and ASI expression intensities in the intffte 1(-) mutants compared

with corresponding distriliions in the wild type animals. Values represent the sum of the
expression intensities in both cells of the negpam..................ooooiiiiii e 211

Figure B.2: Neurorspecific expression distributions fdaf-7(-) mutants. Distributions

of NSM, ADF and ASI neuronal expression intensities in the i#f#& (-) mutants

compared with corresponding distributions in the wild type animals. Values represent the
sum of the expression intensities in both cells of the nepam............................ 212

Figure B.3: Neurosspecific expression distributions fgah-1(-); daf-7(-) double

mutants. Distributions of NSM, ADF and ASI neuronal expression intensities in the in
thetph-1(-);daf-7(-) double mutants compared with corresponding distributions in the
wild type animals. Values represent the sum of the expresgansities in both cells of

L (ST 41T [0 o 7= | P 213

Figure B.4: Matrices of probabilitpased food encoding fidelity for single and combined
neuronal outputs and lifespan outputs in the wildtype and mutant animals. These results
are baed on distributing the calculated raw probabilities of animals being from each food
condition before assigning animals to particular food levels based on maximum
likelihood. Genotype is denoted by the colored borders around the matrices as indicated

Figure B.5: Matrices of maximum likelihodeshsed food encoding fidelity for single and
combined neuronal outputs and §ifmn outputs in the wild type and mutant animals.
Genotype is denoted by the colored borders around the matrices as indicated by legend.

Figure B.6: Robustness of the dietary restriction response to temperature conditions. a) A
similar pattern of lifespan modulation by food abundance is observed throughout the
typical range of rearing temperatures @relegansb) Rather thant@anging the shape of

the food response, temperature changes shift the response, with higher mean lifespans
observed at lower temperatures. c) Temperature also modulates the dynamic range of the
food response, with higher ranges observed at lower tempEgatur............cc........ 216
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SUMMARY

Aging is a omplex process by which a combination of environmental, genetic and
stochastic factors generate whelgstem changes that modify organ and tissue function
and alter physiological processes. Over the last few decades, many genetic and
environmental modulate 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 ahges 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, moleculartputs and long term aging phenotypes in

Caenorhabditielegansan experimentally tractable muttellular model for aging.

Specifically, this work advances the quantitative imaging toolsets available to biologists
by developing and refining microfluidibardware, computer vision, and software
integration tools for higlthroughput, higkcontent imaging o€. elegansCompared to
previously described imagirgystems, significant engineering improvements to the
components themselves and to the integratnwhiaterfacing of these components at the
systems level wenmade. By facilitating scalability in the manufacture of these
technologies and dramatically improving their operational robustness, these
improvements havenable the dissemination and utilizat of these technologies by

non-expertsAs a result of these technological advances, new roles for theb&aFrand
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serotoninsignalingpathways in encoding environmental food signals to influence

longevity were uncovered and quantitatively characterized.

Moreover, this work develops and integrates new microfluidic technologies withipff
support systems to establish a platform for toergn tracking of the health and longevity
trajectories of large numbers of individual elegansThe capabilities ahis platform

have the potential to address many important questions in aging including addressing
environmental determinants of aging, the sources ofintividual variability, the time
course of agingelated declines and the effects of interventictrategies to improve
health outcomes. Together, the toolsets for quantitative imaging and thetongulture
platform permit the largscale investigation of both the internal state and-tengp

behavioral and health outputs of an important multitaal 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 pigisadlintegrity of

an organisnas 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 whelgstem changes that modify organ and tissue function
and alter physiological processelhe extent and diversity of the potential extrinsic
environmental and lifestyle inputs into this process, a similarly large list of potential
intrinsic genetic and epigenetic modulaj@sdthe necessity to observe letgym and
often subtle outputs has made aging intrinsically difficult to study in human or
mammdian modelsCompounding these problems, agargl longevityis subject to

large ndividuatto-individual variability(Figure 11). While some othevariability in
humans may bdue 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.1b), suggestingther poorly understood souraesunderlying
biological variability(1-3). Dissecting these components of lifespan variability and
potentially opening them up to clinical intervention thus requires{secgte longitudinal

aging studies with careful control of both lifestyle and genetic coniwitsit
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Figure 11: Both human populations subject to underlying genetic and
lifestyle differences (a) and genetically and environmentally controlled
laboratory populations o€aenorhabditiselegans(b) exhibit significant
individual to individual variabilty 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.
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Due to the intrinsic difficulty of controlling criticarvironmental and genetic
experimental variables in mammatsuch of our mechanistic understanding of the aging
process habBeen derivedrom studies in more tractable model organisiteminitial
results from simple models such as yeast, worms and fliesequent studidsgave

pointed to a high degree of conservation for many mechanisms of aging modiation
7). Over the last few decades, many genetic componeagimghave been found to be
highly conserved between humans and a diverse group of model orgéhiSins
Moreover many conserved emanmental modulators of aginmcludingdietand
temperature, have been discovefe®). To begin to understand how these genetic and
environmeatal modulators interact in an integrative wayme of thegenetic targets that
sense, store and translatevironmentakignals into lifespan alterations hastarted to be

characterized in model organisms.



In particular the nematod€aenorhabditielegansserves as an extremely convenient
multicellular model systerfor aging.Its ease of culture araimenability togenetic
manipulation permit a high degree of control over both environmental and genetic
factors. Moreover, its optical transparency pésmiinimally invasivein vivo

assessment of gene activétyd other functional outputsa the use of fluorescent
reportersand biosensors. Finally, the multicellular natur€oktlegangpermits the
modeling of complex intecellular and intetissue regsonses andbservation othanges

in functional behavior and mobility that would be impossible to appreciate within even
simple singlecell models. Thughe worm,C. elegansserves as a model system for
aging that encapsulates both sufficient levelsiaiblgical complexity and experimental

tractability.

Yet, despite the identification of some important modulators of aging and the availability
of a tractable model organism@n integrative understanding of how environmental and
genetic variables interacver time in a whole organism to modulate the systemic
changesnvolved in aging is lackingn part, the largescale longitudinal studies

necessary to address questions of ggmaronment interactions and biological

variability have been hinderday the nability of existing experimental tools &mdress

the specific experimental challenges of a multicellular model su€h elegansin

particular, sme ofthesame traitshat make the worran attractive model organismsuch

as its small size and its rélgely short lifespansdhavesimultaneouslyosed particular
experimental challenges such as difficulty of manipulation and necessity for high

temporal resolution (Table 1.1). Moreover, the millimdterg nematode is not



compatible withmanyexisting comrercial toolsetsgor singlecell studiesrequiring the
development of new hardware tools to serve some of the same experimental functions.
Dissecting relevant celbr tissuespecific information from the multicellular worm also
poses diverse, experimeggecific image processing problems that have been difficult to

address to current readig-use image processing packages.

Table 1.1: Traits of C. elegans as a model organism results in both intrinsic
experimental adwatages and challenges.
Traits Experimental Advantages Experimental Challenges

Small (~1 mm long) . Difficulty of physical manipulation
Allows for large-scale, rapid

experimentation

Short Lived (2-3 weeks) Necessity for high temporal resolution
Freely Moving Permits m_odeling of complex inter- | Diffculty of traqkmg individual worms for
cellular and inter-tissue responses and longitudinal assays
Multicellular meaningful behavioral metrics for Not generally compatible with tools
healthspan available for single cells

Optically Transparent

Imaging-based cell- and tissue-specific
Easily genetically manipulated | readout of functional information from
intact worms

High-content imaging data sets that
require extraction of relevant
information

Availability of genetically
encoded fluorescent proteins

The work preseed 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. Taddress the aforementioned experimental challenges, this work applies
and integratemicrofluidics and computer vision techniquesieveloptwo automated
experimental platforms capable of dissecting-sp#cific functional readouts Q.

elegansvia fluorescence imaging arfdllowing the long term health trajectories of

individual C. eleganss it ages. This work also demonstrates the application of some of
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these tools towardsnderstandinghe genetic mechanisms of diaduced modulation of
longevity n C. elegansThe following sections serve to broadly contextualize and
highlight theoverallsignificance of the work presented in this thesis by briefly reviewing
thehistory of aging studies i@. elegansnd introducing the limitations of previously

available methods for experimental investigation in the worm.

1.1: C. elegansas a Model for Aging
The aging process is modulated by genetic and environmental vari@destically, the
early discovery of extreme longevity @ eleganglaf-2 insulin recepor mutantg10) has
led to the discovery of a conserved insulin pathway that regulates aging in other
invertebrates and mammd# 5). Since then, many other genetic modulators of lifespan
have been characteriz€s 11, 12). Environmentally, a broad range of model organisms
have been found to respond to food and temperature manipulations in similar ways.
Specificdly, dietary restriction has been demonstrated to increase lifespan inGgeast,
elegansDrosophila melanogasteaand mammalian mode(3). Similarly, modulating
body temperature has been shown to have similar lifespan responses in both invertebrate

and mammalian mode(s, 9).

In the discovery of these mechanisms underlying aging, the nen@tetkgandas
undoubtedly been the source of the most information. Importantly, its sHO®ERK)
lifespan enables rapid lifespan analysis while its hehmaajitic 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.



In C. elegas, 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 icreased lifespand.3) and ablation of specific sensory neurols®groduce

lifespan phenotyped4). Moreover, the lifespan response to environmental temperature
has been shown to be modulated by the presence of thermosensory (®urdhs
transcriptional activity of several lifespaftering genes has also been found to be
environmentally respaive (15-21). In particular, abundance tgh-1 anddaf-7 have

been shown to be both food and temperature respofigye8) and implicated to have
functional connections to thdaf-2 insulin signaling pathway that is a conserved
modulator of lifespaifll, 17). Thetph-1 gene encodes the serotoisynthesizing

enzyme tryptophan hydroxylase and is specifically expressed in the ciliatshsADF
neuron pair and in the NSM neuron pair. The levépbfl transcriptional activity in the
ADF neurons has previously been implicated in mediating seretl@pandent
environmental stress responses viadai2 insulin pathway17). Thedaf7 gene

encodes a member of the T®Eta superfamily that is expressed in the ciliated sensory
ASI neurons. The responsiveness of dafanscriptional activity to environmental
conditions has been established in early developmental deoisikimg(18, 19).

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

been uncovere(ll).



1.2: Conventional Approaches for Experimental Investigation of C. elegans
C. elegan$as many intrinsic experimental advantages that make it a particularly
attractive model organism for the study of the genetic and environmenikdtreqg of
aging. In particular, its optical transparency permits readouts of transcriptional activity
and other phenotypes via nowasive fluorescent imaging techniques. However, the
micron-scale worm is at a size scale below that of effective humaipmation, making
handling and imaging of large populations difficultaditionally, C. elegan$ave been
subjected to high resolution imaging via mounting anethetization 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 beaphazard, 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 andammguming, limiting the
number of animals that ndbe imaged without a reasonable experimental time frame.
Finally, in both cases, recovery of animals from the imaging pad is als@dins&ming

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

At this time, only one comerciallyavailablesystem permits high throughput imaging of
C. elegansThe COPAS system is a modified flow cytometer that allow fluorescent
readouts along the anteriposterior axis of the animal and sorting of populations based
on these imaging readis(23). The advantages of the COPAS system has enabled
intensity based sorting i@. elegansnd has been a critical dimg technique in

previous studies on phenotypisariability in the worm (24, 25). However, the



fluorescent readouts of the COPAS system is inherently low resolution, elimitiaing
possibility for reading cellor 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 toits small size, hermaphritit reproduction, large brood size, low culture
requirements and short lifespah, eleganslso has the potential to enable highly
genetically controlled, largscale aging experimentatiddowever, the limitations of
conventional culture techniques dahie forC. eleganfavehinderedhe ability to both
control environmental variables and work with large populations in a longitudinalmway.
the laboratory, populations of worms are typically maintained on Nematode Growth
Medium (NGM) agar platedVhile 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 h@viors of thdreely movingworm 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 oé culture technique for different environmental conditions.

While food and temperature have been identified as important modulators of aGing in
elegang7, 8), the ability to precisely control these inputs is also fundamentally limited
using standard techniques. As a food source, the NGM plates are sytiteqguid
cultures of specific bacterial strains suclEasherischia coliOP50.These spots are then

allowed to dry and grow into a confluent bacterial lawn on the agarontrol for



environmental food supplliquid bacterial cultures can be adjusted to defined
concentrations prior to seediagd the NGM mediaan be altered and supplemented

with antibiotics to imibit unwanted bacterial grow{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 controlfor temperature, these plates are typically kept in standard incubators
maintained at set tempéuees typically ranging from & to 25C. Inspecting the

worms for lifespan or healthspan metrics or transferring worms to different plates to
maintain foodconcentratiorusing a microscop#hus requires disruption of temperature
control. Along with the timeonsuming nature of manual inspection and worm transfer,
this inability to continuously maintain environmental control fundamentally limits the
temporal esolution of assay#s a result of these limitations, lifespan studie€in
eleganshave typically been limited to population studies of tens of wavitisonly

daily time resolution

1.3: Microfluidic Approaches for Experimental Investigation of C. ele@ns
To address the fundamental limitations of magrale traditional handling techniques for
micro-scale biological specimens, miniaturization of experimental platforms using
microfabrication techniqudsas gained popularit§27). Specifically,microfluidics
describes a subclass of microtechnologies that handle small volumes of liquids and
contol flow at the micrescale. Although the term is generally applied to any system

involving micro-scale liquid handling, one of the most common realizations in biological



applications invotes the use of standgptiotolithographic processés formmicron-
scale features on a silicone substrate, which is then used tameskeatures in
elastomeric material28). In particular,the soft elastomgyolydimethylsiloxane
(PDMS) has gained popularigs a microfluidics materiah biological applications due

to its biocompatibility and tunable mechanical pedpes(29).

The capability for producing features at the miesoale allows for the desigf
experimental platforms on the sasiee scales with the spetens and phenomena of
interest. Along with highly controllable transport phenomena associated with operating
at small scaleghis can also often result in a higher degree of environmeoriaiat with
lower reagent consumptiomportantly, technologies have also been developed to allow
for activemanipulationof flow and specimens on chip, bridging the sszales of active
human manipulation with the siaeales of the specimeaf interes. One of the
foundational principles underlyingarious types of ochip actuatorfias been the
pneumatically driven membrane, which can forracbip valves to gate flow paths in a

controlled mannefFigure 1.2a)30, 31).

Many groups have applied these microfluidics capabilities to address specific
experimental cHienges forC. elegansSpecifically, b address the need for both high
throughput and high resolution imagiafjindividual worms many specific toolsetsave
been developed for handling large populatimesmsfor imaging in conventional
microscopy setug(32-38). In general, hese devices leveragee availability of orchip
valves(30) for serialpositioning of individualC. elegansvithin a fixed field of view

(Figure 1.2b)Many of these tools can also facilitate sorting of individual wormstbase

10



on imaging results (Figure 1.2c) and allow for functionality similar to flow cytometry.
Moreover, the micre@nvironmental control enabled by microfluidics has enabled the use
of nonanesthetic immobilization techniques for the worm such as cooling,rcarbo
dioxide and compressid2, 34-36). Together, these developments demonstifate
viability of critical concgts forhigh throughput, minimally invasive collection of
imaging data from large populations©f elegansHowever, despite these conceptual
advances, these tools often lack fabrication and operational robusésesisng ina poor
success ratm pradice. Furthermore, these tools requiredfifp hardware and software
support systems to integrate-olnip actuation with image acquisition. The difficulty of
adapting and transporting these support systems to different lab environments have
hindered adotn of these tools. As a result, these technologies have mainly been

utilized within the hands of the technology developers themselves.

a b c
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Figure 1.2:Schematic overview of mrofluidics technologies for high
throughputserial worm imaging. a) Schematic dfaditional microfluidic

control valves utilize pressusmduced 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.
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In addition to toolsets facilitating high resolution imaging, microfluidics tools have also
been developed to assess functional outputs suokuasnal responses to specific stimuli
andbehavior which may contribute to assessments of organismal health wi{8&ge

43). To address longevity, platforms have also been adapted to permtelomgulture

of C. elegan®n chip via perfusion of the bacterial food source suspended in liquid media
(44-46). While some of these lorgrm culture platforms demonstrate ttegpacity for
longitudinal tracking of individual worm@l4, 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 Dia Extraction in C. elegans
Thepotentialcapability for high throughput, high resolution imaging permits the
extraction of many sophisticated imaging readouts from large data sets. However, the
large data setthat are enabled by new experimental tecbgielsputs the bottleneck of
discovery on the data processing ehtformation within these imaging datasets may
also surpass the human ability for objective visual processing and be difficult to
consistently ascertain using manual procesdWayeover, b realize the full capabilities
of many new toolsit is advantageous to facilitate high throughput decisiaking using
automated image processinghus,software capabilities farnsupervised extraction of
relevant data from biological imagserve a gtical role in facilitating thentrinsic

functionality and effective utilization of new experimental hardware.
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To address the need for both fast and objective biological image processingpraady
toolsets have been developed to address some geaeds of biologisté47-49). While
much developmeritave been focesl on singlecell studieq47), some of these have
been extended foerform general quantifidain functions in the worn8). Other worm
specific toolsets have also been developeatittress specific needs suchaasessing

growth,behavioral assification and worm tracking?2, 50-53).

Despite the availability of technologies to serve common image processing needs in the
worm, the diverse range of biological expegimation in the worm and biological
communities poses many specific image analysis problems that are beyond the scope of
these general toolboxeBo enableproblemspecificdata extraction and decisionaking,
computer vision techniques such as Supportddachines (SVM) have been applied

to extract readouts of interest and perform-teaé experimental decisiemaking (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 egqplieed to alter

or develop new tools to address specific problems on the part of thesend

1.5: Thesis Contributions and Significance
These thesis provides a collection of microfluidic, hardware and software technologies to
address the experiment clesiges hindering largscale, longitudinal tracking of health
and longevity of individual wormgn addition to the development and validation of these
technologies, this work demonstrates the utilization of the combination of these

technologies to derivieew biological insight about the mechanisms of food sensation
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modulating longevityMoreover, this work demonstrates the constructiombéist,
integrated systentbat have been disseminated and successfully used in the hands of
nonrengineersn the cairse of this workThus, in addition to serving the immediate aims
of the work presented here, the hardware and software pad&agdsped in the course

of this workhave the potential to facilitate wider adoption of microfluidic technologies in

biology labs.

The work here also presents several conceptual advances fengr@imicrofluidics

and biological communitieg-or the microfluidics communityhis workextends the
design and applicatioof single layemicrofluidic valves, which have the capatyilto
bothincrease th@otentialrange of microfluidic functionalitand increase the fabrication
and operational robustness of existing technologiessthe biological comunity at
large, this work presentsnew image processing framework capableddiess many
problems i biological image processinginally, for theC. elegangommunityin
particular this work presenta new micrescale multiwell experimental platform foC.
eleganswvhich is capable of robustly isolating individual worms withisadete chambers
over a log period time. Additionally, this wornrovides a toolset that allows for precise
temperature control of microfluidic chipdongsidecontinuous monitoring using
darkfield microscopy. These technologies provide a degree of emerdal control that
was not easily accessible forarofluidic platformsbefore and permit higher temporal
resolution of experimental studies without disruption of environmental co@ivetall,

the applications of theechnologiesn this workgo well bgrond the study of aging
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process and the work in this thesis presents a significant advancerttb#uidics and

biologicaltoolbox in general.
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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 ilC. elegang55), 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 operhtanastness 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 desidgmendly 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 deaighthentegrationof new

functions in a way that facilitates robustness and usability.

Additionally, acessing the capabilities of microfluidibips in practiceften requires
manychip-extrinsic systems that support the functions of the chip itgeith of the

time, the hardware and software support systems that truly comprise a full microfluidics
system are presented conceptually as in Figuradlarenot developed in a physical
manifestation that is easily disseminated to other labs or usé@uven engineering
backgroundConverselythe commercializatiomnd general adoptiast microfluidic

digital PCR technologies relied on the development of a packaged systerbusily
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interfacing with the digital PCR chi{»6). Thus, &panding the adoption of other
microfluidic technologies in general wiikely require the development of some
generalizable, packaged daffiip supporsystems that extend public access to and

understanding ohiese systems beyond the concept stage.
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Figure 2.1:Conceptual overview of aicrofluidics system. The utility of the
microfluidic chip requires the coordination of different afhip hardware
systems via software control.

This chaptewill discussthe derelopment of both ofthip features and offhip 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 higithroughput séal 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 OnrChip Functionality
2.2.1: The Single Layer Valve and Increasing OfChip Functionality
The capability to actively control flow on microfluidic chips usingrafabricated valves
has become a critical part of microfluidic chip de<ig0). It is a critical enabling
technology for the function of previously published serial imaging devices (Figure 1.2)
(32, 33, 35-37, 54). Howeve, the traditional microfluidic valve, which fully occludes
flow in a channels shown in Figure 1.2& not ideal foccontrolled loading of biological
specimensWhile closure of the valve is necessary to physically define the position of the
loaded spemen, the complete restriction of flow by the valve precludes entry of the
specimen in the first place. Thus, secondary flow pstileh as those shown in Figure
2.2ahave to be created to permit entry of the speci(@88n In addition to requiring
additional design features, the traditiomatrofluidic valveinvolves a complicated
fabrication process thaequires the assembly of three different components faluticate
polydimethylsiloxane (PDMS)Figure 2.2b, Appendix Af-urthermore, in the
fabrication process, a film of PDMS is left in the optical pathway, which can induce

imaging aberrations (Figure D2(57-59).
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Figure 2.2: Utilization ofmicrofluidic valves for Wormhandllng a) Tradition
full closure microfluidic values do not permit direct loading due to complete
flow obstruction. b) Addition of secondary floehannels 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 probis, previous work in the laboratory of Dr. irtp

Lu have resulted ithe developmemartial closure valvefor worm handling
applicationgFigure 2.2). 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 22Appendix A3).
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Figure 2.3: Physicatonstraints oflaterallydeflectedmembranes. a)
Schematic comparison of top and side valves for contrglfiow 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 andobust fabrication of devicefgbrication of active membranes in a
single PDMS molding process is id€glgure 2.3a)However, the ability to fabricate
effective membranes with singgep molding is limited by several constraifEgure
2.3b) First,one of the dimensions of the membrane is fundamentally limited by the
height of themicrofabricatecchanrel. In practice, this heiglig constrained both by the
size of the worm and the height limitations of the fabrication process. Typically, imaging
devicesmust beb0 to 80em tallto enable effective handling of adult wornS&cond, the
thinness of the membrane is limited by the resolution of the Atnacation praess.

For features 50 to 80m tall, the minimum thickness of a membrane is typicallg 30
Thus,as shownn Figure 2.3bthe dimensions of a single layer membrane is inherently
more restrained in a way that is less conducive to effective defiagtder pressure

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

reliable operation requires that these pressures be maintained upder 40
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Figure 2.4: Laterally deflected membranes for single layer loadin@.of
elegans a) Finite element model in O@WSOL showing the ability of two
opposing membrane structures to obstruct a flow path. b) Three dimensional
reconstruction of confocal images showing a channel filled with FITC
solution obstructed by a pair of laterally deflected membranes. c)
Visualizationof effect valve closure derived from confocal images showing a
tapered closure of the channel. d) The tapered profile of side valve closure
effective trapshe head or the tail of a worm.
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However, fabrication in PDMS permits tuning of the elastic modofule final material

by altering crosslinker availabilit§60). Thus, the dimensional constrerof 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 2@dAppendix A2).

Under these conditions,adeling of membrane deflection using a finite element model in
COMSOL indicates the potential of tvgided valves to create effect flow patbsure

under even under appropria®nensional and pressure constraints (Figute)2.

Compared to previous attersfb characterize single layer membraties,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 Bown 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 2.44s shown in Figure 2.4c, this profile indicates a tapered
closing of the cannel along the length of the valve. When used for loadii@ efegans

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 gensraf
serial worm imaging devices also took advantage of low thermal masses and small
transport distances on chip to permit rapid cooéind immobilizatiorof thefreely

movingworm within the imaging channé2, 37, 54, 64, 65). To do this, fluid that is
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chilled off-chip can be cycled through a cooling channel adjacantidging channel.

This was typically accomplished using a cooling channel fabricated on the sameslayer
two-layer valve structures. Howevergthability to move this functionality onto one
feature layeusing a side cooling channel as shown in Figure [2aSahe potential to

fully eliminate a layer of features anelduce the fabrication complexity of a device

without compromising any functiongfi

Finite element modeling in COMSOL demonstrates the potential of a single layer cooling
scheme to effectively cool thmaging channel (Figure 2.5%md §. In both the models in
Figure 2.5b and 2.5c, the fluid entering the channel is assumed tolbd thid°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 agpresentative of imaging

with an air objective. The model in Figure 2.8dich shows diminished cooling
performancealso accounts for contact with an objective lens through a thin layer of oil

and is representative of imaging with an oil objective.

In practice,whenusing the same external hardwaral settingsor off-chip cooling and
cycling of thecoolingliquid, the side cooling channel is sufficient for robust
immobilization of the tail of the worm. However, the imaging channel tempesat
achievedusing an oil objectivender slightly elevated room temperatures nead€C2%
insufficient to fully eliminate pharyngeal pumping or head movement in the Wiidren.
diminished efficiency of cooling from a side channel caaddressed by increasing the

performance specifications of the afhip hardware for cooling and flogGection 2.3.2)
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However, & an alternative approach to optimize heat transpechgs this work also
demonstrates the compatibility of laterally deflected side valves with additec@id
layer features via the incorporation of secdaygker cooling with singldéayer valves

(Figure 2.6a).
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Figure 2.5:Incorporating complete imaging functionality onto a single layer
of fabricationusing lateral cooling for immobilization of C. elegars

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 coahg of the worm dannel under imaging with an air
objective. ¢) 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 showa two-layer device utilizing singkayer, laterally defletedvalves for

flow control and a second layer cooling channel for immobiliza#snopposed to the

lateral cooling scheme presented in Figure 2.5b, a second layer cooling channel can
overlap valve structures on the firsyda. This overlap permits moedfective coolingof

the portions of worm that are trapped under the valve structures themselves (Figure 2.4d)
Moreover, a second layer cooling scheraa simultaneously cool both the top and the

two side surfaces of the imaging chanie a resultCOMSOL modelingresults in

Figure 2.6b and 2.6¢c demonstratessistentlyhigher cooling performance of this two

layer scheme compared with the side cooling schierkeggure 2.5b and d’he same

model setup, accounting for thermal emission and transforntag@rof air below the

coverslip, and the same flow rates were used for the models in Figued2Figure &.

In practice, a second layer cooling scheme results in robust immobilization of both the
head and tail of the worm despite variations in amh@&mperatureMoreover, while

fabrication of a second layer cooling channel does involve an additional molding step and
requires the alignment of two feature layers, alignment tolerancassfogle, large

cooling channel are substantially higher thamfaittiple, small valve control channels
throughout the chip. Thuthe 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. Moreer, 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 spac
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Figure 2.6:Incorporation of second layer cooling witaterally deflected
valves for optimizing orchip heat transfer. a)ayout of imaging device
utilizing laterally deflected side valves amdsecond layer cooling channel,
which is also diagrammeih a crosssectional 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)rEwéh 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 endoint imaging experiments, the gdimaging devices
presented in the previous section have often been utilized to conduct forward genetic
screas (32, 37, 38, 54, 64, 65). These applications requibenary 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 higbntent imaging readagito 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 &edstibset 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
androbustlydirecting appropriate movemeritthe worms themselves via flow,

increasing the number of outlets is Aoivial. 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 restrictionigre 2.7bshows how taking advantage of the
compatibility of laterally deflected valves asdcond layer features can ease physical

constraints to accommodaddditional flow paths and outlets from the imaging channel.
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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 secdager cooling can
ease physical restraints and accommodate addition flow paths and increase
sorting capability.

@ Inlet for Pneumatic Control of Worm Positioning

The operation of the device in Figure 2pdrmits 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 patWhile loading worms, the side outlets are made

inaccessible to the worms using a set of valves (Figure 2\8ajns that are trapped
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the imaging channel cae directed either forwards intdiad i s oudlat(dutiet bl in

Figure 2.7b)sing flow from a forward flush inlgtnlet 2 in Figure 2.7bdr backwards

towards sorting outlets from a backward flush inieliet b3 in Figure2.7b, Figure 2.8p

As a safety factor todiggarcevent | er rioveloacats®d
forward or default flow path from the worm inlet. This arrangement ensures that debris,

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

forward in the flow path are always discarded. Upon imaging and decma&img,

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

the one of the sorting outlets via backflow. After the wornierehe 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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a
Load Discard Sort Sorting Outlets
Figure 2.8: Operation of the muipgopulation sorting device. a) Upon
loading, access to the sorting outlets éstricted 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 méasa f
inlet. ¢) 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 inteesting populations, it embodidssign 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 o
chip capabilities in general by using a combination of lateral and ségpeidcontrol

features.

2.2.2: Optimizing Loading and Orientation

While the adult worm is a relatively largaillimeterlong specimenynderstanding
biological processewsithin the multicellular worm often requires tleatracton of local
information from specific subelular, cellular or tissudéevel structuresat the micron
scale Thus, thesizean intactwormis usually large with respect bmth the lateral 3y
and axial z reslutions of the microscopy setups necessanbtain detailed local
information of interestThis mismatch creates a need for orientating the worm in an

optimal position for targeting imaging to relevant structures.

With respect to lateral-y resolution the ability to resolve spatial information in the final
image is dependent upon both the intrinsic resolution of the optical s¢&8and the
resolution afforded bthe digtization at the camera sensor. Common sensors used for
quantitative imaging offer pixel sizes of roughly gus? arrayed in configurations of
roughly 1000x1000 pixels dewer. Thus, to be able to resolve 8m neuronal cell
body in the worm wh multiple pixels, magnifications of abughly20X must be

utilized. Furthermore, quantitatifeiorescenceémaging applications are often signal
limited, requiringthe use of highemagnification and numerical ajpere lenses or digital

binning foradequatesignal.However, igher magnifications increase spatial resolution
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and the light gathering ability of the systatthe cost of decreasing the extehthe
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.
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Figure 2.9: Biasing anterieposterior orientation on chip to facilitate

targeting ofhigh resolution imaging. a) Under commonly used magnifications
for singlecell analysis, the field of view (red dotted box) is limited to small
regions along the anterigrosterior axis of the worm. To aid in targeting the

field of view, loading orientatio can be biased by the entry area for the
worms (bl ack dotted box). b) AStyle AO
entry of the worm into the i maging. c)
obstacles promoting the adoption of crawling behaviors in thenwprior to

entry. d) Analysis of anterieposterior loading orientation shows that direct,
Style A entry areas offer little bias for specific orientatsomhereas crawl

promoting Style B entry areas offer consistent biasing of orientations towards
headfirst entry.
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Thus, to facilitate higitesolution imaging in a higthroughput manner, it is necessary to
target the field of view tgpecific locations of interest. If necessary, this can be
accomplished using active movement of the stage guided by inaggniton

algorithms or manual control. However, physical orientation of the specimelnipn
provides another technique for expediting targeted data collection via the reduction of
intermediate processing and stage movement steps. In particular, arenfdtie long
anteriorposterior axis of the worm along theaging channel is important for providing

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

As shown in Figure 2.9and ¢ the anterioposterior orientation of thhworm is governed
by the microfluidic area for worm entry. Whereas entry areas that allow worms to
directly enter the imaging chanradfer relatively no bias for anterigrosterior
orientation (Figure 2.98nd g, entry areas that provide flow path olofts tend to
increase the bias for a hefust entry into the imaging channel (Figure 288d d.
Specifically, sparse pillar arrangements within the entry area tend to slow worm
movement and allow them to adopt forward crawling behaviorsdefaeringhe
imaging channel. As sl in Figure 2.9dthese microfluidic features promote hdasdt

entry of the worm across different ages and worm sizes.

With respect to axiat resolution quantifying intensities in specific cells within the

relatively thick(~50-70um) worm body posgmarticularimaging 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 attenu8r67). These effects can

be observed in Figure 2.1@herefluorescence in hilaterally symmetrigair of
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neuronakellslocated in the headf the worm(Figure 2.10a)s observed from two
different orientationswhen the cell pair is imaged in an orientation along tygplane,
they exhibit gnilar intensities (Figure 2.1QbHowever, when the cell pair is imaged
orientedalong they-z plane the cell pair furthest from the coverslip showsidished
intensity (Figure 2.10c Furthermore, -axial resolution is more limited compared with

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

a Anterior L ceeeemememmemTTTTTT RTM
@ AS| Neurons Left
b c
(]
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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 lgfght pair of cells in the head of the worm. b)
Imaging the cell pair oriented along theaxis results incomparable

intensities for both cells and good spatial resolution of the individual cells in
the xy plane. ¢) Imaging the cell pair oriented along thaxis results in loss

of intensity for the cell located furthest from the coverslip andrpspatial
resolution of the individual cells in the-x plane.
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Compromises in bothpatialresolution andignalloss in the zaxis of imagingsuggest
thatconsistent orientation of the worm is critical fmthaccuratantensityquantification

and strutural characterizatianPrevious work has demonstratedcrofluidic features to
laterally orient the wormalong the zaxisas shown in Figure 2.10c in order to resolve
particularbiological structures on the left or right side of therm (38). However,since

many sensory neurons @ eleganxist 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 priogedsigure 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 neumffer in z-position by roughly 2@m.
Moreover, he zplane difference due to this small rotational skew is sufficient to bias the
intensities of the neurons pairs such that quantifiable differexices0% between

neuronal intensities can be observed due to differences in z locatiore(Bigb).
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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 20em apat from each other on the-axis. b) The rotational skew

and resulting zaxial differences observed straight imaging channels results
in quantifiable neuron intensity differences of about £50%Dggram of
scheme for restriction of the z range of motiaa gequential tapering of the
imaging channel. Worms progress from timéet (1) through twodownward
andstepsaligned at a specified angtein the imaging channel (X)efore
stopping atthe positioningvalve (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-chip.

To reduce the confounding effectszadlependent intensity changes, a vertical tapering of

the imaging channel can be employed to refstnie z axial range at the imaging location.
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As shown in Figure 2.11c, stegsetruncationof the height of the imaging channel can
be accomplished using multiyer soft lithography (Appendix A). In order to provide
compression of the head of the worrile still allowing sufficient space for efficient
loading and removal of the worm through the char8&tm is used as the minimum
height at the imaging location. At the same time, an overall device height of 1@1t® 15
above the width of the worm is cessary to facilitate efficient entry and loading of the
worms into the device. In practice, a single height step down ¢on30 the imaging
channekends to result in folding of the worm head upon loading, resulting in clogging
and loss of worms. In oed to robustly guide the worm head into thee8®restriction,

two sequential height steps are used with no more than roughiy 20 height change at

each step (Figure 2.11c bottom).

The configuration in Figure 2.11c both restricts the amounidefvzaton permissible
between the two neurons and eliminates the rotational skew previously observed in
simple rectangulamaging channels (Figure 2.11a). With height steps perpendicular to
the length of the channed<0 in Figure 2.11c), the-position deviabn between two
bilaterally symmetric neurorghown in Figure 2.11i$ centered arounddnd the
maximum z deviation is about half of those observed with simple rectangular imaging
channels shown in Figure 2.1Farthermore, Wen the height steps are faiated at an
angle of75° relative to the channel perpendicular, further refinement of the rotational

distribution is observed (Figure 2.11d).

These results indicate that tdpwn compression of the worm during loadiagn

effective means of tuning theientation of the dorsoventral axis of the worm relative to
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the z imaging axidn combination with the ability to tune anterposterior orientation
using features at the worm inlet of the imaging device, the design and characterization of
these microfludic features provides another modutaicrofluidic toolsetto manipulate

worms onRchip to maximum imaging throughput and quality.

2.3: Hardware Support Systems foMicrofluidic Imaging
2.3.1:Integrated Pressure and Solenoi&/alve Controllers
The operatin of the microfluidic devices presented thus far require controllechgdf
pressure sources for bath-chip membranealve deflectionand driving flow on chip.
Typically, control of pneumatically driven valves-ohip require activation pssures of
roughly 3040 psi, which must be quickly applied and released for valve activation and
deactivationOn the other hangressures necessary for driving flowcmp range from
3-10 psidepending on the particular application and fluidicstesice of the mrofluidic
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 undesirabldlbackto
certain flow paths. To accommodate all of these potential neetgegrated controller
incorporating raltiple independent pressure contrgdegumatic valvesand accessory

outlets to drive additional offhip 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 overvidve of
outputs of the pressure haemonstrating functional connectiomsth 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

operatingat different pressure rangesaccommodate both high and low pressure
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requirements. Additionally, the controllaccommodates the independent operation of up

to eight hgh pressure oohip valveqoutputs 18 in Figure 2.12band 24 low pressure

sourcedor flow control (outputs 910 in Figure 2.12b)Additionally, 24 constantow
pressuresouecs ar e supplied for continuous press:
When necessayylow lines driven by these constant pressure sources can be rapidly

gated ly off-chip solenoidpinch valves driven by thieur electricaloutlets for control of

additional accessories (outputs1&in Figure 2.12b)As shown in Figure 2.12b, these

control elements accommodate full control of all of the microfluidic designsniessm

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) Schemoétic
pneumatic connections showing the distribution of a single pressure source
amongst four independent pressure regulators hg@otentialoutputs c)

Picture of the electrical connections to the LED controller responsible for
furnishing computer contradf 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 th@gneumatic connections pressurend valve control box is

shown in Figure 2.13& detailed schematic of the pressure distribution and control lines
in the box is shown in Figure 2.13®xessure from the air inlet on the back of the box is
distributed amongst four sets of four pressurpuais. The first three sets of pressure
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outputs are gated by thr@gy 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 pressuaizd depressurize 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 constardflow applications or constant pgization of large reservoirs, which have

large dead volumes for pressurization and are more rapidly gated-dyipfbinch

valves.

To facilitate computer control of the pneumatic valves and accessory power outputs in
the box, the power lines for thelvas and outputs are wired to a U8@ntrollable LED
controller as shown in Figure 2.18n0d d The commercially available 16 output LED
controller supplied by Ultimarcimited gates the connection of the negative terminal of
valve and power outputs to tigeound of the power input and electronically closes each
the circuit powering each valve or external output on demBmel LED controller
integrates control of all electronic outputs in the box to one USB connection with the
compuer through the back oé 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 sectiontseatideess
two general microfluidic needs fpneumatically drivindothflow and valveson chip
However, theability to immobilizeworms via cooling foworm imaging applications

depends on a third etthip support systemenerating and cycling chilled liquid through
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the cooling channels discussed in Section 2Rmloverview of such a system is shown

schematically in Figure 2.14.

Peristaltic _ . :
Pump @ Heat Exchanger Microfluidic Chip

Cooling Liquid
Reservoir
50:50 viv
Glycerol and Water

Flow Capacitor

-—

Figure 2.14: Overview of liquid cooling system for-@hip immobilization of
C. elegans

Through the system, a 50:50r glycerolwater mixture is utilized as the cooling solution
due to he need for freezing point degsson in the heat exchangédrhis 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 angdotential changes in the fluidic resistamméehe am-chip
cooling channel itself. Furthermores apposed to pressudeiven flow, which requires a
closed vessel to maintain an upstream pressure, driving flow using alpepstap also
facilitates recycling of the cooling liquid back into the same open reseidawever,
despite the aforementionedlvantages, the cyclical operation of peristaltic pumps often
resulsin pulsatile flow profiles that may manifest in deledeis pulsatile vibrations in

the cooling channel eohip. To dampen the pulsatile nature of the flow, liquid from the
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peristaltic pump is first directed into an-#ght flow-buffering contaier. This container

acts as a flow capacitor, dampening the floafile 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 nubel can be used to lower the temperature of
the incoming liquid before delivering to the microfluidic chip. While various heat
exchanger designs have been previouslized in the lab to accomplish this gdéh),
previous solutions tended to lack portabijlitgpeatabilityand robustness. Specifically,
theinitial use of ice for fluid cooling lacked the ability 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 fromaf lacky
term stability due to degradation of the flow module joints and seals due to repeated
thermal cycling over time. These initial peltieased designs also required difficult
assembly procedures and expensivechfp voltage controllers or PID cootfers that

made the system difficult to replicate.

Figure 2.15a highlights thepecificfailure modes of the previous cooling designs in red.
Early designs called for twpoint compression assembly of all of the components of the
heat exchangem.his moa of assembly required careful and simultaneous alignment of
multiple pieces and often leattsimproper sealing between the copper flow module and
the peltier module. Moreover, the hafadbricated PDMS seal used as a gasket for leak
prevention had high tas 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 fronthe 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 moduleThe flow module is sealed usingp®int comprasion 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 screwgasketed barb fittings, eliminatingetipossibility of

adhesive failure over time. Togethtrese 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 R T&6create a full heat
exchanger assemblyis 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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rication
challenges and failure modes in previous design€a)y peltier heat
exchanger design with failure modes highlighted in red. Two point
compression, a hanthbricated PDMS seal and epoxy joints lead tadlu

leaks due to improper compression and degradation of epoxy contact with
thermal cycling.b) Components ofmproved independently sealed flow
module which eliminates the failure modes outlined in part a. ¢) Pictures of
assembled flow module show flow etls 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
liguid CPU cooling assembly.

Finally, to complete the cooling systethe peltier module must be driven bpawer

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 dritke petier 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 rou@BV using a paneimounted
knob potentiometer. To account for thigh current requirements die peltier module
the low current output from the voltage regulation step is deliverad/tdtage buffering
step with a BJT transistor tocrease current output. Picturesod frontand backpanes

and interior of the @oling voltage control box is shown in Figure 2.E6id ¢

a Voltage Regulation Voltage Buffer
B Vout, reg
o In LM317 Out
' 'y —1uF :
: Adj % kQ H :
12V in : :
: 10kQ :
R A :
%Pot T 1wk :
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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) Froand back panels of the power supply

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

power supply box.

e—J
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2.4: Software Support Systems for Microfluidic Imaging
In order to perform automated imaging tasks with the microfluidic soadssupport
hardware described in the previous sectispscific 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 intsrfabelated 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 cotd8Brinterface, 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 viaa computer interface for general automated imaging
applications.

Typical Typical
Component Actuation Mechanism Computer Interface
Microfluidic Valves Solenoid Pneumatic Valves USB LED Controller
Microfluidic Flow Control Solenoid Pneumatic or Pinch Valves USB LED Controller
Transmitted (Bright field) Light LED or Shutter USB, Serial or TTL
Incident (Fluorescence) Light LED or Shutter USB, Serial or TTL
Z-Stage Stepper Motor or Piezo USB or Serial
Camera - Firewire, USB or Framegrabber

In order to provide integrative computer control of all of the components listed in Table
2.1, custom control software is necess@ymmercial and opesource microscopy
software packagédgpically only accommodate control of common microscopy

components andrenot easilycustomizable to permit full microfluidic control.
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Furthermore, integration of custom-demand image processing and decisitaking

can be difficult within the constramof more narrowly tailored microscopy packages.

To develop modular, portable and customizable microfluidic control software, it is
advantageous tekecta software environment that is commorayailable within

academic environmentamenable to rapidesign changes and testing arddily

supports parallel instrument contraith drivers available for commamicroscopy
componentsTo address these specificatioRggure 2.17 shows an overview of control
software developed in the LabVIEW development emunent 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 atlgors within the course of automation.

50



: i Automation control Loop
Loop 1; : Active when automation is on
' Sends commands to loop2and 3 :
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Loop 2! : Active when user interface used
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Figure 2.17: Custom LabVIEW software for automated quorescence imaging
of C. eleganson 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 indiepecontrol

loops which operate according to the outline provided in Figure 2Btiéily, the three

loops are responsible for the coordination of enaton functions, responding user

interface commands and continuous operation of the camera, resiyetth 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 operationesetithree loopand receive

visual feedback of camera and image processing reswslt®wn 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 automi@op 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 fasidaanaking. These image

processing operations are discussed in more detail in Chapter 3. Figure 2.18b shows a
lower level block diagram of-gtack 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) Lowésvel block diagram of &stack collection
procedure showing how other microscopy components are controlled in data
acquisition.

2.5: Discussion and Conclusions
This chapter describémththe development of new microfluidahip functionality and
the congstuction of the offchip ecosystem to support the function of microfluidic chips.
Some of these developments such as the laterally deflected valve, pressure and valve
controller system andhé general the framework for integrative microfluidic and
microscopy control have broader utilization beyond the handling and imagifig of
elegansHowever, this chapr describes the specific utilization and refinement of these

tools alongside other technological innovations to enable robustthmgighput
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imaging ofC. elegansWhile imaging and sorting &. elegan®n 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 increasinghe dissemination and impact of microfluidezhnology. As a
demonstration of progress towards this goal, microfluidic imaging systems have been
disseminated and successfully used in severakngmeering laboratories in the course

of this work.

54



CHAPTER 3: TWO-LAYER CLASSIFICATION ARCHITECTURE FOR

BIOLOGICAL IMAGE PRO CESSING

This work has beesubmitted for publication in RIS Computational Biologgs of

September 24, 2014.

3.1: Introduction
Diverse imaging techniques exist to provide functional anattiral 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 sam{@8s Similarly, manytools
have recently beedeveloped to enable new and accelerated forms of biological
experimentation in both single cells and multicellular model organi@mg3, 55, 69,
70). Increasingly, the capacity for highroughput experimntation provided by new
opticaltools, microfluidics and computer controlled systdras eased thexperimental
bottleneckatthe level of physical manipulation and raw data collect8iitl, the power
of many of these toolsets lies in facilitating thekaanation of experimental processes.
The ability to perform redaime 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 3Elen when ofline data analysis is
sufficient, the capability of these systems to generate largecbigient datasets places a

large burden on the spe of the downstream analysis.
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Figure 3.1: Unsupervised image processing techniques are oftessageto
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
analsis in terms of speed, objectivity and sensitivity to subtle chaf@disYet,

automated image processing solutions tend to be highly predgenific, limiting the
development of readip-use tools that are both broadly generalizable and r¢biist
Compounding this problenthere is not alear methodology by which these

computational approaches can be applied to solving commoreprsioh mining

biological imageg72). Thus, the development or adaptation of these tools for specific
problems has thus far been relatively opaque to many potentialsensl and require a

high degree of expertise and intuition. Specifically, extraction of mgar 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 rangal® som 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 anéngag organisms
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within a culture area. While toolsets have alsebden developed to address some

general needs of the biological commur{By, 42, 47, 48) and powerful, general

algorithmic tools exist for pattern and feature discrimination and deeamsaking(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 aad hocbasis and relied on expertise and intuition that made it difficult

for general endisers to adapt or generate new solutions to suit individual problems. In
contrast, unified approaches and prescribed workflow architectures have the potential to
both promotainderstanding and facilitate customization on the part oluseds and to

assist in complex problem solving via formal modularizatidhis chaptepresers a

general scheme fahe detection of specific biological structuthat has the potential to
beapplied as a basis for solviagdiverse set of problemA&s opposed to finished, ready
to-use toolsets which address a limited problem definition by design, the imag
processing workflow devised here s power to simultaneously address the need for
accuracy, problenspecificity and generalizability by promoting the design and

customization of toolsets by eners.

This chapter also demonstrates the application of this formalized appocgucifically
address theommonimage processing challengassociated with automated, high
throughput imaging of. elegansTo address the problems of extracting regitissue

and celispecific information within a multicellular context, image processing algorithms

are developed to distinguish the head ofvtleem under brighfield imaging and enable
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specific cell identification under fluorescence imagihigese developments demonstrate
the flexibility of thetwo layer classificatioframework to accommodate different

imaging modalities and disparate biologisttuctures. 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 thivo-tiered classification schentevelopedo identify specific
biological stuctures within an imageTo identify biological structures of interest,
images are first prprocessedat 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 durmi@eessing.
In the subsequent two lass 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 informain (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 mldtiered
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 layefrslassificaton 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 relationshietween 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 candidadt. 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 experesfeatures or extrinsic features that involve

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

classificationOverall, the workflow architecture presented in Figure 3.2 permits the
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identification of generic biological stcturesand balances the capability for describing

biologicalcomplexity with computational speed.

At each layer of classification, features calculated about each candidate are used in a
trained classifier to make .&0accenumodateon abou
different image acquisition setups and acquisition parameters in practice, the algorithm
Figure 3.2utilizes an image calibration factar, in feature calculatiarThis calibration

factor characterizes the relationship between thiézid and realvorld 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 fetiisr@gork

utilizes support vector machindSVM) for all classification stepsSVM is supervised

learning approach that involves minimal user input or manual parameter selection and
offers relatively general utilitdue to its insensitivity to specific conditioning of feature
sets(74, 77). However, for problems whemnstraints 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 Tal 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 anterposterior axis oftte worm to capture specific cells or
tissues of interest (Figure 3)3&ven 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 tength 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, madyhoctactics such as the presence of
fluorescent marker&2, 33, 37, 43) or the assuiption of forward locomotion in freely
moving wormg42, 51, 78, 79) are often used delineate between the head and tail and
orient the anterieposterior axis. However, these tactics are stsaiecific, impose
constraints on the magnification, imaging miggiaand 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 conditiogpecific autofluorescence ing worm body80).

b Microfluidjp Imaging System

Tail A

Pharynx
Figure 3.3: The necessity of head versus tail medition under high

resolution imaging. aYhe limited field of view of high resolution imaging
systems creates a need for spatial positioning along the aneosterior

axis of the worm. As a landmark for orienting thePAaxis, the head of the
worm is dstinguished 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 féocas uncertainty.

In order to approach this problemtiout a reliance on a specigxperimental

framework, there argeveral 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 sigroantly, these differences are difficult to detect due to low

contrast and may be physically obscured by some experimental pla(@Zmmstead,
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the head of the @rm 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 grinde(81). As shown in Figur8.33 the grinder is a dark, uniquely shaped,
high-contrast structure under bright field imaging. This stereotypicalreafithe head

can serve as the target biological structurghletwo layer classification scheme.

To construct and validatae classification solutioior automated head versus tail

detection bright field images of the worm head and tail were cadkbctsing a custom
microfluidic device Figure 3.3b, Section 3.5Followingthe 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 ihteedsction and calculatiayf

features to describe these candidates at both layers of classification, and optimization and

training of the two classifiers based on these feature sets.

3.2.1Preprocessing and-eature Selection for Pharyngeal Grinder Detetion

First, in the preprocessing step, a minimum intensity proje@iasedo consolidate

dark structures gotentiallymulti-plane bright field images into a single imag§el(in

Figure 3.4aandNiblack local thresholdings usedo generate discrete binary particles as
potential candidates for the grindér§ in Figure 3.4a This work utilizes théNiblack

local thresholding procedure in both this adhe followingcell identification application

to robustly segment particles despite the potential variability in local lighting, texture and
background tissue intensit$¢ction 3. Following initial thresholding, preliminary

filtering of the binary particles is thepplied to remove segmented regions that are

eithertoos mal | (|l es®¥ ®©hanod7)] argmd)togeduesat er t han
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downstream computatiod ( in Figure 2b).The remaining particles are processed

throughthetwo-layer classification scheme to detect the presence of the pharyngeal

grinder.

|

- Niblack Local
Thresholding

l

Preprocessing/
Size Filtration

b : R e
; Particle Number p :
- i i ‘Basic
Geometry&?
Calibration [ Extract | Geometry 5
Factor | Primary |- Derived =
(o Features : 5 :
Invariant g
Moments !
Tein | primaryFeatures(p, )
—| e ry (0.1
SVM Model
| SVM ~t
Classifier

BW>
Figure 3.4: Preprocessing and first layer features for pharyngeal grinder
detection. a) Preprocessing steps concatenate +pldtie images and
binarizes the image to generate candidates for subsequent classification
using. b) First layer features are basmddescribing 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 distguish the structure of interest are calculated for each layer of

classification. In the first layer of classification, intrinsic and computationally
63



inexpensive metrics of the particles are computed and used as feRigoes 8.4b,

Figure 3.9 in classifcation 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 anddentification(76). Training and application of a classifier with this

feature set eliminates candidates on the basis of intrinsic shapar{ Figure3.4h).
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Figure 3.5: Robustlescriptors forbinary particle shape for layer 1 of
classification sheme. a) Table of 14 features for binary shape description
including low-level geometric descriptors, more complex derived measures of
geametry 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 exaple of the convex hull of a binary

particle.

The resulting false positives in Figure 3.6a show tt@information withirthe shape
metricsused in layer 1s insufficient to distinguish the grinder wihigh specificity.To

refine the description of thHaological structure in the second layer classification,
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features that describe the relationship of candidate particles to nearby particles and
textureare utilized(Figure3.6b). Specifically the grinder resides inside the terminal bulb
of the pharynxwhich is characterized by a distinct circular region of musdidsne
(Figure3.39. Based on this observation, second layer feataneslefinedased on
distributions of particle properties within a circular region around the centrdtie of
grinder cadidate particleNoting that the pharyngeal tissue is characterized by textural
ranges in the radial direction and relative uniformity in the angular diretaiyger, 2
features describleoth the radial and angular distributions the surroundincfes

(Figure 3.7)

66



a Head Image b Reduced
- BW2—>| Extract . .
MP andldate Set Secondary|«— € g:élttz)r?tlon
Binary Image BWp —| Features

i i &';' : @
i o ! Radial ©
E £ :Distributions =
§ @ i @
i Z: Z
] C i C
: 3 3
H O o
: Qi <
3 ~i  Angular -~
: i Distributions
17 Secondary Features(p, f)
' Head

rinder
Present

Train _)SVM_> SWM |
SVM Model "| Classifier

Figure 3.6 Utilizationof 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.

67



BWiocal,i (X,y)

a Angular Distribution
o
[]
X
o
>
60 -40 20 0 20 40 60 60 -40 20 0 20 40 60
X Pixels x Pixels
C
# N - Scaling —
ame Definition Factor Other Definitions
Radial
1-5 i 'ad a RAreq; = BWiocari(x,¥) 2
D|Str|butlon Of i tocal i\ X: In
t=0..4 Binary Area fisr<fin
6-10 Radial €=
i—0 4 Distribution of RNumber, = Z 1 (Sensor Pixel Size) (Binning)
T Particle Number Rre<Rivs (Optical Magnification)
Radial
11-15 Distribution of RSize, = — Z A
. : TP rr— e c? = .
i=0..4 | Mean Particle | RNumber; L4 T R={0.75.125.175.20.25) - C
Size 8 = {0°,90°,180°,270°,360°)
Radial
16-20 Distribution of oo 1 z Eode , o
RCirc; = — List of d ind|
, . RNumb — .. ¥e — List of centroid indices
i=0.4 Mge_m I:;ar_tt'0|e T g ez 2, for individual particles within r < R
ircularity
Angular
21-24 e Adrea; = BWoear:(x,
i—o._ g | Distribution of C b, locati(%:3) c? r=JTeyE = it 3R
- Binary Area rsRs
Y i
f=tan'=, f. = tan™'=,
25-28 Disﬁint?uut:g; of ANumber, = ! * e
i=0..3 . 8is8:<8;
Particle Number resRs )
Angular 1 i contoant ey
29-33 Distribution of ASize, = e Ay y, o orYe
i=0..3 Mean Particle LBESBc‘fm
Size Tests P,y - Perimeter of particles
: with centroids at x,, y,
34 \iemans of S e, BW () - 12 o
Inertia REZ <, BW(x,y)

Figure 3.7: Regionatlescriptors forstructuraldetection of thepharyngeal
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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3.2.2Training of Support V ector Machine Classification Model

Using te features outlined in the previous sectech classification step is a

mathematical model that is trained to distinguish between structures of interest such as
the pharyngeal grinder and irrelevant structgeserated represented the textures and
boundaries of other tissues in the worm. To allow for supervised training of both the layer
1 and layer 2 classifiergtraining set is constructed by manually identifying particles

that represent the pharyngeal gienina selection of images£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 @aepresentative 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 googgdormance of the final SVM model, model
parametersare first optimizedased on fivdold crossvalidation on the training set

Figure 3.8, Section 3)5
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Figure 3.8: Schematic of SVM parameter optimization via fie&d cros
validation. Training sets ee 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 layErgure 3.93 For the first layer of classification,

the goal is to eliminate the large majority of background particles wdidéning as many
grinder particles in the candidate pool as possible for refined classification in the second
layer. Therefore, SVM parameteaase optimizedrzia the minimization of an adjusted

error rate that penalizes false negatives niwaa false posives (Figure 3.9aWith an
appropriate parameter selection, the first layer of classification can eliminate over 90% of
background particles whiletaining almost 9% of the true grinder padies for further

analysis downstreamkigure 3.9
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Figure 3.9: Parameter optimization and performance for first layer
pharyngeal grinder classifier. a) Grid search of SVM parameters using an
adjusted error ratéhat penalizes false negatives. b) Linear Discriminant
Analysis visualization of the classificatioregformance of the first layer

SVM classifier trained with optimized parameters shows relatively high false
positive rate.
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employedo linearly project the 14 layerféatures of the training set onto two

dimensions that show maximum separation between grinder and background particles

(Figure 39Db). Significant overlap between the grinder particles and background particles

in this projection suggest that shap#insic 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 frmmghly 6.2% of the original particle set to

40% of the particle sentering into the second layer of classification (Fidgu8dy). This

enriched set of candidate particles is used to optimize anditasecond layer of

classification in a similar manner (Figurd@g. With appropriate parameter selection,

the secondhayer of classification is capable of identifying gpénder with sensitivity and
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specificity above 9% (Figure 310b). The final layer 2 classifias trainedwith the
reduced training set and these optimized parameters to yield high classification

perfamance in corbination with layer 1 (Figure 3.10c

a
Training Set Layer 1 Layer 2 Training Set SVM
—» | Instrinsic —> —» | Parameter
Classifier Optimization
b Balanced Error Rate= € Layer 2 Training Set ~ [ Tram . FII-:gyiii;m gl
55 Layer 2 Classification
: — :
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o

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 seinsists 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 in{&ggpse 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 thgntial variability worms imaged at different ages
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and food conditionare includedvithin the training set of images. To validate thdityti

the resulting classification scheme in practice, its performareealyzedn new data

sets acquired under difficult conditions. First, in spite of morphological changes due to
experimentatonditions (Figure 3.11abhe resulting classification seme operates with
consistently high performance in distinguishing the head and the tail of the woaw in
testing data sets (Figure 3)1Second, while the training set only includes wildtype
worms imaged under different conditions, the morphology exiite of the worm is

also subject to genetic alteration (Figure 4c). To see whigtbelassification scheme

can accommodate some of this genetic variability, the classification setesraso
validatedagainst a mutant straidgy-4(-)) with large morpological changes ithe body

of the worm (Figure 3.1)cFinally, 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 factadjusting for the pixel to micron conversion of
the imaging system is sufficient for maintain classifier operation acrossfalavchange

in the effective magnificain of the system (Figure 3.1)lg
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Figure 3.11: Head versus tail classification usirrgnder 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
consemiences for classification accuracy. bhe 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 ik lmdrphology 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-4d@y)

with major morphological changes. e) Changes in the optics, camera or
acquisifon 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 twdold change in effective ngmification 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 anteriquosterior axis of the wormprovides only provides rough

anatomical resolution. To understand biological phenomena within acgliltiar

74



context, celspecific resolution is often needed to dissect individual components of
organismal responses and functions. In particular, spe@fironal 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 transparenaytaghly stereotypical

nervous system of the worm makes it a convenient model to understand the nervous
system. Yet, despite the demonstrated importance of understanding-specdit
information processing i€. elegang15, 83-86), these studies have relied on manual
data extraction, which have limited the speedlare@dth of these studies. To address this
limitation, this work will develo@ 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 CellPair Detection

A growing set of genetically encoded fluorestreporters have increased the ability to
obtain functional neuronal readouts from intact worms via fluorescence imdgirGs,

70, 79). To accelerate data extraction and enable automated experimentation with these
new techniques, this work applies the twgelaclassification scheme Figure 32 to the
identification of neurons within fluorescently labelled images. In particular, many
neurons irC. elegansre organized as bilaterally symmetric pairs of cells in the head
region of thevorm near the pharyn¥{gure 3.12) (83). As a stereotypical example of a
bilaterally symmetric neuron pair, this work will firfbcus on the identification of the

ASI neurons, a sensory pair of cells that hlaeen implicated to be important

environmental encoding and the coordination of appropriate physiological resflises
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18, 83, 86). Figure 3.12lshows a corresponding set of bright field and fluorescent images
showing the positioning of the neuron pair within tleedh region of the worm. The

power of fluorescent reporters to provide functional readouts depends on the ability to
accurately assessing intensities. The fluorescent maximtenmsity projection in Figure
3.1% demonstrates that identification and ext@cof intensities from specific cellular
regions is important for eliminating confounding intensity effeamfbackground

autofluorescence.
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Figure 3.12: First layer classification for detection of fluorescently labelled
neuronal cells demonstrates geakzability 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 fluscent 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 thresholdong )

and initial filtration of the candidate set by sizéd ). 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 particleagte.

Again followingthearchitecture from Figur8.2, the construction of theell
identification toolsebegins withpreprocessing of the raw images by maximum intensity

projection, Niblack thresholding and preliminary filtering of the resulting ickate
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particles (Figure 3.12c, Section B.f the selection of features for both layers of
classificationthis work takes advantage of the fact that the layer 1 feature set constructed
for the detection of the pharyngeal grinder can be generally applied tescription of
particle shape within other contexi&dure 3.5. Using this feature set, a layer 1 SVM
classifieris optimized and trainedising a manually annotatéeining set (n=218)

(Figure 3.13, Section 3.5The resulting classifigs sufficient for identifying cellular

regions with relatively high sensitivity and specificifsiqure 3.12d, Figure 3.}13
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Figure 3.13: Parameter selectibor the first layer of classification for
fluorescent cell pair identification.

While layer 1 classificatin succeeds ialiminatingmanyirrelevant background particles
generated by the thresholding process, variable background intensity within the tissues
surrounding the neurons can generate confounding binary particles thatygads |
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classification (Figte 3.143. To make a final identification of a true cell pair, a second
layer of classificatioms appliedbased on the properties of candidate pairs of particles
that passdyer 1 classification (Figure 3.4 0 describe the spatial arrangement and
relaive intensities of the cell pairthe relative distances between the candidate neuron
centroids and normalized mean intensity values for each candidate in theepagd as
features (Figure 3.13bA detailed description of this relational feature st be found

in Figure 3.15Unlike the secondary feature set for pharyngeal grinder dete€&liguré
3.6, Figure 3.), the relational features calculdt®r the candidate pairs are
computationally simple. However, embedding relational features ortioad layer of

classification dramatically reduces the size of the paired candidak®setkample, for

A
A

detection of cell pairs amongst n particles, there 8gtre possible candidate

pairs that require feature calculation
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Figure 314: Relational features forexond layer classificationf 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 cdidate cell pairs with feature sets describing

their relative positioning and intensities
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