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Automated imaging: data as far as the eye can see

Automating the microscopy and imaging process simplifies the testing of large numbers of
compounds or growth conditions, and the subsequent monitoring of many different phenotypic
indicators, giving researchers the power to dramatically scale up their cell-based assays. Caitlin Smith

and Michael Eisenstein report.

In the beginning, there were microscopes—
and they were good. But almost nothing in
science stays ‘good enough’ for very long,
and even though microscope technology
has become more powerful and capable of
more refined resolution and imaging studies
of surpassing elegance, many biologists have
now started to shift their focus to experi-
ments that ‘think big'—looking at hundreds
or even thousands of specimens, a scale that
demands a new imaging paradigm.

Perhaps some of this can be blamed on
the invention of the microarray, which for
many redefined the scale that ‘thinking big’
could actually encompass. But this was also
a natural progression—after all, the starting
point for many drug discovery or genetic
screens often entails observing the cellu-
lar effects of a wide range of compounds
or DNA constructs, a process which can be
arduous, at best, if performed manually.

“When | was in San Francisco in 1996, |
did a lot of compound screening with a stu-
dent by eye,” recalls Harvard investigator
Tim Mitchison. “That experience of having
gone through thousands of compounds by
eye definitely made me want to automate
microscopy, but it took a while before we had
the technology to do it” Paul Matsudaira, the
Director of the Whitehead Institute-MIT
Biolmaging Center, tells a similar tale: “We
wanted to start a pilot project on imaging
the proteome, starting with imaging the cell
adhesion machinery... If we think about the
several hundred genes that we really want to
tag and watch, this is not an operation that
you can do by putting cells on slides and
watching them on a microscope. We needed
some kind of automated method.”

Both investigators have become cham-
pions of what is now known as high-
throughput imaging, or high-content

Molecular Devices’ newly released imager, the ImageXpress Micro. (Courtesy of Molecular Devices.)

screening (HCS)—the use of computer-
controlled, automated systems for the
imaging of cell-based screens on a very large
scale. Initially, the novelty and potentially
high cost of automation may have been a
deterrent for academic researchers. Today,
however, manufacturers have started to rec-
ognize the needs of this important market,
even as academics have come to perceive
the power these systems offer. Matsudaira
says, “I think that the tipping point is that
people are realizing that they need to have
this kind of equipment to do things at this
scale, and the equipment is becoming avail-
able.” Indeed, in just the last few years, HCS
technology has permitted the conduct of
studies exploring drug profiling?, RNA
interference? and functional proteomics®

at a magnitude that was previously incon-
ceivable—or at best, terrifying to the unfor-
tunate scientist who was stuck operating
the microscope. As these systems become
simpler to assemble and operate, and
become capable of handling a more diverse
range of cell-based assays, it seems likely that
their popularity will only continue to grow.

Getting started

In a typical imaging system, a microscope
magnifies the sample of interest (that, for
high-throughput studies, is presented on
a motorized stage), a camera captures the
image data, and a digitizer transfers the
images to a computer for storage, with each
step controlled by software for image acqui-
sition and analysis.
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Some companies offer a combination
of proprietary components and custom-
designed systems, allowing investigators to
design an imaging system that meets their
specific needs (see Box 1). But for scientists
looking to simplify frequently performed
cellular assays, a pre-built and fully inte-
grated imaging system may offer the best
solution. In such cases, asks Matsudaira,
“why put something together when we
can get started off the bat?” Cellomics’

KineticScan HCS Reader is one example of
an integrated system designed for the auto-
mated analysis of live cell populations. The
KineticScan boasts the ability to measure
subcellular parameters in several cells over
time, allowing analysis of the heterogeneity
of responses rather than simply the aver-
aged response of all the cells in each well.
Itincludes a liquid handling system to take
care of washing and reagent additions dur-
ing experiments while unattended—you can
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also tell the KineticScan to execute complete
experiments including data acquisition,
processing and analysis while you're away.
Cellomics also offers ‘plug-and-play’ style
software modules that make it easy to carry
out your experiment without becoming an
expert programmer (see below).

Molecular Devices’ ImageXpress 5000A is
also designed with ease of use in mind. The
ImageXpress’ Script Wizards let you auto-
mate the acquisition and analysis of images
without first learning how to write code.
The scripts can also be run from external
scheduling software for robotic integration.
The ImageXpress has both image-based and
laser-based autofocus modes, the latter being
faster for screening applications. Additionally,
both the x-y and z stages are motorized,
with encoders that give feedback control for
precise automated positioning. Molecular
Devices is also introducing several new
products this year that will make high-
throughput work even simpler for new users.
“We are now offering acomplete high-content
screening platform, from acquisition control
through image analysis, to a full informatics
package,” says Michael Sjaastad, director of
marketing for imaging at Molecular Devices.
“With the new instruments and application
modules, we have a turnkey approach for
getting into high-content screening.”

Another system designed for ease of use
is BD Biosciences’ Pathway, a fully auto-
mated confocal imaging system for the
analysis of fixed and live cells (in suspen-
sion or attached). BD Biosciences claims
that their confocal system is unique in
that it uses white light for illumination,
allowing the researcher to use many more
fluorescent dyes. “The system is designed
with two categories of user in mind,” says
BD Biosciences’ director of marketing for
bioimaging systems, Philip Vanek. New
workflows provide the beginning user with
arange of applications in an intuitive inter-
face, making the system easy to operate. “For
experienced users,” says Vanek, “the system
still provides full control of all operational
features of the instrument to develop novel
cell-based applications. The configuration
of the software allows both [types of] users
to share an instrument without causing data
loss or corrupting settings for each user.”

The eye of the beholder

Obviously, high-throughput imaging would
be impossible without effective optical
hardware. Many imaging systems use digi-
tal charge-coupled device (CCD) cameras to



receive and digitize images for transfer to a
computer; cooled CCD cameras are popular
because they help to minimize noise.

Looking forward, Colin Coates, senior
scientist at Andor Technology, expects
more companies to start offering high-end
electron multiplying charge-coupled device
(EMCCD) technology, featured in Andor’s
iXon series of cameras, for high throughput
and HCS applications. “Those that don't,” he
says, “will be at a significant technical disad-
vantage in a very competitive environment.”
Pioneered by Andor, EMCCD technology
gives cameras single-photon sensitivity by
two mechanisms. One principle “involves an
electronic insertion called the gain register,
which amplifies a signal from even a single
photon to a level that is well clear of the
CCD read noise floor, hence rendering the
read noise essentially negligible,” explains
Coates. Another important principle is the
vacuum design, which cools the camera to
—90 °C.“Itis crucial to eliminate dark cur-
rent in EMCCDs,” adds Coates, “since even
a single thermal electron is amplified up by
this new mechanism.”

In terms of microscopes, Zeiss continues
to set a high standard with the Axiovert 200
M, a high-end inverted fluorescence micro-
scope suitable for a wide variety of applica-
tions, which includes up to eight motorized
components and is designed specifically for
automated live-cell imaging. The Axiovert
200 M is also available as a component of
the Cell Observer system, which pairs the
Axiovert scope with a camera, imaging
software and other equipment designed
specifically by Zeiss to offer users the widest
possible range of imaging options, includ-
ing the capacity to do time-lapse recordings
or to simultaneously store image data from
several fluorescent dyes in up to eight differ-
ent channels—data that can be freely com-
bined at any time.

Nikon’s optical systems are also on offer
in the high-throughput market, and GE
Healthcare’s IN Cell screening systems ben-
efit from the high-throughput capabilities
of Nikon’s TE2000 microscope systems. “To
[allow greater] speed, the microscope objec-
tive should be of the lowest magnification
possible so that the image [can] cover as
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Andor Technology’s iXon camera. (Courtesy of
Andor Technology.)

much area (field size) as possible to capture
as many cells as possible at a time,” explains
Joseph LoBiondo, product planning man-
ager at Nikon Instruments. “It also needs to
do this with as short an exposure as possible
so that we do not kill the cells, and so that we
can do this in a short period of time. This is
accomplished by the use of high numerical
aperture objectives that are color-corrected
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BOX 1: AUTOMATING POSITION—GETTING THERE AND STAYING PUT

Applied Scientific Instrumentation (ASI) offers expert advice on
custom-designing your imaging system, as well as a selection
of their own proprietary products. John Zemek, ASI’s president,
says that they consider their customers’ applications, including
“what sample size they are working with, what dyes or assays
they are currently using, what technical challenges they need
to overcome, and what their future requirements may be.”
Because routine imaging is better-suited to integrated systems,
the custom systems designed by ASI are usually challenged

by experimental conditions such as low-level fluorescence in
cells. But “our real niche,” comments Zemek, “is improving the
automation components such as closed loop x-y stages that
incorporate our Flat Track technology to keep the sample in
focus even if the substrate is uneven. We also have patent-
pending technology for rapidly scanning in the z plane and
maintaining focus over long time periods.”

and have sufficient working distance to look
through the bottom of a 96-well plate.”

Developing your pictures

Hardware may continue to grow more  HCS project.

accurate and refined, but access to powerful
and efficient software for image acquisition
and processing remains an essential foun-
dation—or potential Achilles’ heel—for any

Indeed, ASI claims that its z-axis drives and controllers,
such as the MFC-2000, are the world's finest. Automation of
the z-axis focus (by controlling the z plane position of the
microscope stage) gives you a high-resolution and repeatable
means of micropositioning. All of ASI’s drives and motorized
stages use a closed-loop positioning system, in which feedback
encoders monitor the position. ASI stresses the advantages of
their closed-loop system over that of open-loop stepper motors:
because of the feedback control, your focal point cannot be lost.
Drives such as the MFC-2000 are integrated into the microscope
but include a clutch that disengages the drive, so the user
can focus manually if desired, with no added torque on the
fine-focus knob or wires and cords to contend with. Finally,
ASI’s drives have lower electrical noise and lower mechanical
vibration. Z drives such as ASI's MFC-2000 can be used on a
variety of Leica, Leitz, Nikon, Olympus and Zeiss microscopes.

Some scientists express frustration that
their assay requirements continue to out-
pace the capabilities of modern software.
“Anytime we’ve had a project with some-
body who knows much about computers,
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they pretty much immediately start to write
their own software, because they get dissat-
isfied with the commercial products—but
then they generate code that’s difficult for
anybody else to use!” explains Mitchison.
Some laboratories have stepped into the
breach and attempted to develop flexible,
open-source solutions. In David Sabatini’s
lab at MIT, for example, postdoc Anne
Carpenter has spearheaded the develop-
ment of CellProfiler, an open-source image
analysis program that is now in beta test-
ing and will soon be available through the
group’s website (http://groups.csail.mit.
edu/vision/cellprofiler/).

In the meantime, software developers
continue to work hard at developing more
reliable and flexible solutions for efficiently
processing the mountains of complex data
yielded by a typical high-content imaging
study, either in the form of programmable
suites for the do-it-yourself type (see Box 2),
or software that tries to balance adaptability
with ease-of-use for computer novices.

One example of the latter is Beckman
Coulter’s CytoShop, which features pow-
erful algorithms for defining subcellular
compartments with a combination of
computational geometric analysis and
image segmentation of uniquely stained
cellular structures. The software takes into
account details of cell morphology that may
otherwise result in anomalies, such as vacu-
oles, pseudopodia and neuronal processes.

“Though simple in concept, the extra archi-
tectural step to separate and organize the
data as populations of cells is very powerful
and better approximates the biology being
observed,” says Casey Laris, product man-
ager of cell imaging and analysis at Beckman
Coulter. This software is also friendly to cus-
tomization, and is compatible with plug-ins
from such popular programs as MatLab,
ImagePro, C++ and MetaMorph.

Biolmagene’s CellMine software is
another possibility for labs looking to
move into HCS. CellMine is user-friendly,
yet flexible, featuring a built-in workflow
that can be customized to meet users’ spe-
cific needs. Of course, HCS poses a serious
data management problem—not only for
storage, but also for locating or correlating
data—and with this in mind, Biolmagene
offers its SIMS software, which receives
measured parameters and images from
CellMine. SIMS is a complete image man-
agement platform that can be used to store,
browse and search images across all your
data. Combining CellMine and SIMS makes
it easier to find and analyze data because the
high-content measurements are aggregated
with the associated images.

A more tailored approach to HCS soft-
ware is available in Cellomics’ family of
BioApplications, designed for measuring
specific phenomena in cells, such as neurite
outgrowth or nuclear translocation, or for
more general functions, such as compart-

The IN Cell 3000 Analyzer from GE Healthcare.
(Courtesy of GE Healthcare.)

mental analysis. Each BioApplication has
the capability to incorporate measurements
such as the size, shape, amount of fluores-
cent label and pattern of fluorescence for
each cell; data can also be reported at the well
and subpopulation levels. Both the acquisi-
tion and analysis functions are designed for
users with little computer programming
experience. Each BioApplication is biologi-
cally validated to ensure functionality, and
you can purchase only the BioApplications
that you need.

Moving forward

Although high-throughput imaging
technology is now evolving by leaps and
bounds, Sabatini suggests that present

@ BOX 2: WRITE YOUR OWN ROUTINES—WITH A LITTLE HELP

Celebrating its 20t" anniversary on the market, Media
Cybernetics’ flagship product, Image-Pro Plus has been

used extensively for high-throughput cell-based imaging.
Although it offers features that make it easy and convenient

to use, it also allows programming by advanced users who

want to customize their software. Such a task is not for the
inexperienced, nor for the faint of heart. “I'm not sure high-
throughput cell imaging is meant for beginning users,” says vice
president of marketing and technical services, Dean Sequera. “It
is critically important to understand what kind of information
is being derived from images... if parameters are not carefully
chosen, the resultant data may be meaningless.”

Prior programming experience is essential to make the most
of this software’s customizable features. “Image-Pro Plus offers
a deep programming language modeled after Basic,” says
Sequera. “One can even export this to Visual Basic for faster
operation or make plug-ins for Image-Pro Plus in Visual Basic.”
Image-Pro Plus includes a feature called Auto-Pro, which lets
you record macros to eliminate repetitive tasks — and because
Auto-Pro is compatible with Visual Basic, you can call these
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macros from your own Visual Basic programs. When an Image-
Pro Plus command is recorded, it is written as a Basic call

to the appropriate Auto-Pro function. This allows you to add
the image-processing capabilities of Image-Pro Plus to your
own programs.

For experienced users who still need some help, Media
Cybernetics also offers 1Qstudio, which Sequera describes as a
“development environment [that] can be used to make highly
tailored, custom applications.” 1Qstudio includes Microsoft's
Visual Basic for Applications, which simplifies the creation
of new imaging plug-ins and tools for less-experienced
programmers, and also provides support for Visual Basic, C++
and managed .NET languages such as VB.NET and C#.

Sequera believes that companies offering customization to
researchers are vital for science to flourish—despite the range
of products in integrated one-size-fits-all high-throughput
imaging systems. “This has not eliminated the need to build
custom systems,” he adds. “The world of science is large—
specific questions need to be answered and the conditions must
be custom-built to get meaningful data.”
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hardware formats may only be able to prog-
ress so much farther before bumping into the
limits of optics and physics. “Microscopes
are a fairly mature technology, and there are
all sorts of physical barriers... that are dif-
ficult to overcome,” he says. “I think these
systems operate quite well for what you can
possibly do at this time.” If this is the case,
a lot of the burden for improving imag-
ing will now depend on the researchers
developing new fluorophores and labeling
reagents. In many ways, Sabatini concludes,
“it's more of a chemistry problem than an
equipment problem.”

This is not necessarily true at the compu-
tational end, where considerable innovation
is still needed. As mentioned in the previous
section, there is an ongoing need for more
powerful image analysis solutions. There is
also, however, the equally pressing issue of
data storage and handling. Modern high-
throughput imaging experiments typically
churn out several terabytes of data, a poten-
tially overwhelming quantity of informa-
tion. As experiments grow larger and more
ambitious, terabyte-scale data collection
may well be just the tip of the iceberg, and

some in the field, like Matsudaira, suggest
that the development of more efficient digi-
tal formats for representing complex image
data could help considerably.

Matsudaira also cites another important
goal along these lines—the standardiza-
tion of image formats between different
platforms to simplify collaboration and
the sharing of data. This is one goal of the
Open Microscopy Environment (http://
www.openmicroscopy.org/), a joint effort
between members of the academic research
community and commercial imaging spe-
cialists, such as PerkinElmer and Applied
Precision. “It’s an attempt to develop a stan-
dard for light microscopy [like the DICOM
standard] that the medical community
has developed for X-rays and MRIs,” says
Matsudaira. “Think of the genome project if
ABI machines put out data differently than
an Amersham machine... and the databas-
es that came out of one genome data cen-
ter were different than those from another
genome data center. We’d be in a mess! But
that’s the state that we’re in now.”

Nonetheless, even in these early days, it
seems clear that high-throughput imag-

ing platforms offer a powerful opportunity
for academics with ambitious screening
projects in mind. And as systems grow more
affordable and user-friendly—even for the
imaging neophyte—this sort of automation
seems more practical and less like a fancy
novelty. Mitchison concludes: “You can do
this in a very sophisticated way, but you can
also doitin avery simple way... the oppor-
tunities here for academics are really quite
large, and people shouldn’t feel that this isa
big scary thing.”

Caitlin Smith is a freelance writer in
Portland, Oregon
(caitlin.smith@comcast.net).

Michael Eisenstein is Assistant Editor of
Nature Methods
(m.eisenstein@natureny.com).
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SUPPLIERS GUIDE: COMPANIES OFFERING SYSTEMS FOR HIGH-THROUGHPUT IMAGING
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Company

Apogee Instruments

Applied Imaging

Applied Precision

Applied Scientific Instrumentation
Andor Technology

BD Biosciences

Beckman Coulter

Biolmagene

Cellomics

Clemex Technologies

Data Translation

DVC Company

GE Healthcare/Amersham Biosciences
Hamamatsu Photonic Systems
Imaging Research

Improvision

Intelligent Imaging Innovations
LaVision Biotec

Leica Microsystems

Media Cybernetics

Micro Luminetics

Mirero

Molecular Devices/Axon Instruments
Molecular Devices/Universal Imaging
Nikon

Olympus

Olympus/Soft Imaging System
Optronics

QlImaging

Roper Scientific/Photometrics
Scanalytics

Synoptics

Thermo Electron

VayTek

Wavemetrics

Zeiss

Web address

www.ccd.com

Www.aicorp.com
www.appliedprecision.com
www.asiimaging.com
www.andor-tech.com
www.bdbiosciences.com
www.beckman.com
www.bioimagene.com
www.cellomics.com
www.clemex.com
www.datx.com
www.dvcco.com
www5.amershambiosciences.com
usa.hamamatsu.com
www.imagingresearch.com
WwWW.improvision.com
www.intelligent-imaging.com
www.lavisionbiotec.de
www. leica-microsystems.com
www.mediacy.com
WWW.Cryocam.com
WWw.gaia-zone.com
WWW.axon.com
www.universal-imaging.com
www.nikonusa.com
www.olympusamerica.com
www.soft-imaging.de
Www.optronics.com
WwWw.gimaging.com
www.photomet.com
www.scanalytics.com
www.synoptics.co.uk
www.thermo.com
www.vaytek.com
www.wavemetrics.com

www.zeiss.de

NATURE METHODS | VOL.2 NO.7 | JULY 2005 | 555




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


