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Preface to the Third Edition

larger world of micro-CT and micro-MRI and the smaller world
revealed by the scanning and transmission electron microscopes.
To round out the story we even have a chapter on what PowerPoint
does to the results, and the annotated bibliography has been
updated and extended.

As with the previous editions, the editor enjoyed a tremendous
amount of good will and cooperation from the 124 authors
involved. Both I, and the light microscopy community in general,
owe them all a great debt of gratitude. On a more personal note, I
would like to thank Kathy Lyons and her associates at Springer for
their unstinting support on one of the biggest books they have done
in microscopy and the assistance of her co-workers at Chernow
Editorial Services, Barbara Chernow and Kathy Cleghorn. Helen
Noeldner was again willing to work long hours to keep all the man-
uscripts straight in spite of my best effort to confuse them. Thanks
are also due to Bill Feeny, the Zoology Department artist, for the
innumerable figures that he rescued, reconstructed and otherwise
returned to life.

If the hidden agenda of the first edition was photon efficiency,
and of the second, spherical aberration, the message of the third
edition is definitely that all raw, 3D data sets should be decon-
volved (or at least 3D-Gaussian filtered) before being viewed or
measured. Not only is this required to meet the Nyquist recon-
struction criterion, it also greatly reduces the apparent effects of
Poisson Noise by effectively averaging the signal over the 50–100
voxels needed to make a Nyquist-sampled, 3D image of a single
point object. This last factor allows one to obtain acceptable
images using much less excitation, thereby reducing the chance
that studies of living cells will be compromised by artifacts caused
by phototoxicity. As evermore studies in 3D light microscopy are
carried out on living cells, nothing is more important. Now we
need dyes that produce less toxicity because they do not cross to
the triplet state and photodetectors that operate with lower noise
and higher quantum efficiency! That will take another book.

James B. Pawley
January 2006

Once the second edition was safely off to the printer, the 110
authors breathed a sigh of relief and relaxed, secure in the belief
that they would “never have to do that again.” That lasted for 10
years. When we finally awoke, it seemed that a lot had happened.
In particular, people were trying to use the Handbook as a text-
book even though it lacked the practical chapters needed. There
had been tremendous progress in lasers and fiber-optics and in our
understanding of the mechanisms underlying photobleaching and
phototoxicity. It was time for a new book. I contacted “the usual
suspects” and almost all agreed as long as the deadline was still a
year away.

That was in 2002. Three years later, most of the old chapters
have been substantially or totally rewritten. Although 12 of the
chapters are on topics that have either been rendered obsolete by
improvements in instrumentation or changes in research interest
have been dropped, some have been replaced by chapters on
similar topics. To make the Handbook of more use as a textbook,
we have added an extended appendix about practical multiphoton
imaging and another describing the operation of CCD cameras in
some detail. There is a new series of practical chapters on confo-
cal microscopy and the selection of dyes, as well as on ion
imaging, and on methods for studying brain slices, embryos,
biofilms and plants (two). There is also a new chapter describing
in some detail how such components as interference filters,
acousto-optical devices, and galvanometers are made and what
parameters limit their performance. The single chapter on 3D
image analysis now has the company of two more on automated
3D image analysis and a third on high-content screening and a
fourth on database management. Chapters have been added
describing techniques that have only recently come to the fore,
such as patterned-illumination fluorescence microscopy, fluores-
cence resonance energy transfer (FRET) and the generation and
detection of second- and third-harmonic signals. In addition, new
imaging techniques such as stimulated emission depletion (STED),
coherent anti-Stokes Raman (CARS) imaging and selected plane
illumination (SPIM) now have their own chapters and there are
also chapters that connect the world of 3D light microscopy to the
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cover version included over 40 new figures, updated tabular infor-
mation and over 1,400 typographical improvements, it was other-
wise generally very similar to the initial offering.

However, the past five years has seen a virtual explosion in the
field of biological confocal microscopy. As it became more and
more evident that the original Handbook could no longer claim to
cover the entire field, I contacted the original set of authors about
producing an updated edition. Remembering the frantic urgency
that had typified the production of the first edition, I did this with
some trepidation; but I need not have worried. The response was
uniformly enthusiastic, and several authors were not only willing
to completely revise their original chapters but also volunteered 
to write additional chapters describing several new areas. The
response from the 17 new authors was similarly enthusiastic.

The final product includes 37 chapters (15 updated from the
first edition, 21 new ones, and an annotated bibliography) and is
almost three times as long as the original. Chapters covering 
confocal operation in the UV, in the transmission mode, and 
when scanning at video rates using a variety of either point-
scanning or line-scanning techniques have been added. The use 
of pulsed laser sources for both two-photon excitation and 
fluorescence-lifetime imaging is covered in depth, and there is an
entire chapter on the functional principles of modern fiberoptic
components and the manifold ways that these can be applied to
confocal microscopy. In addition, chapters on the joys and perils
of observing living specimens in the confocal microscope and on
the detection of gold-conjugated labels now complement a revised
version of the earlier chapter describing the preparation of dead
specimens.

No less than 3 of the new chapters address the comparative
advantages of the confocal and widefield/deconvolution methods
of obtaining 3D data sets from biological specimens with the
minimum possible damage. Although each of these chapters pro-
ceeds from a very different perspective (algebraic optics, actual
measurements, and minimum-entrope image processing), I believe
that together they give a balanced view of this complex and impor-
tant subject and make it clear that the confocal microscope could
still be improved if the present photodetector were replaced with
one having a higher quantum efficiency. The longest chapter in the
book describes the inner workings of the 17 currently available
systems applicable to the analysis and display of 3D digital image
data, and there is now also a chapter describing the features of all
of the current hardware systems for the storage, display, and hard-
copy output of 3D and 4D image data sets.

The subtext of this second edition is probably an increased
recognition of the extent to which the resolution and signal
strength of confocal images can be degraded by spherical aberra-
tion introduced whenever there is a refractive-index mismatch,
such as that occurring when an oil-immersion objective is used
with an aqueous specimen. Not only is an entirely new chapter
devoted to the subject, but many other authors emphasize the same
point in their chapters. Again, the manufacturers have responded
with the introduction of a number of superb new water-immersion
objectives to simplify confocal observations of living specimens;
these are also described.

Confocal microscopy is a good idea that was invented, forgotten
and then reinvented about once every decade in the years between
1957 and 1985. However, when White and Amos demonstrated an
instrument that was sufficiently user-friendly to become the ideal
tool for the 3D localization of specific, fluorescent labels in bio-
logical specimens, the field finally took off. Soon after the publi-
cation of their 1985 article in the Journal of Cell Biology, requests
to fund the purchase of similar equipment increased at such a rate
that, in the fall of 1988, the U.S. National Science Foundation
(NSF) realized that it needed some hard information about the
capabilities of this new technique. They funded a two-day sym-
posium on the subject as part of the August 1989 annual meeting
of the Electron Microscope Society of America and also financed
the publication of 18 papers by the participants as The Handbook
of Biological Confocal Microscopy for free distribution at the
meeting.

This first edition of the Handbook differed from most of the
many other compiled volumes on the subject in that, rather than
each author concentrating on his or her own work, an outline for
the entire book was written first, and then authors were solicited
to cover particular aspects of the instrumentation or its use.
Although the necessity of having a volume ready for distribution
by August 1989 imposed stringent deadlines on the authors and
required the typography and printing to be done locally, every
effort was made to try to edit the chapters so that they fit together
to form a cohesive whole. The success of the project was due
almost entirely to the enthusiasm the authors had for sharing their
knowledge of this fascinating subject with a wider audience. Man-
uscripts originally expected to be 10 pages in length ended up
being more than twice this length, and several were more that 50
pages long.

The resulting volume included chapters that described and
compared each of the component parts of the microscope itself
(laser and conventional light sources, intermediate optics, 
alternative scanning systems, objectives, pinholes, detectors, and
antecedent and related optical techniques), chapters that discussed
the digital aspects of data acquisition (pixelation, digitization, and
display and measurement of 3D data sets) and chapters that
reviewed the properties of fluorescent dyes, the techniques of 3D
specimen preparation, and the fundamental limitations and practi-
cal complexities of quantitative confocal fluorescence imaging. An
annotated bibliography of the field was also included.

If this first book had any underlying theme, it was probably
the importance of photon efficiency. This came about because, as
the chapters came together, it became clear that technical limita-
tions of the early instruments, in combination with suboptimal
operating techniques, often had an effect such that the signal actu-
ally recorded was only about 1% of the expected signal. The Hand-
book included several concrete suggestions for increasing this
fraction, and it is a pleasure to report that instruments incorporat-
ing many of these improvements now demonstrate an efficiency
figure that is closer to 10–20%.

Because of the widespread acceptance of the NSF-sponsored
volume by users of the confocal microscope, a revised edition (the
“red book”) was published by Plenum in 1990. Although this hard-
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On the subject of optics there are also two chapters on real-
time 3D imaging. In one, the approach is to combine a high speed
slit scanner with rapid motion of the focus plane, while the other
demonstrates the truth of the almost paradoxical premise that it can
be useful to actually increase the chromatic aberration of an objec-
tive if it is to be used to examine surface height in the back-
scattered light mode with “white” light. Of more interest to those
wishing to improve axial resolution in the fluorescent mode is the
chapter describing new, high-resolution techniques that combine
either two or even three confocal objectives with two-photon exci-
tation to improve resolution to a level heretofore believed to be
impossible.

Finally, there is a tutorial chapter intended for the novice user,
as well as two appendixes. The first appendix describes the rela-
tionship between real-space and optical coordinates, while the
second provides a compilation of the optical path layouts of the
major commercial confocal instruments.

The topics in this book cover a very wide range of disciplines.
While this is good in that it shows the integrating nature of the
field, it can lead to problems with notation when optical physicists,
experts on information theory, microscope designers, and just plain
biologists have to try to agree on a common system of notation.
In the first edition, we did not even try to overcome this problem.
Although this led to some confusion, I must confess that my efforts
to remedy the problem in the present volume have not been totally
successful. Index of refraction has been rendered as h, so that n
can be reserved for the number of quantum events; where t has
been used for thickness, we have tried to use italics, so that t could
be used for time as a variable and T for temperature, while spe-
cific times (lifetimes, pulse times) are shown as T or t; wherever
x, y and z are used as directions, we have italicized them, while
we have tried to keep r as actual dimensions in the x–y plane (rp =
pinhole radius, rs = slit width, rd = detector diameter, etc.); and
numerical aperture appears almost everywhere as NA but becomes
ANA in some equations. Perhaps most debatable was my decision
to try to save space by replacing the word “wavelength” with l in
the body of the text. On reflection, this change probably did not
repay, in space, the interruption of the reader that it produces, but,
unfortunately, by the time this became evident, it was too late to
change it. In spite of our best efforts, problems arose because,
while authors wanted to fit in with the book as whole, they also,
understandably, wished to remain consistent with their previous
publications. I would like to thank them all for their cooperation
on this complex issue, and I hope that our efforts at consistency
have not introduced any errors into the text.

This brings us to the Index. There was not enough time to
prepare an index for the NSF version. One was put together for
the “red book,” but it was somewhat less extensive than one might
have wished for a handbook. This time, when faced with the need
to do it all again, and also having all of the text in electronic form,
I was mindful of the two opposing indexing concepts currently per-
vasive in the popular culture. What one might call the minimalist
view of indexing comes from the Douglas Adams book The Hitch-
hiker’s Guide to the Galaxy, where the original entry for Earth is
“Harmless;” this is only slightly improved later by being updated
to “Mostly Harmless.” The opposing view was crystallized by

Barry Commoner as: “Everything is connected to everything else”
— a concept amply demonstrated within the field of confocal
microscopy. Trying to steer a middle course between these two
extremes, I have concocted a new Index that is over twelve times
the size of the previous one (now with nearly 7,000 topics and
about twice that many page listings), while the book itself has
almost tripled. This Index contains entries for almost every
diagram, plot, image, and table in the book. It also lists under
“Summaries” the pages of the summary sections that conclude
most chapters and contain their “take-home lessons.” The listing
“chapter” refers to an entire chapter starting on the page noted and
dealing predominantly with the listed topic. Although subjects in
the text are extensively cross-indexed, literally “connecting every-
thing to everything else” would have required another book. I
settled for making sure that each text topic appeared at least once
under all of the Index topics that seemed appropriate, but I did not
attempt to list all the pages in each chapter on which a term was
mentioned. As a result, the reader would probably be well-advised
to look for additional information on the pages adjacent to (usually
following) those pages listed in the Index. I beg indulgence for all
of the “inevitable omissions.”

Confocal microscopy is not the only technology to have devel-
oped over the last five years. Constant improvements in the inter-
national digital communication network have brought e-mail and
electronic file transfer into the normal working lives of most of the
authors, and this made the editing of the present edition much more
of a two-way process. Chapters could be modified to fit better with
their neighbors, returned, checked, and resubmitted all in a matter
of days, even when the authors concerned were in Australia,
Taiwan, and Europe. Although this process added a welcome level
of flexibility not present for the earlier book, it also imposed an
additional strain on the authors, who often were just congratulat-
ing themselves on finally getting their chapter “out the door” only
to have them reappear with a lot of suggested changes and requests
for expansion to cover additional areas. Again, the authors
responded to this challenge in the most positive manner possible,
and this seems the most appropriate place to record my sincere
thanks to them for the cooperative spirit that they invariably dis-
played. Thanks are also due to Helen Noeldner, who provided the
order and secretarial assistance without which we could not have
succeeded; to Mary Born, my editor at Plenum, whose kind voice
prevented me from jumping out of my twelfth-floor window on
several occasions; to those manufacturers who provided support
for publishing some of the color figures and to their representa-
tives for providing the diagrams and other information included in
Appendix 2; to NSF, which provided me with grant DIR-90-17534,
to my wife; Christine, who toiled many late nights on the Index;
and to my family (and doubtless the families of the authors), who
gave me their precious time to help get this project finished.

All of these contributed everything that they could in an effort
to make this the most comprehensive, accurate, and useful volume
on the subject possible. We all hope that you will think we have
succeeded.

James B. Pawley
January 1995
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Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
Measuring Point Spread Function  . . . . . . . . . . . . . . . 240

Fiber-Optic Interferometer  . . . . . . . . . . . . . . . . . . . . . 240
Point Spread Function Measurements . . . . . . . . . . . . . 241

Chromatic Aberrations  . . . . . . . . . . . . . . . . . . . . . . . 242
Apparatus  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
Axial Shift  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

Pupil Function  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245
Phase-Shifting Interferometry  . . . . . . . . . . . . . . . . . . 245
Zernike Polynomial Fit  . . . . . . . . . . . . . . . . . . . . . . . 245
Restoration of a 3D Point Spread Function . . . . . . . . . 247
Empty Aperture  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

Miscellanea  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248
Temperature Variations  . . . . . . . . . . . . . . . . . . . . . . . 248
Polarization Effects  . . . . . . . . . . . . . . . . . . . . . . . . . . 249
Apodization  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

CHAPTER 12: PHOTON DETECTORS FOR 
CONFOCAL MICROSCOPY

Jonathan Art

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251
The Quantal Nature of Light  . . . . . . . . . . . . . . . . . . . 251
Interaction of Photons with Materials . . . . . . . . . . . . 252

Thermal Effects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
Direct Effects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
Photoconductivity  . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
Photovoltaic  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
Photoemissive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254
Comparison of Detectors  . . . . . . . . . . . . . . . . . . . . . . 255

Noise Internal to Detectors  . . . . . . . . . . . . . . . . . . . . 256
Noise in Internal Detectors  . . . . . . . . . . . . . . . . . . . . 256
Noise in Photoemissive Devices  . . . . . . . . . . . . . . . . 256
Statistics of Photon Flux and Detectors  . . . . . . . . . . . 257
Representing the Pixel Value  . . . . . . . . . . . . . . . . . . . 258

Conversion Techniques  . . . . . . . . . . . . . . . . . . . . . . . 259
Assessment of Devices . . . . . . . . . . . . . . . . . . . . . . . . 260

Point Detection Assessment and Optimization  . . . . . . 260
Field Detection Assessment and Optimization  . . . . . . 261

Detectors Present and Future  . . . . . . . . . . . . . . . . . . 262

CHAPTER 13: STRUCTURED ILLUMINATION 
METHODS

Rainer Heintzmann

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265

Experimental Considerations . . . . . . . . . . . . . . . . . . . 265
Pattern Generation  . . . . . . . . . . . . . . . . . . . . . . . . . . 266

Computing Optical Sections from 
Structured-Illumination Data  . . . . . . . . . . . . . . . . . 268

Resolution Improvement by Structured 
Illumination  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270
Nonlinear Structured Illumination  . . . . . . . . . . . . . . . 276

Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276

CHAPTER 14: VISUALIZATION SYSTEMS FOR 
MULTI-DIMENSIONAL MICROSCOPY IMAGES

N.S. White

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
Definitions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
What Is the Microscopist Trying to Achieve?  . . . . . . . 280
Criteria for Choosing a Visualization System  . . . . . . . 281

Why Do We Want to Visualize Multi-Dimensional 
Laser-Scanning Microscopy Data?  . . . . . . . . . . . . . 281
Data and Dimensional Reduction  . . . . . . . . . . . . . . . . 281
Objective or Subjective Visualization?  . . . . . . . . . . . . 281
Prefiltering  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281
Identifying Unknown Structures  . . . . . . . . . . . . . . . . 281
Highlighting Previously Elucidated Structures  . . . . . . 284
Visualization for Multi-Dimensional 

Measurements  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 284
What Confocal Laser Scanning Microscopy Images 

Can the Visualization System Handle?  . . . . . . . . . 286
Image Data: How Are Image Values Represented 

in the Program? . . . . . . . . . . . . . . . . . . . . . . . . . . . 286
What Dimensions Can the Images and 

Views Have? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286
Standard File Formats for Calibration and 

Interpretation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288
How Will the System Generate the Reconstructed 

Views?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290
Assessing the Four Basic Steps in the Generation 

of Reconstructed Views  . . . . . . . . . . . . . . . . . . . . . 290
Loading the Image Subregion  . . . . . . . . . . . . . . . . . . 290
Choosing a View: The 5D Image Display Space  . . . . . 291
Mapping the Image Space into the Display Space . . . . 294
How Do 3D Visualizations Retain the 

z-Information? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
Mapping the Data Values into the Display  . . . . . . . . . 300
How Can Intensities Be Used to Retain 

z-Information? . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
Hidden-Object Removal  . . . . . . . . . . . . . . . . . . . . . . 304
Adding Realism to the View  . . . . . . . . . . . . . . . . . . . 306

How Can I Make Measurements Using the 
Reconstructed Views? . . . . . . . . . . . . . . . . . . . . . . . 312

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 312

CHAPTER 15: AUTOMATED THREE-
DIMENSIONAL IMAGE ANALYSIS METHODS 
FOR CONFOCAL MICROSCOPY

Badrinath Roysam, Gang Lin, Muhammad-Amri Abdul-Karim,
Omar Al-Kofahi, Khalid Al-Kofahi, William Shain, 
Donald H. Szarowsk, and James N. Turner

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316
Types of Automated Image Analysis Studies  . . . . . . . 318

xiv Contents



Common Types of Biological Image Objects  . . . . . . 319
Specimen Preparation and Image Preprocessing 

Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
Data Collection Guidelines for Image Analysis 

Purposes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
Image Preprocessing Methods  . . . . . . . . . . . . . . . . . . 320

General Segmentation Methods Applicable to 
Confocal Data  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
Bottom-Up Segmentation Methods  . . . . . . . . . . . . . . 321
Top-Down Segmentation Methods  . . . . . . . . . . . . . . . 322
Hybrid Segmentation Methods Combining Bottom-Up 

and Top-Down Processing  . . . . . . . . . . . . . . . . . . . 322
Example Illustrating Blob Segmentation  . . . . . . . . . . 322

Model-Based Object Merging  . . . . . . . . . . . . . . . . . . 323
Example Illustrating Segmentation of Tube-Like 

Objects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324
Skeletonization Methods  . . . . . . . . . . . . . . . . . . . . . . 324
Vectorization Methods . . . . . . . . . . . . . . . . . . . . . . . . 324

Example Combining Tube and Blob 
Segmentation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328

Registration and Montage Synthesis Methods  . . . . . 328
Methods for Quantitative Morphometry  . . . . . . . . . 331
Methods for Validating the Segmentation and 

Making Corrections  . . . . . . . . . . . . . . . . . . . . . . . . 333
Analysis of Morphometric Data . . . . . . . . . . . . . . . . . 334
Discussion, Conclusion, and Future Directions  . . . . 335

CHAPTER 16: FLUOROPHORES FOR CONFOCAL
MICROSCOPY: PHOTOPHYSICS AND 
PHOTOCHEMISTRY

Roger Y. Tsien, Lauren Ernst, and Alan Waggoner

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 338
Photophysical Problems Related to High Intensity 

Excitation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 338
Singlet State Saturation  . . . . . . . . . . . . . . . . . . . . . . . 338
Triplet State Saturation  . . . . . . . . . . . . . . . . . . . . . . . 339
Contaminating Background Signals  . . . . . . . . . . . . . . 339
What Is the Optimal Intensity?  . . . . . . . . . . . . . . . . . 340

Photodestruction of Fluorophores and Biological 
Specimens  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340
Dependency on Intensity or Its Time Integral?  . . . . . . 340

Strategies for Signal Optimization in the Face of 
Photobleaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341
Light Collection Efficiency  . . . . . . . . . . . . . . . . . . . . 341
Spatial Resolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . 341
Protective Agents  . . . . . . . . . . . . . . . . . . . . . . . . . . . 341
Fluorophore Concentration  . . . . . . . . . . . . . . . . . . . . 342
Choice of Fluorophore  . . . . . . . . . . . . . . . . . . . . . . . 342

Fluorescent Labels for Antibodies, Other Proteins,
and DNA Probes . . . . . . . . . . . . . . . . . . . . . . . . . . . 342
Fluorescent Organic Dyes  . . . . . . . . . . . . . . . . . . . . . 342
Phycobiliproteins  . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
DNA Probes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 343
Luminescent Nanocrystals  . . . . . . . . . . . . . . . . . . . . . 343
Fluorescent Lanthanide Chelates  . . . . . . . . . . . . . . . . 345

Fluorescent Indicators for Dynamic Intracellular 
Parameters  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
Membrane Potentials . . . . . . . . . . . . . . . . . . . . . . . . . 346
Ion Concentrations  . . . . . . . . . . . . . . . . . . . . . . . . . . 346
pH Indicators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
Ca2+ Indicators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

Oxygen Sensor  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
cAMP Indicators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
Fatty Acid Indicator  . . . . . . . . . . . . . . . . . . . . . . . . . 347

Genetically Expressed Intracellular Fluorescent 
Indicators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348
Green Fluorescent Protein  . . . . . . . . . . . . . . . . . . . . . 348
Ligand-Binding Modules . . . . . . . . . . . . . . . . . . . . . . 348
Ion Indicators  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 348

Future Developments  . . . . . . . . . . . . . . . . . . . . . . . . 348

CHAPTER 17: PRACTICAL CONSIDERATIONS IN 
THE SELECTION AND APPLICATION OF 
FLUORESCENT PROBES

Iain D. Johnson

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
Selection Criteria for Dyes and Probes  . . . . . . . . . . . 353

Organic Dyes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 353
Fluorescent Proteins: Green Fluorescent Protein and 

Phycobiliproteins . . . . . . . . . . . . . . . . . . . . . . . . . . 356
Quantum Dots  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
Multi-Photon Excitation  . . . . . . . . . . . . . . . . . . . . . . 357

Introducing the Probe to the Specimen  . . . . . . . . . . 358
Loading Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . 358
Target Abundance and Autofluorescence 

Considerations  . . . . . . . . . . . . . . . . . . . . . . . . . . . 360
Interactions of Probes and Specimens  . . . . . . . . . . . 361

Localization and Metabolism . . . . . . . . . . . . . . . . . . . 361
Perturbation and Cytotoxicity  . . . . . . . . . . . . . . . . . . 362

Under the Microscope  . . . . . . . . . . . . . . . . . . . . . . . . 362
Photobleaching  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362
Phototoxicity  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364

CHAPTER 18: GUIDING PRINCIPLES OF 
SPECIMEN PRESERVATION FOR CONFOCAL
FLUORESCENCE MICROSCOPY

Robert Bacallao, Sadaf Sohrab, and Carrie Phillips

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368
Characteristics of Fixatives  . . . . . . . . . . . . . . . . . . . . 368

Glutaraldehyde  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369
Formaldehyde . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

Fixation Staining and Mounting Methods  . . . . . . . . . 370
Glutaraldehyde Fixation  . . . . . . . . . . . . . . . . . . . . . . 370
pH Shift/Formaldehyde Fixation  . . . . . . . . . . . . . . . . 370
Immunofluorescence Staining  . . . . . . . . . . . . . . . . . . 371
Mounting the Specimen . . . . . . . . . . . . . . . . . . . . . . . 371

Critical Evaluation of Light Microscopy Fixation and 
Mounting Methods . . . . . . . . . . . . . . . . . . . . . . . . . 371
Use of the Cell Height to Evaluate the 

Fixation Method  . . . . . . . . . . . . . . . . . . . . . . . . . . 372
Use of Cell Height to Evaluate Mounting 

Media  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373
Well-Defined Structures Can Be Used to Evaluate 

Fixation Methods  . . . . . . . . . . . . . . . . . . . . . . . . . 373
Comparison of In Vivo Labeled Cell Organelles with 

Immunolabeled Cell Organelles  . . . . . . . . . . . . . . . 374
General Notes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374

Labeling Samples with Two or More Probes  . . . . . . . 375

Contents xv



Triple Labeling  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 375
Preparation of Tissue Specimens  . . . . . . . . . . . . . . . . 376
Labeling Thick Sections  . . . . . . . . . . . . . . . . . . . . . . 376
Refractive Index Mismatch  . . . . . . . . . . . . . . . . . . . . 377
Screening Antibodies on Glutaraldehyde-Fixed 

Specimens  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377
Microwave Fixation  . . . . . . . . . . . . . . . . . . . . . . . . . 377

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 378

CHAPTER 19: CONFOCAL MICROSCOPY 
OF LIVING CELLS

Michael E. Dailey, Erik Manders, David R. Soll, 
and Mark Terasaki

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381
Overview of Living-Cell Confocal Imaging 

Techniques  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 382
Time-Lapse Fluorescence Imaging  . . . . . . . . . . . . . . . 382
Multi-Channel Time-Lapse Fluorescence Imaging  . . . 382
Spectral Imaging and Linear Unmixing  . . . . . . . . . . . 382
Fluorescence Recovery After Photobleaching  . . . . . . 382
Fluorescence Loss in Photobleaching  . . . . . . . . . . . . . 382
Fluorescence Resonance Energy Transfer  . . . . . . . . . . 382
Fluorescence Lifetime Imaging  . . . . . . . . . . . . . . . . . 382
Fluorescence Correlation Spectroscopy  . . . . . . . . . . . 383
Fluorescence Speckle Microscopy  . . . . . . . . . . . . . . . 383
Photo-Uncaging/Photoactivation  . . . . . . . . . . . . . . . . 383
Optical Tweezers/Laser Trapping  . . . . . . . . . . . . . . . . 383
Physiological Fluorescence Imaging . . . . . . . . . . . . . . 383
Combining Fluorescence and Other Imaging 

Modalities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383
General Considerations for Confocal Microscopy 

of Living Cells  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386
Maintenance of Living Cells and Tissue 

Preparations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387
Fluorescent Probes  . . . . . . . . . . . . . . . . . . . . . . . . . . 387
Minimizing Photodynamic Damage  . . . . . . . . . . . . . . 389

The Online Confocal Community  . . . . . . . . . . . . . . . 390
A Convenient Test Specimen  . . . . . . . . . . . . . . . . . . . 390
Specific Example I: Visualizing Chromatin 

Dynamics Using Very Low Light Levels  . . . . . . . . . 390
Phototoxicity  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 390
Reduction of Phototoxicity  . . . . . . . . . . . . . . . . . . . . 391
Improving Image Quality in Low-Dose 

Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 391
Low-Dose Imaging Conclusion  . . . . . . . . . . . . . . . . . 391

Specific Example II: Multi-Dimensional Imaging 
of Microglial Cell Behaviors in Live Rodent 
Brain Slices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 392
Preparation of Central Nervous System Tissue 

Slices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
Fluorescent Staining  . . . . . . . . . . . . . . . . . . . . . . . . . 393
Maintaining Tissue Health on the Microscope 

Stage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 393
Imaging Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . 394
Imaging Deep Within Tissue  . . . . . . . . . . . . . . . . . . . 395
Keeping Cells in Focus  . . . . . . . . . . . . . . . . . . . . . . . 395
Handling the Data . . . . . . . . . . . . . . . . . . . . . . . . . . . 395
Results  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 396
Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 396

Future Directions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398

CHAPTER 20: ABBERATIONS IN CONFOCAL 
AND MULTI-PHOTON FLUORESCENCE 
MICROSCOPY INDUCED BY REFRACTIVE 
INDEX MISMATCH

Alexander Egner and Stefan W. Hell

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404
The Situation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404
Theory  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404
Results of Theoretical Calculations  . . . . . . . . . . . . . . 407
Experiments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409
Other Considerations  . . . . . . . . . . . . . . . . . . . . . . . . 410

Dry Objectives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 410
Refractive Index, Wavelength, and Temperature  . . . . . 411
Spherical Aberration Correction . . . . . . . . . . . . . . . . . 411

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 412
Consequences  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 412
Practical Strategies to Reduce Refractive Index 

Mismatch  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 412

CHAPTER 21: INTERACTION OF LIGHT WITH 
BOTANICAL SPECIMENS

Ping-Chin Cheng

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414
Light Attenuation in Plant Tissue  . . . . . . . . . . . . . . . . 414

Linear Absorption  . . . . . . . . . . . . . . . . . . . . . . . . . . . 414
Nonlinear Absorption  . . . . . . . . . . . . . . . . . . . . . . . . 416
Scattering  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 417

Refractive Index Heterogeneity . . . . . . . . . . . . . . . . . 418
Birefringent Structures in Plant Cells  . . . . . . . . . . . . 420
Fluorescence Properties of Plants  . . . . . . . . . . . . . . . 421

Changes in Emission Spectra Depending on 
One- Versus Two-Photon Excitation  . . . . . . . . . . . . 421

Microspectroscopy  . . . . . . . . . . . . . . . . . . . . . . . . . . 421
Light–Specimen Interaction (Fluorescence 

Emission)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
Harmonic Generation Properties  . . . . . . . . . . . . . . . 428
The Effect of Fixation on the Optical Properties 

of Plants  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 428
Living Plant Cells  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429

Callus, Suspension Culture Cells and 
Protoplasts  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 429

Meristem  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430
Stem and Root  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430
Microspores and Pollen Grains  . . . . . . . . . . . . . . . . . 431
Cuticles, Hairs, and Waxes  . . . . . . . . . . . . . . . . . . . . 434
Storage Structures  . . . . . . . . . . . . . . . . . . . . . . . . . . . 435
Mineral Deposits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 436
Primary and Secondary Cell Walls  . . . . . . . . . . . . . . . 438
Fungi  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 438

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439

CHAPTER 22: SIGNAL-TO-NOISE RATIO IN 
CONFOCAL MICROSCOPES

Colin J.R. Sheppard, Xiaosong Gan, Min Gu, 
and Maitreyee Roy

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442
Sources of Noise  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442

Shot Noise and Quantum Efficiency . . . . . . . . . . . . . . 442
Background Noise  . . . . . . . . . . . . . . . . . . . . . . . . . . 443

xvi Contents



Signal Level in Confocal Microscopes  . . . . . . . . . . . . 444
Signal-to-Noise Ratio for Confocal 

Microscopes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445
QE, N1, and Stain Level  . . . . . . . . . . . . . . . . . . . . . . 445
N2 and Detectability  . . . . . . . . . . . . . . . . . . . . . . . . . 446
Multi-Photon Fluorescence Microscopy  . . . . . . . . . . . 447

Designs of Confocal Microscopes  . . . . . . . . . . . . . . . 447
Sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 448
Comparative Performance of Fluorescence 

Microscopes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 448
Bleaching-Limited Performance . . . . . . . . . . . . . . . . . 448
Saturation-Limited Performance . . . . . . . . . . . . . . . . . 450
Effects of Scanning Speed . . . . . . . . . . . . . . . . . . . . . 450
3D Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 451

Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 451

CHAPTER 23: COMPARISON OF
WIDEFIELD/DECONVOLUTION AND 
CONFOCAL MICROSCOPY FOR THREE- 
DIMENSIONAL IMAGING

Peter J. Shaw

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453
The Point Spread Function: Imaging as a 

Convolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453
Limits to Linearity and Shift Invariance  . . . . . . . . . . . 457

Deconvolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457
Practical Differences  . . . . . . . . . . . . . . . . . . . . . . . . . 458

Temporal Resolution  . . . . . . . . . . . . . . . . . . . . . . . . . 458
Combination of Charged-Coupled Device and Confocal 

Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 458
Integration of Fluorescence Intensity  . . . . . . . . . . . . . 459

Resolution, Sensitivity, and Noise  . . . . . . . . . . . . . . . 459
Fluorescence Excitation . . . . . . . . . . . . . . . . . . . . . . . 459
Fluorescent Light Detection . . . . . . . . . . . . . . . . . . . . 459
Gain Register Charge-Coupled Devices  . . . . . . . . . . . 460
Out-of-Focus Light  . . . . . . . . . . . . . . . . . . . . . . . . . . 461
Model Specimens  . . . . . . . . . . . . . . . . . . . . . . . . . . . 461
The Best Solution: Deconvolving Confocal Data  . . . . 461

Practical Comparisons  . . . . . . . . . . . . . . . . . . . . . . . . 463
Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 467

CHAPTER 24: BLIND DECONVOLUTION

Timothy J. Holmes, David Biggs, and Asad Abu-Tarif

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 468
Purposes of Deconvolution  . . . . . . . . . . . . . . . . . . . . 468
Advantages and Limitations  . . . . . . . . . . . . . . . . . . . 468

Principles  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 472
Data Collection Model  . . . . . . . . . . . . . . . . . . . . . . . 472

Maximum Likelihood Estimation  . . . . . . . . . . . . . . . . 472
Algorithms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 472

Different Approaches . . . . . . . . . . . . . . . . . . . . . . . . . 475
3D  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 475
2D Image Filtering  . . . . . . . . . . . . . . . . . . . . . . . . . . 476

Data Corrections  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477
Light Source and Optics Alignment  . . . . . . . . . . . . . 477
Newest Developments . . . . . . . . . . . . . . . . . . . . . . . . 478

Subpixel  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 478
Polarized Light  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479
Live Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 480

More Examples  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 480
Blind Deconvolution and Spherical Aberration  . . . . . . 480
Widefield Fluorescence Simulation  . . . . . . . . . . . . . . 481
Spinning-Disk Confocal  . . . . . . . . . . . . . . . . . . . . . . 481
Two Photon  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 481

Speed  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 482
Future Directions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 483
Summary of Main Points  . . . . . . . . . . . . . . . . . . . . . . 483

CHAPTER 25: IMAGE ENHANCEMENT BY
DECONVOLUTION

Mark B. Cannell, Angus McMorland, and Christian Soeller

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 488
Background  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 488
Image Formation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 489
Forwards: Convolution and the Imaging System  . . . 490
Properties of the Point Spread Function . . . . . . . . . . 492
Quantifying the Point Spread Function . . . . . . . . . . . 492
The Missing Cone Problem  . . . . . . . . . . . . . . . . . . . . 494
Noise  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 495
Deconvolution Algorithms . . . . . . . . . . . . . . . . . . . . . 495

Nearest-Neighbor Deconvolution  . . . . . . . . . . . . . . . . 495
Wiener Filtering  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 496
Nonlinear Constrained Iterative Deconvolution 

Algorithms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 496
Comparison of Methods  . . . . . . . . . . . . . . . . . . . . . . 497

CHAPTER 26: FIBER-OPTICS IN SCANNING 
OPTICAL MICROSCOPY

Peter Delaney and Martin Harris

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501
Key Fiber Technologies Relevant to Scanning 

Microscopy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501
Glass Made from Gas and Its Transmission 

Properties  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501
Step Index and Gradient Index Optical Fibers . . . . . . . 501
Modes in Optical Fibers  . . . . . . . . . . . . . . . . . . . . . . 502
Evanescent Wave and Polarization Effects in 

Optical Fibers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 503
Polarization-Maintaining Fibers  . . . . . . . . . . . . . . . . . 503
Fused Biconical Taper Couplers: Fiber-Optic 

Beam-Splitters  . . . . . . . . . . . . . . . . . . . . . . . . . . . 503
Microstructure Fibers  . . . . . . . . . . . . . . . . . . . . . . . . 504
Fiber Image Transfer Bundles  . . . . . . . . . . . . . . . . . . 504

Key Functions of Fibers in Optical Microscopes  . . . 505
Optical Fiber for Delivering Light  . . . . . . . . . . . . . . . 505
Optical Fiber as a Detection Aperture . . . . . . . . . . . . . 506
Same Fiber for Both Source and Confocal 

Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506
Fiber Delivery for Nonlinear Microscopy with 

Femtosecond Lasers  . . . . . . . . . . . . . . . . . . . . . . . 507
Large Core Fibers as Source or Detection 

Apertures  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507
Benchtop Scanning Microscopes Exploiting Fiber 

Components  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 507
Miniaturized Scanning Confocal Microscope 

Imaging Heads  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 508
Miniature Confocal Imaging Heads Based on 

Coherent Imaging Bundles . . . . . . . . . . . . . . . . . . . 508

Contents xvii



Resolution and Optical Efficiency of Bundles . . . . . . . 509
Bundle Imagers for In Vivo Studies in Animals . . . . . . 509
Scan Heads Based on Single Fibers with Miniature 

Scanning Mechanisms  . . . . . . . . . . . . . . . . . . . . . . 510
Vibrating the Fiber Tip  . . . . . . . . . . . . . . . . . . . . . . . 510
Vibrating the Lens and Fiber  . . . . . . . . . . . . . . . . . . . 510
Scanning with Micromirrors  . . . . . . . . . . . . . . . . . . . 511
Scanning Fiber Confocal Microscopes for In Vivo

Imaging in Animals  . . . . . . . . . . . . . . . . . . . . . . . . 512
Implementations for Clinical Endomicroscopy  . . . . . 513
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 513

CHAPTER 27: FLUORESCENCE LIFETIME IMAGING IN
SCANNING MICROSCOPY

H.C. Gerritsen, A. Draaijer, D.J. van den Heuvel, 
and A.V. Agronskaia

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 516
Fluorescence, Lifetime, and Quantum 

Efficiency  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 516
Fluorescence Lifetime Spectroscopy  . . . . . . . . . . . . . 516
Fluorescence Lifetime Imaging Applications  . . . . . . . 516
Fluorescence Resonance Energy Transfer  . . . . . . . . . . 517

Fluorescence Lifetime Imaging Methods  . . . . . . . . . 518
Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 518
Lifetime Sensing in the Frequency Domain  . . . . . . . . 518
Fluorescence Lifetime Sensing in the Time 

Domain  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520
Comparison of Confocal Fluorescence Lifetime 

Imaging Methods  . . . . . . . . . . . . . . . . . . . . . . . . . 523
Applications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 527

Multi-Labeling and Segmentation  . . . . . . . . . . . . . . . 527
Ion-Concentration Determination  . . . . . . . . . . . . . . . . 528
Probes for Fluorescence Lifetime Microscopy  . . . . . . 530

Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 532

CHAPTER 28: MULTI-PHOTON MOLECULAR 
EXCITATION IN LASER-SCANNING 
MICROSCOPY

Winfried Denk, David W. Piston, and Watt W. Webb

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 535
Physical Principles of Multi-Photon Excitation 

and Their Implications for Image Formation . . . . . 535
Physics of Multi-Photon Excitation  . . . . . . . . . . . . . . 535
Optical Pulse Length . . . . . . . . . . . . . . . . . . . . . . . . . 537
Excitation Localization  . . . . . . . . . . . . . . . . . . . . . . . 538
Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538
Wavelengths  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 538
Resolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
Photodamage: Heating and Bleaching  . . . . . . . . . . . . 539

Instrumentation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 540
Lasers and the Choice of Excitation Wavelengths  . . . . 540
Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 541
Optical Aberrations  . . . . . . . . . . . . . . . . . . . . . . . . . . 542
Pulse Spreading Due to Group Delay Dispersion  . . . . 543
Control of Laser Power  . . . . . . . . . . . . . . . . . . . . . . . 543
Resonance and Non-Mechanical Scanning  . . . . . . . . . 543

Chromophores (Fluorophores and Caged 
Compounds) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 543
Two-Photon Absorption Cross-Sections  . . . . . . . . . . . 543
Caged Compounds  . . . . . . . . . . . . . . . . . . . . . . . . . . 544

Cell Viability During Imaging  . . . . . . . . . . . . . . . . . . 544
Applications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545

Calcium Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . 545
Uncaging and Photobleaching  . . . . . . . . . . . . . . . . . . 545
Autofluorescence  . . . . . . . . . . . . . . . . . . . . . . . . . . . 545
Developmental Biology . . . . . . . . . . . . . . . . . . . . . . . 545
In Vivo (Intact Animal) Imaging . . . . . . . . . . . . . . . . . 545

Outlook  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 545

CHAPTER 29: MULTIFOCAL MULTI-PHOTON
MICROSCOPY

Jörg Bewersdorf, Alexander Egner, and Stefan W. Hell

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
Background  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
Determination of the Optimum Degree of 

Parallelization  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 550
Experimental Realization  . . . . . . . . . . . . . . . . . . . . . . 551

A Multi-Focal Multi-Photon Microscopy Setup Using 
a Nipkow-Type Microlens Array  . . . . . . . . . . . . . . 551

Resolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 552
Time Multiplexing as a Solution to Interfocal 

Crosstalk  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 553
Alternative Realizations  . . . . . . . . . . . . . . . . . . . . . . 554

Advanced Variants of Multi-Focal Multi-Photon 
Microscopy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 555
Space Multiplexing  . . . . . . . . . . . . . . . . . . . . . . . . . . 555
Fluorescence Lifetime Imaging  . . . . . . . . . . . . . . . . . 555
Second Harmonic Generation Multi-Focal Multi-Photon 

Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 556
Multi-Focal Multi-Photon Microscopy-4Pi 

Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 556
Imaging Applications  . . . . . . . . . . . . . . . . . . . . . . . . . 556
Limitations  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 556
Current Developments  . . . . . . . . . . . . . . . . . . . . . . . 558
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 559

CHAPTER 30: 4Pi MICROSCOPY

Jörg Bewersdorf, Alexander Egner, and Stefan W. Hell

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 561
Theoretical Background . . . . . . . . . . . . . . . . . . . . . . . 562

The Point Spread Function  . . . . . . . . . . . . . . . . . . . . 562
The z-Response and the Axial Resolution . . . . . . . . . . 563
The Optical Transfer Function  . . . . . . . . . . . . . . . . . . 563

Multi-Focal Multi-Photon Microscopy–4Pi 
Microscopy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563
Space Invariance of the Point Spread Function  . . . . . . 564
Live Mammalian Cell 4Pi Imaging  . . . . . . . . . . . . . . 564

Type C 4Pi Microscopy with the Leica TCS 4PI  . . . . 565
Resolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 567
Type C 4Pi Imaging in Living Cells . . . . . . . . . . . . . . 568

Summary and Outlook  . . . . . . . . . . . . . . . . . . . . . . . 568

xviii Contents



CHAPTER 31: NANOSCALE RESOLUTION WITH 
FOCUSED LIGHT: STIMULATED EMISSION 
DEPLETION AND OTHER REVERSIBLE SATURABLE
OPTICAL FLUORESCENCE TRANSITIONS 
MICROSCOPY CONCEPTS

Stefan W. Hell, Katrin I. Willig, Marcus Dyba, 
Stefan Jakobs, Lars Kastrup, and Volker Westphal

The Resolution Issue  . . . . . . . . . . . . . . . . . . . . . . . . . 571
Breaking the Diffraction Barrier: The Concept of 

Reversible Saturable Optical Fluorescence 
Transitions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 571

Different Approaches of Reversible Saturable Optical 
Fluorescence Transitions Microscopy  . . . . . . . . . . 573

Stimulated Emission Depletion Microscopy  . . . . . . . 574
Challenges and Outlook  . . . . . . . . . . . . . . . . . . . . . . 577

CHAPTER 32: MASS STORAGE, DISPLAY,
AND HARD COPY

Guy Cox

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580
Mass Storage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 580

Data Compression . . . . . . . . . . . . . . . . . . . . . . . . . . . 580
Removable Storage Media . . . . . . . . . . . . . . . . . . . . . 585
Random-Access Devices  . . . . . . . . . . . . . . . . . . . . . . 586
Solid State Devices  . . . . . . . . . . . . . . . . . . . . . . . . . . 588

Display  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
Monitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 588
Liquid Crystal Displays . . . . . . . . . . . . . . . . . . . . . . . 589
Data Projectors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 590

Hard Copy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 590
Photographic Systems  . . . . . . . . . . . . . . . . . . . . . . . . 590
Digital Printers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 591

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 593
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 593

Bulk Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 593
Display . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 594
Hard Copy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 594

CHAPTER 33: COHERENT ANTI-STOKES 
RAMAN SCATTERING MICROSCOPY

X. Sunney Xie, Ji-Xin Cheng, and Eric Potma

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 595
Unique Features of Coherent Anti-Stokes Raman 

Scattering Under the Tight-Focusing Condition  . . 596
Forward and Backward Detected Coherent 

Anti-Stokes Raman Scattering  . . . . . . . . . . . . . . . . 597
Optimal Laser Sources for Coherent Anti-Stokes 

Raman Scattering Microscopy  . . . . . . . . . . . . . . . . 599
Suppression of the Non-Resonant Background  . . . . 600

Use of Picosecond Instead of Femtosecond Pulses  . . . 600
Epi-Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 600
Polarization-Sensitive Detection . . . . . . . . . . . . . . . . . 600
Time-Resolved Coherent Anti-Stokes Raman Scattering 

Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 600
Phase Control of Excitation Pulses . . . . . . . . . . . . . . . 600

Multiplex Coherent Anti-Stokes Raman Scattering 
Microspectroscopy  . . . . . . . . . . . . . . . . . . . . . . . . . 602

Coherent Anti-Stokes Raman Scattering Correlation 
Spectroscopy  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 602

Coherent Anti-Stokes Raman Scattering Microscopy
Imaging of Biological Samples  . . . . . . . . . . . . . . . . 603

Conclusions and Perspectives  . . . . . . . . . . . . . . . . . . 604

CHAPTER 34: RELATED METHODS FOR 
THREE-DIMENSIONAL IMAGING

J. Michael Tyszka, Seth W. Ruffins, Jamey P. Weichert, 
Michael J. Paulus, and Scott E. Fraser

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 607
Surface Imaging Microscopy and Episcopic 

Fluorescence Image Capture  . . . . . . . . . . . . . . . . . 607
Optical Coherence Tomography  . . . . . . . . . . . . . . . . 609
Optical Projection Tomography  . . . . . . . . . . . . . . . . 610
Light Sheet Microscopy  . . . . . . . . . . . . . . . . . . . . . . . 613

Optical Setup  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 613
Micro-Computerized Tomography Imaging  . . . . . . . 614

Operating Principle  . . . . . . . . . . . . . . . . . . . . . . . . . . 614
Contrast and Dose . . . . . . . . . . . . . . . . . . . . . . . . . . . 614
Computed Tomography Scanning Systems  . . . . . . . . . 615

Magnetic Resonance Microscopy  . . . . . . . . . . . . . . . 618
Basic Principles of Nuclear Magnetic 

Resonance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 618
Magnetic Resonance Image Formation . . . . . . . . . . . . 619
Magnetic Resonance Microscopy Hardware  . . . . . . . . 622
Strengths and Limitations of Magnetic Resonance 

Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 622
Image Contrast in Magnetic Resonance Microscopy  . . 622
Magnetic Resonance Microscopy Applications  . . . . . . 623
Future Development of Magnetic Resonance 

Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 624
Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 624

CHAPTER 35: TUTORIAL ON PRACTICAL 
CONFOCAL MICROSCOPY AND USE OF THE 
CONFOCAL TEST SPECIMEN

Victoria Centonze and James B. Pawley

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 627
Getting Started  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 627
Bleaching — The Only Thing That Really 

Matters  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 627
Getting a Good Confocal Image  . . . . . . . . . . . . . . . . 629

Simultaneous Detection of Backscattered Light 
and Fluorescence . . . . . . . . . . . . . . . . . . . . . . . . . . 631

New Controls  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 631
Photon Efficiency  . . . . . . . . . . . . . . . . . . . . . . . . . . . 631
Pinhole Size  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 631
Stray Light  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 632
Is the Back-Focal Plane Filled?  . . . . . . . . . . . . . . . . . 633
Pinhole Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . 633
Statistical Considerations in Confocal 

Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633
The Importance of Pixel Size . . . . . . . . . . . . . . . . . . . 634
Measuring Pixel Size  . . . . . . . . . . . . . . . . . . . . . . . . 635
Over-Sampling and Under-Sampling  . . . . . . . . . . . . . 635
Nyquist Reconstruction and Deconvolution  . . . . . . . . 635
Pixel Size Summary  . . . . . . . . . . . . . . . . . . . . . . . . . 636

Contents xix



Using a Test Specimen  . . . . . . . . . . . . . . . . . . . . . . . . 636
Why Use a Test Specimen?  . . . . . . . . . . . . . . . . . . . . 636
Description of the Test Specimen . . . . . . . . . . . . . . . . 636
Using the Test Specimen  . . . . . . . . . . . . . . . . . . . . . . 637
The Diatom: A Natural 3D Test Specimen  . . . . . . . . . 638

Reasons for Poor Performance  . . . . . . . . . . . . . . . . . 640
Sampling Problems  . . . . . . . . . . . . . . . . . . . . . . . . . . 640
Optical Problems  . . . . . . . . . . . . . . . . . . . . . . . . . . . 640
Imaging Depth  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 643
Singlet-State Saturation  . . . . . . . . . . . . . . . . . . . . . . . 643

Which 3D Method Is Best?  . . . . . . . . . . . . . . . . . . . . 644
Optimal 3D Light Microscopy Summary  . . . . . . . . . . 646
Things to Remember About Deconvolution  . . . . . . . . 646
Decision Time  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 646

Multi-Photon Versus Single-Photon Excitation  . . . . . 646
Widefield Versus Beam Scanning . . . . . . . . . . . . . . . . 647

Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 647

CHAPTER 36: PRACTICAL CONFOCAL MICROSCOPY

Alan R. Hibbs, Glen MacDonald, and Karl Garsha

The Art of Imaging by Confocal Microscopy  . . . . . . 650
Balancing Multiple Parameters  . . . . . . . . . . . . . . . . . 650

Monitoring Instrument Performance . . . . . . . . . . . . . 650
Illumination Source . . . . . . . . . . . . . . . . . . . . . . . . . . 650
Scan Raster and Focus Positioning . . . . . . . . . . . . . . . 651
Optical Performance and Objective Lenses . . . . . . . . . 652
Signal Detection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 660

Optimizing Multi-Labeling Applications  . . . . . . . . . . 663
Control Samples Establish the Limits . . . . . . . . . . . . . 663
Separation of Fluorescence into Spectral Regions  . . . . 664
Sequential Channel Collection to Minimize 

Bleed-Through  . . . . . . . . . . . . . . . . . . . . . . . . . . . 664
Spectral Unmixing  . . . . . . . . . . . . . . . . . . . . . . . . . . 664

Colocalization  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 667
Image Collection for Colocalization  . . . . . . . . . . . . . . 667
Quantifying Colocalization  . . . . . . . . . . . . . . . . . . . . 668
Spatial Deconvolution in Colocalization Studies  . . . . . 668

Discussion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 670

CHAPTER 37: SELECTIVE PLANE ILLUMINATION
MICROSCOPY

Jan Huisken, Jim Swoger, Steffen Lindek, 
and Ernst H.K. Stelzer

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 672
Combining Light Sheet Illumination and 

Orthogonal Detection  . . . . . . . . . . . . . . . . . . . . . . 672
Selective Plane Illumination Microscopy Setup  . . . . 673
Lateral Resolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . 674
Light Sheet Thickness and Axial Resolution  . . . . . . . 674
Applications  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 675
Processing Selective Plane Illumination Microscopy 

Images/Multi-View Reconstruction  . . . . . . . . . . . . 675
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 678

CHAPTER 38: CELL DAMAGE DURING 
MULTI-PHOTON MICROSCOPY

Karsten König

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 680
Photochemical Damage in Multi-Photon 

Microscopes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 682

Absorbers and Targets in Biological Specimens  . . . . . 682
Laser Exposure Parameters  . . . . . . . . . . . . . . . . . . . . 682
Evidence for Near Infrared-Induced Reactive Oxygen 

Species Formation . . . . . . . . . . . . . . . . . . . . . . . . . 683
Evidence for Near Infrared-Induced DNA Strand 

Breaks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 684
Photodynamic-Induced Effects . . . . . . . . . . . . . . . . . . 684

Photothermal Damage . . . . . . . . . . . . . . . . . . . . . . . . 685
Damage by Optical Breakdown  . . . . . . . . . . . . . . . . 685
Modifications of Ultrastructure  . . . . . . . . . . . . . . . . . 685
Influence of Ultrashort Near Infrared Pulses on 

Reproductive Behavior  . . . . . . . . . . . . . . . . . . . . . . 686
Nanosurgery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 686
Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 687

CHAPTER 39: PHOTOBLEACHING

Alberto Diaspro, Giuseppe Chirico, Cesare Usai, 
Paola Ramoino, and Jurek Dobrucki

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 690
Photobleaching  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 691

Photobleaching Mechanisms  . . . . . . . . . . . . . . . . . . . 691
Reducing Photobleaching  . . . . . . . . . . . . . . . . . . . . . 693

Photobleaching at the Single-Molecule Level . . . . . . 696
Photobleaching of Single Molecules  . . . . . . . . . . . . . 697
Photobleaching and Photocycling of Single 

Fluorescent Proteins  . . . . . . . . . . . . . . . . . . . . . . . 698
Bleaching and Autofluorescence  . . . . . . . . . . . . . . . . 698
Other Fluorescent Proteins . . . . . . . . . . . . . . . . . . . . . 698

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 699

CHAPTER 40: NONLINEAR (HARMONIC 
GENERATION) OPTICAL MICROSCOPY

Ping-Chin Cheng and C.K. Sun

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 703
Harmonic Generation  . . . . . . . . . . . . . . . . . . . . . . . . 704

Second Harmonic Generation  . . . . . . . . . . . . . . . . . . 704
Third Harmonic Generation  . . . . . . . . . . . . . . . . . . . . 705
Multi-Photon Absorption and Fluorescence  . . . . . . . . 705

Light Sources and Detectors for Second Harmonic 
Generation and Third Harmonic Generation 
Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 706

Nonlinear Optical Microscopy Setup  . . . . . . . . . . . . 708
Optically Active Biological Structures  . . . . . . . . . . . . 710

Optically Active Structures in Plants  . . . . . . . . . . . . . 710
Optically Active Structures in Animal 

Tissues  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 714
Polarization Dependence of Second Harmonic 

Generation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 719

CHAPTER 41: IMAGING BRAIN SLICES

Ayumu Tashiro, Gloster Aaron, Dmitriy Aronov, 
Rosa Cossart, Daniella Dumitriu, Vivian Fenstermaker, 
Jesse Goldberg, Farid Hamzei-Sichani, Yuji Ikegaya, 
Sıla Konur, Jason MacLean, Boaz Nemet, 
Volodymyr Nikolenko, Carlos Portera-Cailliau, 
and Rafael Yuste

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722

xx Contents



Making Brain Slices  . . . . . . . . . . . . . . . . . . . . . . . . . . 722
Acute Slices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 722
Cultured Slices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 724

Labeling Cells  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 724
Biolistic Transfection  . . . . . . . . . . . . . . . . . . . . . . . . 724
Genetic Manipulation with Dominant-Negative and 

Constitutively Active Mutants  . . . . . . . . . . . . . . . . 725
Diolistics and Calistics  . . . . . . . . . . . . . . . . . . . . . . . 726
Dye Injection with Whole-Cell Patch Clamp  . . . . . . . 726
Slice Loading and “Painting” with Acetoxymethyl 

Ester Indicators  . . . . . . . . . . . . . . . . . . . . . . . . . . . 726
Green Fluorescent Protein Transgenic Mice  . . . . . . . . 727

Imaging Slices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 727
Two-Photon Imaging of Slices . . . . . . . . . . . . . . . . . . 727
Slice Chamber Protocol . . . . . . . . . . . . . . . . . . . . . . . 727
Choice of Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 727
Beam Collimation and Pulse Broadening  . . . . . . . . . . 728
Image Production, Resolution, and z-Sectioning  . . . . . 729
Choice of Indicators for Two-Photon Imaging of 

Calcium  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 729
Photodamage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 729
Second Harmonic Imaging  . . . . . . . . . . . . . . . . . . . . 729
Silicon-Intensified Target Camera Imaging  . . . . . . . . . 730

Morphological Processing and Analysis  . . . . . . . . . . 730
Biocytin Protocol  . . . . . . . . . . . . . . . . . . . . . . . . . . . 730
Anatomy with a Two-Photon/Neurolucida 

System  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 731
Correlated Electron Microscopy . . . . . . . . . . . . . . . . . 731
Morphological Classification of Neurons Using 

Cluster Analysis  . . . . . . . . . . . . . . . . . . . . . . . . . . 731
Image Processing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 732

Compensation for the Drift and the Vibration of 
the Slices  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 732

Alignment Based on the Overlap Between 
Images  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 732

Alignment Based on the Center of Mass  . . . . . . . . . . 732
Online Cell Detection of Neurons  . . . . . . . . . . . . . . . 733
Image De-Noising Using Wavelets . . . . . . . . . . . . . . . 734

Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 734

CHAPTER 42: FLUORESCENT ION 
MEASUREMENT

Mark B. Cannell and Stephen H. Cody

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 736
The Limiting Case  . . . . . . . . . . . . . . . . . . . . . . . . . . 736

Choice of Indicator  . . . . . . . . . . . . . . . . . . . . . . . . . . 737
Introducing the Indicators into Cells  . . . . . . . . . . . . 738
Care of Fluorescent Probes  . . . . . . . . . . . . . . . . . . . . 739
Interpretation of Measurements  . . . . . . . . . . . . . . . . 740
Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 741
Calibration  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 742
Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 745

CHAPTER 43: CONFOCAL AND MULTI-PHOTON
IMAGING OF LIVING EMBRYOS

Jeff Hardin

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 746
Into the Depths: Embryos Are Thick, Refractile,

and Susceptible to Photodamage  . . . . . . . . . . . . . 746
Imaging Embryos Often Requires “4D” Imaging  . . . . 746

The Quest for Better Resolution: Aberration and 
the Challenge of Imaging Thick Embryos . . . . . . . . 747

Embryos Are Highly Scattering and Refractile 
Specimens  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 747

Imaging Embryos Involves Inherent Trade-Offs  . . . . . 747
Common Themes in Living Embryo Imaging Have 

System-Specific Solutions  . . . . . . . . . . . . . . . . . . . 748
Dealing with Depth: Strategies for Imaging 

Thick Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . 748
Avoiding the Thickness Dilemma: Going Small  . . . . . 748
Grazing the Surface: Superficial Optical Sections 

Are Often Sufficient  . . . . . . . . . . . . . . . . . . . . . . . 748
Up from the Deep: Explants Can Reduce the 

Thickness of Specimens Dramatically  . . . . . . . . . . 748
Multi-Photon Microscopy Can Penetrate More 

Deeply into Specimens  . . . . . . . . . . . . . . . . . . . . . 749
Selective Plane Illumination Can Provide Optical 

Sectioning in Very Thick Specimens  . . . . . . . . . . . 751
Deconvolution and Other Post-Acquisition 

Processing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 751
Striving for Speed: Strategies for Reducing 

Specimen Exposure  . . . . . . . . . . . . . . . . . . . . . . . . 753
Simple Solutions: Reducing Image Dimensions, 

Increasing Slice Spacing, and Scan Speed . . . . . . . . 753
Disk-Scanning Confocal Microscopy Allows 

High-Speed Acquisition  . . . . . . . . . . . . . . . . . . . . . 754
Additional Hardware Improvements Can Increase 

Acquisition Speed  . . . . . . . . . . . . . . . . . . . . . . . . . 754
Localizing Label: Strategies for Increasing 

Effective Contrast in Thick Specimens . . . . . . . . . . 755
Addition of Labeled Proteins to Embryos . . . . . . . . . . 756
Expressing Green Fluorescent Protein and mRFP

Constructs in Embryos Allows Dynamic Analysis of 
Embryos at Multiple Wavelengths  . . . . . . . . . . . . . 756

Using Selective Labeling to Reduce the Number 
of Labeled Structures . . . . . . . . . . . . . . . . . . . . . . . 757

Bulk Vital Labeling Can Enhance Contrast . . . . . . . . . 760
Seeing in Space: Strategies for 4D Visualization . . . . 761

Depicting Embryos in Time and Space: 2D + Time 
Versus 3D + Time  . . . . . . . . . . . . . . . . . . . . . . . . . 762

Other Uses for Confocal and Multi-Photon 
Microscopy in Imaging and Manipulating 
Embryos  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 764
Multi-Photon–Based Ablation  . . . . . . . . . . . . . . . . . . 764
Fluorescence Resonance Energy Transfer  . . . . . . . . . . 764

Conclusions: A Bright Future for 3D Imaging of 
Living Embryos  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 766

CHAPTER 44: IMAGING PLANT CELLS

Nuno Moreno, Susan Bougourd, Jim Haseloff, 
and José A. Feijó

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 769
The Ever Present Problem of Autofluorescence  . . . . 770
Single-Photon Confocal Microscopy . . . . . . . . . . . . . 772

Staining Plant Tissues  . . . . . . . . . . . . . . . . . . . . . . . . 774
Clearing Intact Plant Material  . . . . . . . . . . . . . . . . . . 774
3D Reconstruction  . . . . . . . . . . . . . . . . . . . . . . . . . . 775
3D Segmentation  . . . . . . . . . . . . . . . . . . . . . . . . . . . 776

Two-Photon Excitation: Are Two Better 
Than One?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 778
Improved Signal-to-Noise Ratio and Dynamic 

Range  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 778

Contents xxi



Imaging Thick/Opaque Specimens  . . . . . . . . . . . . . . . 779
Fading, Vital Imaging, and Cell Viability  . . . . . . . . . . 779
Two-Photon Imaging of Plant Cells and 

Organelles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 782
Two-Photon Excitation Imaging of Green Fluorescent 

Protein  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 782
Dynamic Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 783
Deconvolution  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 784
Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 785

CHAPTER 45: PRACTICAL FLUORESCENCE 
RESONANCE ENERGY TRANSFER OR 
MOLECULAR NANOBIOSCOPY OF 
LIVING CELLS

Irina Majoul, Yiwei Jia, and Rainer Duden

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 788
How to Make a Good Science  . . . . . . . . . . . . . . . . . . 788
Beauty, Functionality, Cell Cycle, and 

Living-Cell Imaging  . . . . . . . . . . . . . . . . . . . . . . . 790
Fluorescence Resonance Energy Transfer Theory  . . . 790
Fluorescent Proteins and Fluorescence Resonance 

Energy Transfer  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 794
Qualitative Analysis  . . . . . . . . . . . . . . . . . . . . . . . . . 795
Preparation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 795

Nanobioscopy of Protein-Protein Interactions 
with Fluorescence Resonance Energy Transfer  . . . 795
Methods of Fluorescence Resonance Energy Transfer 

Measurement  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 795
Sensitized Emission of Acceptor  . . . . . . . . . . . . . . . . 795
Donor Fluorescence  . . . . . . . . . . . . . . . . . . . . . . . . . 796
Acceptor Bleach  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 797

Fluorescent Proteins as Fluorescence Resonance 
Energy Transfer Pairs  . . . . . . . . . . . . . . . . . . . . . . . 798
Cyan Fluorescent Protein and Yellow Fluorescent 

Protein — The Commonly Used Fluorescence 
Resonance Energy Transfer Pair . . . . . . . . . . . . . . . 798

Cyan Fluorescent Protein or Green Fluorescent Protein
Forms a Fluorescence Resonance Energy Transfer 
Pair with mRFP1 . . . . . . . . . . . . . . . . . . . . . . . . . . 798

Fluorescence Resonance Energy Transfer-Based 
Sensors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 798

Fluorescence Resonance Energy Transfer and Other 
Complementary Methods  . . . . . . . . . . . . . . . . . . . 799
Fluorescence Resonance Energy Transfer and 

Fluorescence Lifetime Imaging Microscope  . . . . . . 799
Fluorescence Recovery After Photobleaching and 

Fluorescence Loss in Photobleaching  . . . . . . . . . . . 801
Fluorescence Resonance Energy Transfer and 

Fluorescence Correlation Spectroscopy . . . . . . . . . . 801
Fluorescence Resonance Energy Transfer and Total 

Internal Reflection Fluorescence . . . . . . . . . . . . . . . 801
Quantum Dots and Fluorescence Resonance Energy 

Transfer  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 801
Cloning and Expression of Fluorescent Constructs 

for Fluorescence Resonance Energy Transfer  . . . . 801
Cloning of Fluorescent Chimeras  . . . . . . . . . . . . . . . . 801
Functional Activity of Expressed Constructs . . . . . . . . 802
Expression and Over-Expression  . . . . . . . . . . . . . . . . 802

Methods for Introducing Chromophores into 
Living Cells  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 803
Electroporation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 803

Transfection Reagents  . . . . . . . . . . . . . . . . . . . . . . . . 803
Microinjection  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 803

Future Perspectives: 3D Microscopy, Biological 
Complexity, and In Vivo Molecular Imaging  . . . . . 804

In Vivo Molecular Imaging . . . . . . . . . . . . . . . . . . . . . 806

CHAPTER 46: AUTOMATED CONFOCAL 
IMAGING AND HIGH-CONTENT SCREENING FOR
CYTOMICS

Maria A. DeBernardi, Stephen M. Hewitt, 
and Andres Kriete

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 809
Platforms Used for Automated Confocal 

Imaging  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 810
Types of Assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 811
3D Cell Microarray Assays  . . . . . . . . . . . . . . . . . . . . . 815
Data Management and Image Informatics  . . . . . . . . 816
Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 817

CHAPTER 47: AUTOMATED INTERPRETATION OF
SUBCELLULAR LOCATION PATTERNS FROM THREE
DIMENSIONAL CONFOCAL MICROSCOPY

Ting Zhao and Robert F. Murphy

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 818
Protein Subcellular Location  . . . . . . . . . . . . . . . . . . . 818
Overview of 2D Dataset Analysis  . . . . . . . . . . . . . . . 818

High-Resolution 3D Datasets  . . . . . . . . . . . . . . . . . . 820
3DHeLa  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 820
3D3T3  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 820
Image Acquisition Considerations When Using 

Automated Analysis  . . . . . . . . . . . . . . . . . . . . . . . 821
Image Processing and Analysis  . . . . . . . . . . . . . . . . . 822

Segmentation of Multi-Cell Images and 
Preprocessing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 822

3D Subcellular Location Features  . . . . . . . . . . . . . . . 822
Automated Classification of Location Patterns  . . . . . 824

Classification of 3DHeLa Dataset  . . . . . . . . . . . . . . . 824
Downsampled Images with Different Gray Scales . . . . 824

Clustering of Location Patterns: Location 
Proteomics  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 825
Exclusion of Outliers  . . . . . . . . . . . . . . . . . . . . . . . . 825
Determination of Optimal Clustering  . . . . . . . . . . . . . 825

Statistical Comparison of Location Patterns  . . . . . . . 826
Image Database Systems  . . . . . . . . . . . . . . . . . . . . . . 827
Future Directions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 827

CHAPTER 48: DISPLAY AND PRESENTATION 
SOFTWARE

Felix Margadant

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 829
Testing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 830

“Static” Image Performance  . . . . . . . . . . . . . . . . . . . 831
Brightness  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 832
Resolution: Changing the Display Size of Your 

Images  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 832
Compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 835

Motion Pictures  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 836
Coding Limitations  . . . . . . . . . . . . . . . . . . . . . . . . . . 838

xxii Contents



Up-Sampling or Frame Rate Matching  . . . . . . . . . . . . 838
Motion Picture Artifacts  . . . . . . . . . . . . . . . . . . . . . . 839
The MPEG Formats  . . . . . . . . . . . . . . . . . . . . . . . . . 840
MPEG Display Formats  . . . . . . . . . . . . . . . . . . . . . . 840
Very High Resolutions  . . . . . . . . . . . . . . . . . . . . . . . 841
Movie Compression and Entropy  . . . . . . . . . . . . . . . . 841
Performance Benchmark  . . . . . . . . . . . . . . . . . . . . . . 841
Storing Your Presentation for Remote Use  . . . . . . . . . 842
Taking Your Presentation on the Road: Digital Rights 

Management and Overlaying  . . . . . . . . . . . . . . . . . 844

CHAPTER 49: WHEN LIGHT MICROSCOPE 
RESOLUTION IS NOT ENOUGH: CORRELATIONAL 
LIGHT MICROSCOPY AND ELECTRON 
MICROSCOPY

Paul Sims, Ralph Albrecht, James B. Pawley, 
Victoria Centonze, Thomas Deerinck, and Jeff Hardin

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 846
Early Correlative Microscopy  . . . . . . . . . . . . . . . . . . 846
Early 4D Microscopy  . . . . . . . . . . . . . . . . . . . . . . . . 846

Correlative Light Microscope/Electron Microscope 
Today  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 846
Light Microscope and Electron Microscope Have 

Different Requirements  . . . . . . . . . . . . . . . . . . . . . 846
Finding the Same Cell Structure in Two Different 

Types of Microscope: Light Microscope/Scanning 
Electron Microscope  . . . . . . . . . . . . . . . . . . . . . . . 850

Finding the Same Cell Structure in Two Different 
Types of Microscope: Light Microscope/Transmission 
Electron Microscope  . . . . . . . . . . . . . . . . . . . . . . . 852

Cryo-Immobilization Followed by Post-Embedding 
Confocal Laser Scanning Microscopy on Thin 
Sections  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 856

Tiled Montage Transmission Electron Microscope 
Images Aid Correlation  . . . . . . . . . . . . . . . . . . . . . 858

Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 860

CHAPTER 50: DATABASES FOR TWO- AND 
THREE-DIMENSIONAL MICROSCOPICAL 
IMAGES IN BIOLOGY

Steffen Lindek, Nicholas J. Salmon, and Ernst H.K. Stelzer

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861
Data and Metadata Management in 

Microscopes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861
Recent Developments  . . . . . . . . . . . . . . . . . . . . . . . . 861

Image Information Management . . . . . . . . . . . . . . . . 862
The Aims of Modern Microscope System Design . . . 862
Instrument Database Model  . . . . . . . . . . . . . . . . . . . 864
System Requirements  . . . . . . . . . . . . . . . . . . . . . . . . 864
Image Database Model  . . . . . . . . . . . . . . . . . . . . . . . 864
Selected Projects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 865

BioImage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 865
Biomedical Image Library  . . . . . . . . . . . . . . . . . . . . . 866
Scientific Image DataBase  . . . . . . . . . . . . . . . . . . . . . 866
Other Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 866

Criteria and Requirements for Microscopy 
Databases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 866
User Interface  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 866
Query by Content  . . . . . . . . . . . . . . . . . . . . . . . . . . . 866

Metadata Structure  . . . . . . . . . . . . . . . . . . . . . . . . . . 867
Digital Rights Management  . . . . . . . . . . . . . . . . . . . . 867

Future Prospects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 867

CHAPTER 51: CONFOCAL MICROSCOPY OF 
BIOFILMS — SPATIOTEMPORAL APPROACHES

R.J. Palmer, Jr., Janus A.J. Haagensen, Thomas R. Neu, and 
Claus Sternberg

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 870
Sample Presentation  . . . . . . . . . . . . . . . . . . . . . . . . . 870

Flowcells and Other Perfusion Chambers  . . . . . . . . . . 870
Water-Immersible Lenses  . . . . . . . . . . . . . . . . . . . . . 872
Upright Versus Inverted Microscopes  . . . . . . . . . . . . . 872
Setup of a Flow Chamber System Setup — A Practical 

Example  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 872
Making Bacteria Fluorescent  . . . . . . . . . . . . . . . . . . . 873

Fluorescent Proteins  . . . . . . . . . . . . . . . . . . . . . . . . . 873
Stains  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 874

Nucleic Acid Stains . . . . . . . . . . . . . . . . . . . . . . . . . . 874
Live/Dead Stain  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 875
Fluorescence In Situ Hybridization . . . . . . . . . . . . . . . 875
General Procedure for Embedding of Flowcell-Grown 

Biofilms for Fluorescence In Situ Hybridization  . . . 876
Antibodies  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 877
Preparation of Labeled Primary Antibodies . . . . . . . . . 878
Imaging Bacteria Without Fluorescence  . . . . . . . . . . . 879

Imaging Extracellular Polymeric Substances 
in Biofilms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 879

Application of Two-Photon Laser-Scanning 
Microscopy for Biofilm Analysis  . . . . . . . . . . . . . . . 882
Limitations of Confocal Laser Scanning Microscopy 

and Two-Photon Laser-Scanning Microscopy in 
Biofilm Analysis  . . . . . . . . . . . . . . . . . . . . . . . . . . 884

Temporal Experiments  . . . . . . . . . . . . . . . . . . . . . . . . 885
Time-Lapse Confocal Imaging . . . . . . . . . . . . . . . . . . 885

Summary and Future Directions  . . . . . . . . . . . . . . . . 887

CHAPTER 52: BIBLIOGRAPHY OF CONFOCAL
MICROSCOPY

Robert H. Webb

A. Book and Review Articles  . . . . . . . . . . . . . . . . . . 889
B. Historical Interest  . . . . . . . . . . . . . . . . . . . . . . . . 889
C. Theory (Mostly)  . . . . . . . . . . . . . . . . . . . . . . . . . . 890
D. Technical  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 891
E. General  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 891
F. Adaptive Optics  . . . . . . . . . . . . . . . . . . . . . . . . . . 892
G. Differential  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 892
H. Display  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 892
I. Fiber-Optic Confocal Microscopes  . . . . . . . . . . . 893
J. Index Mismatch  . . . . . . . . . . . . . . . . . . . . . . . . . . 893
K. Multiplex  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 894
L. Nonlinear  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 894
M. Polarization  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 894
N. Profilometry  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 895
O. Point Spread Function  . . . . . . . . . . . . . . . . . . . . . 895
P. Pupil Engineering  . . . . . . . . . . . . . . . . . . . . . . . . . 896
Q. Thickness  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 896
R. Turbidity  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 896
S. Variants on the Main Theme  . . . . . . . . . . . . . . . . 897

Contents xxiii



APPENDIX 1: PRACTICAL TIPS FOR 
TWO-PHOTON MICROSCOPY

Mark B. Cannell, Angus McMorland, 
and Christian Soeller

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 900
Laser Safety  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 900
Laser Alignment  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 900
Testing Alignment and System Performance . . . . . . . 900
Laser Settings and Operation  . . . . . . . . . . . . . . . . . . 901
Monitoring Laser Performance  . . . . . . . . . . . . . . . . . 901
Power Levels and Trouble-Shooting  . . . . . . . . . . . . . 903
Choice of Pulse Length  . . . . . . . . . . . . . . . . . . . . . . . 903
Controlling Laser Power  . . . . . . . . . . . . . . . . . . . . . . 903
Am I Seeing Two-Photon Excited 

Fluorescence or . . .  . . . . . . . . . . . . . . . . . . . . . . . . 904
Stray Light and Non-Descanned Detection  . . . . . . . 904
Laser Power Adjustment for Imaging at Depth . . . . . 904
Simultaneous Imaging of Multiple Labels  . . . . . . . . . 904
Minimize Exposure During Orientation and 

Parameter Setting  . . . . . . . . . . . . . . . . . . . . . . . . . . 905
Ultraviolet-Excited Fluorochromes  . . . . . . . . . . . . . . 905

APPENDIX 2: LIGHT PATHS OF THE 
CURRENT COMMERCIAL CONFOCAL LIGHT
MICROSCOPES USED IN BIOLOGY

James B. Pawley

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 906
BD-CARV II  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 907
LaVision-BioTec TriM-Scope  . . . . . . . . . . . . . . . . . . . 907
Leica TCS SP2 AOBS-MPRS  . . . . . . . . . . . . . . . . . . . . 910
Nikon C1si  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 911
Olympus Fluoview 1000-DSU  . . . . . . . . . . . . . . . . . . 912
Visitech VT Infinity-VT-eye . . . . . . . . . . . . . . . . . . . . . 914
Yokogawa CSU 22  . . . . . . . . . . . . . . . . . . . . . . . . . . . 915
Zeiss LSM-5-LIVE Fast Slit Scanner–LSM 510

META–FCS  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 916

APPENDIX 3: MORE THAN YOU EVER REALLY WANTED
TO KNOW ABOUT CHARGE-COUPLED DEVICES

James B. Pawley

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 919
Part I: How Charge-Coupled Devices Work  . . . . . . . 919

Charge Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 919
Readout Methods  . . . . . . . . . . . . . . . . . . . . . . . . . . . 920

What Could Go Wrong?  . . . . . . . . . . . . . . . . . . . . . . 920
Quantum Efficiency  . . . . . . . . . . . . . . . . . . . . . . . . . 920
Edge Effects  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 921
Charge Loss  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 921
Leakage or “Dark Charge”  . . . . . . . . . . . . . . . . . . . . 921
Blooming  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 921
Incomplete Charge Transfer . . . . . . . . . . . . . . . . . . . . 923

Charge Amplifiers  . . . . . . . . . . . . . . . . . . . . . . . . . . . 923
What Is a Charge Amplifier?  . . . . . . . . . . . . . . . . . . . 923
FET Amplifier Performance . . . . . . . . . . . . . . . . . . . . 924

Noise Sources in the Charge-Coupled Device  . . . . . 924
Fixed Pattern Noise . . . . . . . . . . . . . . . . . . . . . . . . . . 924
Noise from the Charge Amplifier  . . . . . . . . . . . . . . . . 925
Where Is Zero? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 925

A New Idea: The Gain Register Amplifier!!  . . . . . . . . 925
Of Course, There Is One Snag!  . . . . . . . . . . . . . . . . . 926

Part II: Evaluating a Charge-Coupled Device . . . . . . 927
A. Important Charge-Coupled Device Specs for 

Live-Cell Stuff!  . . . . . . . . . . . . . . . . . . . . . . . . 927
B. Things That Are (Almost!) Irrelevant When 

Choosing a Charge-Coupled Device for Live-Cell 
Microscopy  . . . . . . . . . . . . . . . . . . . . . . . . . . . 929

C. A Test You Can Do Yourself!!! . . . . . . . . . . . . . . . 930
D. Intensified Charge-Coupled Devices  . . . . . . . . . . . 930

Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 933

xxiv Contents



Gloster Aaron
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Muhammad-Amri Abdul-Karim
Center for Subsurface Sensing and
Imaging Systems, Rensselaer Polytechnic
Institute, Troy, NY 12180, USA

Asad Abu-Tarif
AutoQuant Imaging, Inc., Watervliet, NY
12189, USA

A.V. Agronskaia
Department of Molecular Biophysics,
Utrecht University, The Netherlands

Ralph Albrecht
Department of Animal Sciences,
University of Wisconsin-Madison,
Madison, WI, 53706, USA

Khalid Al-Kofahi
Center for Subsurface Sensing and
Imaging Systems, Rensselaer Polytechnic
Institute, Troy, NY 12180, USA

Omar Al-Kofahi
Center for Subsurface Sensing and
Imaging Systems, Rensselaer Polytechnic
Institute, Troy, NY 12180, USA

Dmitriy Aronov
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Jonathan Art
Department of Anatomy and Cell Biology,
University of Illinois College of
Medicine, Chicago, IL 60612, USA

Robert Bacallao
Division of Nephrology, Indiana
University School of Medicine,
Indianapolis, IN 40202, USA

Jörg Bewersdorf
Department of NanoBiophotonics, Max
Planck Institute for Biophysical
Chemistry, 37070 Göttingen, Germany

David Biggs
AutoQuant Imaging, Inc., Watervliet, NY
12189, USA

Susan Bougourd
Department of Biology, University of
York, York YO10 5YW, UK

Mark B. Cannell
School of Medicine and Health Sciences,
University of Auckland, New Zealand

Victoria Centonze
Department of Cellular and Structural
Biology, Optical Imaging Facility,
University of Texas Health Science
Center at San Antonio, San Antonio, TX
78229, USA

Ji-Xin Cheng
Department of Chemistry and Chemical
Biology, Harvard University, Cambridge,
MA 02138, USA and Department of
Biomedical Engineering, Purdue
University, West Lafayette, IN 47907,
USA

Ping-Chin Cheng
Department of Electrical Engineering,
Advanced Microscopy and Imaging
Laboratory, State University of New York,
Buffalo, NY 14260, USA and Department
of Biological Sciences, National
University of Singapore, Singapore

Giuseppe Chirico
Department of Physics, University of
Milano Bicocca, Milan, Italy and INFM,
The National Institute for the Physics of
Matter, Italy

Stephen H. Cody
Central Resource for Advanced
Microscopy, Ludwig Institute for Cancer
Research, PO Royal Melbourne Hospital,
Parkville Victoria, 3050, Australia

Rosa Cossart
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Guy Cox
Electron Microscope Unit, University of
Sydney, NSW 2006, Australia

Michael E. Dailey
Department of Biological Sciences,
University of Iowa, Iowa City, IA 52242,
USA

Maria A. DeBernardi
Department of Biology, The Johns
Hopkins University, Baltimore, MD
20850, USA

Thomas Deerinck
National Center for Microscopy and
Imaging Research, University of
California-San Diego, La Jolla, CA
92093, USA

Peter Delaney
Optiscan Pty. Ltd., Mount 
Waverley MDC, Victoria, 3149,
Australia

Winfried Denk
Max-Planck Institute for Medical
Research, Heidelberg, Germany

Alberto Diaspro
Department of Physics, IFOM, LAMBS-
MicroScoBio Research Center, University
of Genoa, Genoa, Italy and INFM, The
National Institute for the Physics of
Matter, Italy

Jurek Dobrucki
Department of Biophysics, Laboratory of
Confocal Microscopy and Image
Analysis, Jagiellonian University,
Kraków, Poland

A. Draaijer
Department of Analytical Sciences, 
TNO-Voeding, Utrechtseweg 48, 
3704 HE Utrecht, The Netherlands

Rainer Duden
Royal Holloway University of London,
School of Biological Sciences, Egham
TW20 0WEX, UK

Daniella Dumitriu
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Marcus Dyba
Department of NanoBiophotonics, Max
Planck Institute for Biophysical
Chemistry, D-37018 Goettigen, 
Germany

Contributors

xxv



xxvi Contributors

Alexander Egner
Department of NanoBiophotonics, 
Max Planck Institute for Biophysical
Chemistry, 37070 Göttingen, 
Germany

Lauren Ernst
Department of Biological Sciences and
Molecular Biosensors and Imaging
Center, Carnegie Mellon University,
Pittsburgh, PA 15213, USA

José A. Feijó
Department Biologia Vegetal,
Universidade de Lisboa, Faculdade de
Ciências, Campo Grande, C2, 
PT-1749-016 Lisboa, Portugal

Vivian Fenstermaker
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Scott E. Fraser
Division of Biology, Beckman Institute
(139–74), California Institute of
Technology, Pasadena, CA 91125, 
USA

Xiaosong Gan
Centre for Microphotonics, Swinburne
University, Australia

Karl Garsha
Imaging Technology Gray, Beckman
Institute for Advanced Science 
Techology, Universtiy of Illinois at
Urbana–Champaign, IL 61801, USA

H.C. Gerritsen
Department of Molecular Biophysics,
Utrecht University, 3508 TA Utrecht, The
Netherlands

Jesse Goldberg
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Enrico Gratton
Department of Physics, University of
Illinois at Urbana-Champaign, Laboratory
for Fluorescence Dynamics, Urbana, IL
61801, USA

Min Gu
Centre for Microphotonics, Swinburne
University, Australia

Janus A.J. Haagensen
Center for Biomedical Microbiology,
BioCentrum, Technical University of
Denmark, 2800, Lyngby, Denmark

Farid Hamzei-Sichani
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Jeff Hardin
Department of Zoology, University 
of Wisconsin–Madison, Madison, WI
53706, USA

Martin Harris
Optiscan Pty. Ltd., Mount Waverley
MDC, Victoria, 3149, Australia 

Jim Haseloff
Department of Plant Sciences, University
of Cambridge, Cambridge CB2 3EA, UK

Rainer Heintzmann
Randall Division, King’s College London,
London SE1 1UL, UK

Stefan W. Hell
Department of NanoBiophotonics, Max
Planck Institute for Biophysical
Chemistry, D-37018 Goettigen, Germany

Stephen M. Hewitt
Tissue Array Research Program,
Laboratory of Pathology, Center for
Cancer Research, National Cancer
Institute, National Institutes of Health,
Bethesda, MD 20886, USA

Alan R. Hibbs
Biocon, 2 Vista Court, Melbourne, VIC
3135, Australia

Timothy J. Holmes
AutoQuant Imaging, Inc., Watervliet, NY
12189, USA and Rensselaer Polytechnic
Institute, Troy, NY 12180, USA

Lutz Höring
Carl Zeiss AG, 73447 Oberkochen,
Germany

Jan Huisken
Light Microscopy Group, European
Molecular Biology Laboratory (EMBL),
69012 Heidelberg, Germany

Yuji Ikegaya
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Shinya Inoué
Marine Biological Laboratory, Woods
Hole, MA 02543, USA

Stefan Jakobs
Department of NanoBiophotonics, Max
Planck Institute for Biophysical
Chemistry, D-37108 Göttigen, Germany

Yiwei Jia
SEG, Olympus America Inc., Melville,
NY 11747, USA

Iain D. Johnson
Molecular Probes, Inc., Eugene, OR
97402, USA

Rimas Juškaitis
Department of Engineering Science,
University of Oxford, Oxford OX1 3PJ,
UK

Lars Kastrup
Department of NanoBiophotonics, Max
Planck Institute for Biophysical
Chemistry, D-37108 Göttigen, 
Germany

H. Ernst Keller
Carl Zeiss, Inc., Thornwood, NY 10594,
USA

Karsten König
Fraunhofer Institute of Biomedical
Technology, D-661119 Saarbrücken,
Germany

Sila Konur
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Andres Kriete
Coriell Institute for Medical Research and
Drexel University, Philadelphia, PA
19104, USA

Gang Lin
Center for Subsurface Sensing and
Imaging Systems, Rensselaer 
Polytechnic Institute, Troy, NY 12180,
USA

Steffen Lindek
Light Microscopy Group, European
Molecular Biology Laboratory (EMBL),
69012 Heidelberg, Germany

Glen MacDonald
V.M. Bloedel Hearing Research Center,
University of Washington, Seattle, WA
98195, USA

Jason MacLean
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Irina Majoul
Royal Holloway University of London,
School of Biological Sciences, Egham
TW20 0WEX, UK



Contributors xxvii

Erik Manders
Centre for Advanced Microscopy, Section
of Molecular Cytology, Swammerdam
Institute for Life Sciences, Faculty of
Science, University of Amsterdam, 1090
GB Amsterdam, The Netherlands

Felix Margadant
Zurich, Switzerland

Angus McMorland
School of Medicine and Health Sciences,
University of Auckland, New Zealand

Nuno Moreno
Centro de Biologia do Desenvolvimento,
Instituto Gulbenkian de Ciência, PT-2780-
156 Oeiras, Portugal

Robert F. Murphy
Departments of Biomedical Engineering
and Biological Sciences and Center for
Bioimage Informatics, Carnegie Mellon
University, Pittsburgh, PA 15213, USA

Boaz Nemet
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Thomas R. Neu
Department of River Ecology, UFZ
Center for Environmental Research
Leipzig-Halle, 39114, Magdeburg,
Germany

Volodymyr Nikolenko
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Andreas Nolte
Carl Zeiss MicroImaging GmbH, 37081,
Goettingen, Germany

R.J. Palmer, Jr.
Oral Infection and Immunity Branch,
National Institute of Dental and
Craniofacial Research, National Institutes
of Health, Bethesda, MD 20886, USA

Michael J. Paulus
ORNL and CTI-Concorde Microsystems,
LLC, Knoxville, TN 37932, USA

James B. Pawley
Department of Zoology, University of
Wisconsin–Madison, Madison, WI 53706,
USA

Carrie Phillips
Division of Nephrology, Indianapolis, IN
40202, USA

David W. Piston
Vanderbilt University, Nashville, TN
37232, USA

Carlos Portera-Cailliau
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Eric Potma
Department of Chemistry and Chemical
Biology, Harvard University, Cambridge,
MA 02138, USA

Paola Ramoino
Department for the Study of the Territory
and Its Resources, University of Genoa,
Italy

Jens Rietdorf
Light Microscopy Group, European
Molecular Biology Laboratory, 69012
Heidelberg, Germany

Maitreyee Roy
Department of Physical Optics, School of
Physics, University of Sydney, NSW
2006, Australia

Badrinath Roysam
Center for Subsurface Sensing and
Imaging Systems, Rensselaer Polytechnic
Institute, Troy, NY 12180, USA

Seth W. Ruffins
Division of Biology, Beckman Institute
(139–74), California Institute of
Technology, Pasadena, CA 91125, USA

Nicholas J. Salmon
SLS Software Technologies GmbH,
Heidelberg, Germany

William Shain
New York State Department of Health,
The Wadsworth Center, Albany, NY
12201, USA

Peter J. Shaw
Department of Cell and Developmental
Biology, John Innes Centre, Colney,
Norwich NR4 7UH, UK

Colin J.R. Sheppard
Division of Bioengineering, National
University of Singapore, Singapore
117576, and Department of Diagnostic
Radiology, National University of
Singapore, 119074, Singapore 

Paul Sims
Department of Zoology, University of
Wisconsin–Madison, Madison, WI 53706,
USA

Christian Soeller
School of Medicine and Health Sciences,
University of Auckland, New Zealand

Sadaf Sohrab
Division of Nephrology, Indianapolis, IN
40202, USA

David R. Soll
Carver/Emil Witschi Professor in the
Biological Sciences and Director, W.M.
Keck Dynamic Image Analysis Facility,
Department of Biological Sciences,
University of Iowa, Iowa City, IA 52242,
USA

Ernst H.K. Stelzer
Light Microscopy Group, European
Molecular Biology Laboratory 69012
Heidelberg, Germany

Claus Sternberg
Center for Biomedical Microbiology,
BioCentrum, Technical University of
Denmark, 2800, Lyngby, Denmark

C.K. Sun
Department of Electrical Engineering,
National Taiwan University, Taipei,
Taiwan, Republic of China

Jim Swoger
Light Microscopy Group, European
Molecular Biology Laboratory 69012
Heidelberg, Germany

Donald H. Szarowsk
New York State Department of Health,
The Wadsworth Center, Albany, NY
12201, USA

Ayumu Tashiro
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Mark Terasaki
Department of Physiology, University of
Connecticut Health Center, Farmington,
CT 06032, USA

Derek Toomre
Department of Cell Biology, Yale
University School of Medicine, 
New Haven, CT 06520, USA

Roger Y. Tsien
Department of Pharmacology 0647,
School of Medicine, University of
California, San Diego, CA 92093, USA

James N. Turner
New York State Department of Health,
The Wadsworth Center, Albany, NY
12201, USA



xxviii Contributors

J. Michael Tyszka
Division of Biology, Beckman Institute
(139–74), California Institute of
Technology, Pasadena, CA 91125, 
USA

Cesare Usai
Institute of Biophysics, National Research
Council, Genoa, Italy

D.J. van den Heuvel
Department of Molecular Biophysics,
Utrecht University, 3508 TA Utrecht, The
Netherlands

Martin J. vandeVen
Department of Cell Physiology,
Microfluorimetry Section, Biomedical
Institute, Limburg University Center and
Trans National University Limburg,
University Campus Building D, and
Institute for Materials Research
IMO/IMOMEC, Wetenschapspark 1,
Diepenbeek, Belgium

Alan Waggoner
Department of Biological Sciences and
Molecular Biosensors and Imaging
Center, Carnegie Mellon University,
Pittsburgh, PA 15213, USA

Robert H. Webb
Schepens Eye Research Institute and
Wellman Center for Photomedicine,
Boston, MA 02114, USA

Watt W. Webb
School of Applied and Engineering
Physics, Cornell University, Ithaca, NY
14853, USA

Jamey P. Weichert
Radiology Department, University of
Wisconsin–Madison, BX 3252 Clinical
Science Center, Madison, WI 53792, USA

Volker Westphal
Department of NanoBiophotonics, Max
Planck Institute for Biophysical
Chemistry, D-37018 Göttigen, Germany

N.S. White
Sir William Dunn School of Pathology,
University of Oxford, Oxford OX1 3RE,
UK

Katrin I. Willig
Department of NanoBiophotonics, Max
Planck Institute for Biophysical
Chemistry, D-37018 Göttigen, Germany

X. Sunney Xie
Department of Chemistry and Chemical
Biology, Harvard University, Cambridge,
MA 02138, USA

Rafael Yuste
Department of Biological Sciences,
Columbia University, New York, NY
10027, USA

Ting Zhao
Departments of Biomedical Engineering
and Biological Sciences and Center for
Bioimage Informatics, Carnegie Mellon
University, Pittsburgh, PA 15213, USA


