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1. Replace (Ins) Tool – for replacing text. 
 

Strikes a line through text and opens up a text 
box where replacement text can be entered. 

How to use it 

 Highlight a word or sentence. 

 Click on the Replace (Ins) icon in the Annotations 
section. 

 Type the replacement text into the blue box that 
appears. 

This will open up a panel down the right side of the document. The majority of 
tools you will use for annotating your proof will be in the Annotations section, 
pictured opposite. We’ve picked out some of these tools below: 
 

2. Strikethrough (Del) Tool – for deleting text. 
 

Strikes a red line through text that is to be 
deleted. 

How to use it 

 Highlight a word or sentence. 

 Click on the Strikethrough (Del) icon in the 
Annotations section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. Add note to text Tool – for highlighting a section 
to be changed to bold or italic. 

 
Highlights text in yellow and opens up a text 
box where comments can be entered. 

How to use it 

 Highlight the relevant section of text. 

 Click on the Add note to text icon in the 
Annotations section. 

 Type instruction on what should be changed 
regarding the text into the yellow box that 
appears. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4. Add sticky note Tool – for making notes at 
specific points in the text. 

 
Marks a point in the proof where a comment 
needs to be highlighted. 

How to use it 

 Click on the Add sticky note icon in the 
Annotations section. 

 Click at the point in the proof where the comment 
should be inserted. 

 Type the comment into the yellow box that 
appears. 
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For further information on how to annotate proofs, click on the Help menu to reveal a list of further options: 

5. Attach File Tool – for inserting large amounts of 
text or replacement figures. 

 
Inserts an icon linking to the attached file in the 
appropriate pace in the text. 

How to use it 

 Click on the Attach File icon in the Annotations 
section. 

 Click on the proof to where you’d like the attached 
file to be linked. 

 Select the file to be attached from your computer 
or network. 

 Select the colour and type of icon that will appear 
in the proof. Click OK. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6. Add stamp Tool – for approving a proof if no 
corrections are required. 

 
Inserts a selected stamp onto an appropriate 
place in the proof. 

How to use it 

 Click on the Add stamp icon in the Annotations 
section. 

 Select the stamp you want to use. (The Approved 
stamp is usually available directly in the menu that 
appears). 

 Click on the proof where you’d like the stamp to 
appear. (Where a proof is to be approved as it is, 
this would normally be on the first page). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

7. Drawing Markups Tools – for drawing shapes, lines and freeform 
annotations on proofs and commenting on these marks. 
Allows shapes, lines and freeform annotations to be drawn on proofs and for 
comment to be made on these marks.. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

How to use it 

 Click on one of the shapes in the Drawing 
Markups section. 

 Click on the proof at the relevant point and 
draw the selected shape with the cursor. 

 To add a comment to the drawn shape, 
move the cursor over the shape until an 
arrowhead appears. 

 Double click on the shape and type any 
text in the red box that appears. 
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Dear Cytometry Contributor:

Thank you for publishing in Cytometry.  Because you recognize the value and importance of this journal as
a venue for publishing your work, we invite you to join the International Society  for Advancement of 
Cytometry (ISAC).

One of the many benefits of membership in this esteemed society is that ISAC members now receive a 50%
discount on reprint orders for Cytometry.  Membership also guarantees that you will receive this
publication at an astonishingly low price!

With Cytometry, you will get unmatched coverage of cytometric and bioimaging techniques in basic and
applied biomedical research.  The journal embraces all aspects of analytical cytology - from molecular
biology, through cytochemistry, cytophysics and cell biology - pathology and physiology to statistics and
instrumentation. Clinical  Cytometry, the bimonthly section of Cytometry, reports on the use of flow and
image cytometry in a clinical setting and is available for a nominal addition to your regular ISAC
membership fee.

In fact, we feel that many of your colleagues could benefit from Cytometry’s in-depth scientific coverage
and desktop delivery of valuable data but they might not be ISAC members.   Accessing the journal could
be problematic for non-ISAC members if your library does not subscribe.  Now you can help ensure that
your colleagues have all the latest information they need to conduct their research thoroughly and
effectively.  Just make sure your library has Cytometry and with it, Clinical Cytometry (a total of 18 issues
per year) on the shelves and on-line.  For more information, direct your librarians to
www.wiley.com/cytometry, or call 1-800-879-4539.

If your library subscribes to Cytometry, you and your colleagues can now browse the full text of each issue
on-line.  Full text on-line gives you faster, desktop accessing of research findings, flexible search
capabilities, and fully downloadable information.  To learn more about how to get your library registered,
please visit Wiley Online Library (www.wileyonlinelibrary.com) This Internet tool makes Cytometry a more   
cutting-edge resource than ever before.

Regards,
John Wiley & Sons, Inc.
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ANNOUNCEMENT

NEW TO CYTOMETRY AND CLINICAL CYTOMETRY

Online Submission and Peer Review

In taking a step toward facilitating online collaboration and expediting the
publication process, CYTOMETRY and CLINICAL CYTOMETRY are pleased to
now offer web-based submission and peer review.  The online submission site
offers new functionality not offered before, including:

• Instant confirmation of manuscript receipt

• The ability to track a manuscript’s progress through the peer review process

• The ability to submit manuscripts 24/7 from anywhere in the world, via web
access

We invite authors to visit the online submission site at
http://cyto-wiley.manuscriptcentral.com/.

To submit manuscript online, please:

1. Prepare your manuscript and illustrations in appropriate format, according to the
instructions given at http://cyto-wiley.manuscriptcentral.com/ under the “Instructions
and Forms” button.  Please also be sure that your paper conforms to the scientific and
style instructions of the Journal.

2. If you have not already done so, create an account for yourself in the system at the
submission site: http://cyto-wiley.manuscriptcentral.com/ by clicking on the “Create an
Account” button. To monitor the progress of your manuscript through the review
process, just login periodically and check your Author Center.

3. Please be sure to study the Instructions and Forms at the site carefully, and then let
the system guide you through the submission process. Online help is available to you
at all times during the process.  You are also able to exit/re-enter at any stage before
finally “submitting” your manuscript.  All submissions are kept strictly confidential.  If
you have any questions, do not hesitate to contact us at edsupport@wiley.com
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Due to the high cost of color printing, we can only print figures in color if authors cover the 
expense.  
Color printing costs $500. per page regardless of the number of color figures on a page. 
Please indicate if you would like your figures to be printed in color or black and white. Color 
images will be reproduced online in WileyOnlineLibrary at no charge, whether or not you opt 
for color printing  

Failure to return this form will result in publication of your figures in black and white. 
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Title of Manuscript:   
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3 1500 8 4000 
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5 2500 10 5000 

Please contact the production editor if you have more than 10 pages of color. 

 Please print my figures in black and white 

 Please print my figures in color:     Total   $    

International orders must be paid in currency and drawn on a U.S. bank 

Bill to:  
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Address  
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�A la Fizeau in Flow: Pulse Shape-Assisted

Fluorescence Lifetime

L�aszl�o BeneAQ1 ,1* J�anos Sz€oll}osi2

� Key terms
fluorescence lifetime; flow cytometry; phase-fluorometry; phase
lifetime; modulation lifetime; convolutionAQ2

FLUORESCENCE lifetime measurements are utilized more

and more lately in molecular and cell biology partly due to its

applicability for monitoring molecular dynamics and discrim-

ination of molecular species, partly due to the commercial

availability of microscopes and fluorimeters capable for fluo-

rescence lifetime detection (1,2). Fluorescence lifetime is the

average time an excited fluorophore spends in the excited state

prior to returning to the ground state, via emission of light or

other, non-radiative ways of de-excitation. Its widespread util-

ity rests on the property that in addition to fluorescence,

many other processes involving the excited fluorophore may

exist which take place on the same time scale and may com-

pete with fluorescence in the de-excitation and consequently

may influence fluorescence lifetime (3–5). To name a few,

these processes are: internal conversion, vibrational relaxation,

intersystem crossing, F€orster resonance energy transfer

(FRET), dynamic quenching, solvent relaxation, charge trans-

fer, and photolysis (photobleaching); and most of these proc-

esses involve interactions of the excited fluorophore with its

local environment (1,3). For this reason fluorescence lifetime

can be used to monitor locally the concentrations of ions and

molecules, electric field and polarity, temperature, viscosity,

and refractive index (1–3,6–9). By spanning a much larger

range than the wavelength of the emitted fluorescence, it is

more amenable for multiplexing than wavelength (8,10).

It can be used as a contrast parameter, for example, for dis-

criminating between emitters having overlapping emission

spectra (9). It is also a state parameter, meaning that it is inde-

pendent of conditions of excitation such as color, intensity,

and polarization of the exciting light. Based on its independ-

ence of concentration and due to the fact that it does not

necessitate calibration, it is a more sensitive indicator of FRET

than the intensity alone (3,11). It can be changed only physi-

cally—termed radiative decay engineering—by influencing

the mode structure of the random vacuum field fluctuations

responsible for the stimulation of spontaneous emission, for

example, by placing a metal mirror in the vicinity of the fluo-

rophore or by embedding the fluorophore in a cavity resona-

tor (12,13).

The detection of fluorescence lifetime rests on the “drag”

and attenuation imposed on the reemission process, the fluo-

rophore acting as a low pass filter, by cutting and smoothing

out sharp features of the original time variation of the exciting

light (Fig. F11) (3). This feature mathematically is expressed by

the operation on the time profile of excitation and pulse-

response of fluorophore—called convolution—leading to a

shift to the right on the time-axis and demodulation for the

time profile of fluorescence.

Instead of using short excitation pulses the fluorescence

lifetime can also be measured by a long lasting observation of

fluorescence, which is periodically modulated at a frequency

(�100 MHz) corresponding to the inverse lifetime, with a

detector the gain of which is modulated in synchrony
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(homodyne detection) or almost in synchrony (heterodyne

detection) with that of the excitation, but shifted in phase

electronically nowadays or by translating the detector itself in

older equipments, in the principle of Fizeau’s measurement of

speed of light (Fig.F2 2) (5,7,8,10,13,14). As a result of the syn-

chronous and near synchronous detections the detector signal

is a DC one depending on the introduced phase step and

observation time and an AC signal varying slowly (�100 kHz)

at the difference frequency, respectively. However, measuring

only the sample’s signal is not adequate, because to take into

account the retardation—that is, to fix the origin of the time

of observation, which is the time of excitation—and demodu-

lation introduced in the light path towards the detector, mea-

surement of a sample emitting light with a known retardation

in the same observation path as for fluorescence is also neces-

sary. Scattering solution of metal powder, milk, or a light

reflector mirror having zero retardance or a fluorophore of

known lifetime introduced in the sample position can serve as

reference. The unknown lifetime can be determined from the

relative phase delay and relative demodulation of the sample

as compared to the reference (1,3–11,14).

The above described phase modulation method is exten-

sively used as a contrast modality in fluorescence imaging or

in bulk cuvette measurements of biological samples in lifetime

spectrometers (fluorometers), where the times of observations

can be substantially long to achieve high signal-to-noise

ratios. Compared to these techniques, the distinguishing fea-

ture of flow cytometry is the high throughput and the multi-

plexing ability, two properties deserving realization of the

phase method also in flow. However, in a flow cytometer, the

finite duration of illumination imposes a serious constraint

on the adaptation of the method. In spite of this drawback, it

has been successfully used recently for discriminating between

different states of fluorophores also in flow showing that the

high throughput property can be advantageously combined

with the phase detection. Combination of multiplexing fea-

ture of flow cytometry with the phase method—that is, to

measure the lifetimes in several fluorescence channels in paral-

lel—may be hindered by the insufficient speed of data proc-

essing electronics and the substantial cost increase (e.g., each

excitation beam should be modulated independently) (8,9).

To circumvent the above inconveniences of the phase-

modulation method, Cao et al. (in this issue page AQ3XXX) have

decided to abandon the present paradigm of lifetime measure-

ments of using long lasting fluorescence wave-trains for

obtaining lifetime information, and instead concentrate on

the information content of single fluorescence pulses. Theo-

retically the whole information content on lifetime could be

gained by considering the fluorescence response elicited by

only a single excitation pulse (Fig. 1). The need for the appli-

cation of the endless periodic wave-trains can be rooted back

from solely practical considerations such as ensuring high

signal-to-noise ratios, the adequate speed of electronics to

carry out deconvolution on a single fluorescence pulse, and

the convenience of using Fourier transforms in order to use

the same algorithm independently of the exact shape of the

exciting periodic wave (3). In spite of using a single pulse,

their method, named “non-modulated fluorescence lifetime

cytometry” (nFLIC), is conceptually closely connected to the

phase-modulation method, because—as shown by them—it

can be considered as the limiting case a periodic excitation of

infinite period (or zero repetition frequency), which practi-

cally implies omitting pulses after the first one. This approach

has been made feasible by the recently appearing high-speed

digital data processors (e.g., 50 Mega-sample/sec DAQ having

a 20 ns-sampling time necessary for �500 data points in
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Figure 1. Illustration of the low-path filtering effect of fluoro-

phores. The sharp features of the excitation time profiles (green

shaded areas) are smoothed out by the inertia against reemission

(red lines) encoded in the excited state lifetime. The different life-

time measuring techniques are based on the detection of the rela-

tive distortion of the emission profile as compared to the

excitating one and to determine the characteristics of the decay

profile (the different lifetimes and the relative abundance of the

different lifetimes). Panel A: The fluorescence profile elicited by

an excitation pulse much shorter than fluorescence lifetime (“d-

pulse”) is the true decay profile of fluorescence (“impulse

response”). If the excitation is with not a “d-pulse” but with an

extended one (Panels B-D), then the emission intensity at any

given time point is determined by the contributions of all the exci-

tations happening before that given time point, analytically

described by “convolution.” Panel B: Upon excitation by a square

pulse, both the appearance and the disappearance of fluores-

cence is not instantenous, but gradual, having rates dictated by

the fluorescence lifetime. Panel C: Upon excitation by a sinusoi-

dal profile, the emission is also sinusoid, but with a phase shifted

to the right and with a reduced modulation (deviation of signal

amplitude from the mean). Panel D: All the information of the

decay profile is kept, when the excitation is with a single pulse of

Gaussian profile, such as in flow cytometry. This situation can

also be handled as the first peak of the excitation with a sinusoid

wave-train (Panel C). Here the peak of the fluorescence pulse is

shifted to the right and its amplitude is decreased as compared to

those of the light scattering (forward: FSC, perpendicular: SSC)

pulses. The decay profile of the fluorescence can be obtained in

the knowledge of the excitation profile, encoded in the time pro-

file of the light scattering—forward or perpendicular—signals.

However to carry out this operation requires high speed electron-

ics to precisely fix the timing of detection of the fluorescence

pulse at the rising edge of the light scattering (triggering) and

large number of sampling points during approximately 10 ms-

pulse period. Complications can arise from, for example, photo-

bleaching, saturation, and using light scattering as a reference of

the excitation profile, because the cells are not perfect mirrors.AQ5

J_ID: z3w Customer A_ID: CYTO22583 Cadmus Art: CYTO22583 Ed. Ref. No.: 14-163 Date: 15-October-14 Stage: Page: 2

ID: pachiyappanm Time: 19:38 I Path: N:/3b2/CYTO/Vol00000/140111/APPFile/JW-CYTO140111

Commentary

2 Waveform-Aided Fluorescence Lifetime



�10 ms-pulse duration, high-resolution (ns-) storing oscillo-

scopes) and the high-memory computers.

Although the feasibility of the single-pulse approach has

been demonstrated, further challenges await for the developers

both technically and theoretically, such as the elaboration of

parallel in situ deconvolution of several pulses in the approxi-

mately 10 ms-pulse length. Presently the lifetime is calculated

from the time delay of fluorescence pulse relative to the forward

(or side) scattering pulse, defined as the period between max-

ima of the fitting Gaussians or the maxima or medians (half-

area points) of the signals themselves. These are rather crude

parameters having also a noise and signal-shape sensitivity. The

final aim would be to obtain the full fluorescence decay

curve—impulse response function— per each cell by deconvo-

luting the fluorescence pulse shape from the exciting one

encoded in the light scattering pulse profile. Having the full

decay curve for each cell the frequency distribution curves of

the pre-exponentials describing the amounts of two forms of a

dye, or the amounts of a dye situated in two different environ-

ments (polar–apolar, bound–unbound) can be constructed (9).

Additional complications to be solved are, for example,

to handle pulse shape distortions due to improper shape of

excitation profile, possible occurrence of “slit scan” mode of

illumination for large cells, inhomogenous dye distribution,

photobleaching, and photon-saturation, and to toggle

between side and forward scatters to choose the better as a

light reflector. Rotational motion of dyes could also inflate flu-

orescence lifetime detection, in as much as magic angle detec-

tion or excitation is used (54.7� away from the vertical with a

vertically polarized laser) (3).
C
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Figure 2. Schemes of lifetime measurements for a general

phase-modulation arrangement and for flow cytometry. Panel A:

The principle of “lock-in” detection. Both the excitation and

detection are modulated by the radiofrequency (RF) “master”

and “slave” signal generators, either phase-locked to each other

with slightly different frequencies (Df, heterodyne mode), or with

the same frequency but with different phase steps (D/, homo-

dyne mode) between them. In each case the output of the detec-

tor is a sinusoid containing the same phase and modulation

information as for the detected signal (fluorescence or scattering)

(3,5). At the excitation side, modulated are either the power sup-

ply of the light source (for LED, arc lamps) or its emitted light (for

lasers, halogen lamps) with accusto optic modulators (AOM),

Pockels-cells, earlier with Kerr-cells (5,14), and even with simple

mechanical shutters (Becquerel’s phosphoroscope) (1,3). At the

detection side, the gain of the detector (photomultiplyer gain, or

image intensifier gain before CCD cameras in imaging) is modu-

lated. These arrangements have two important aspects: (i) The

first is the “lock-in” principle of detection—that is, detection in

synchrony or with a fixed phase with the excitation—of short

time intervals originally realized by Fizeau (Paris, 1849) in a

“homodyne” experiment (14), when he measured the returning

time of light via visual observation of the light source through a

rotating cogs-wheel—serving as for both the “master” and

“slave” signal generators—from which the determined the speed

of light. (ii) The second is the need for an appropriate reference

for the excitation profile, that is, an emitter having a known life-

time put precisely at the point of observation. This reference can

be a solution of a dye having a known lifetime, or a reflecting mir-

ror (e.g., in microscopes), and light scatterers such as metal pow-

ders, milk in solvents. The principle of synchronized detection is

also used in other lifetime detection techniques such as time cor-

related single-photon counting (TSPC), time-gated fluorescence

and fluorescence upconversion (10). Panel B: Flow cytometry is

inherently pulsed and synchronized due to the cells’ crossing the

laser beam profiles and triggering. The individual pulses corre-

spond to the first hill of the harmonic excitation—as shown in the

paper of Cao et al. (page XXX)—obtainable at the limit of small

lifetimes or infinitely large modulation periods (small modulation

frequencies), implying correspondingly that lifetime can be

obtained by simply measuring the time delay between the fluo-

rescence and reference pulses, that is, the light scattering pulses

(FSC, SSC). The time delay (s) between the fluorescence and light

scatter pulses is grossly exaggerated in Panel B as compared to

the 10 ms-signal duration. The success depends on how the time

delay is determined, the degree to which light scattering mimics

the excitation profile, and how the distorting effects of photo-

bleaching and saturation are taken into account, to name a few

possible obstacles, not withstanding “trivial” technical problems

concerning the required high speed for the adequate sampling

and precise timing of the pulses.
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This newly elaborated method can be used for many pur-

poses such as genotyping and sorting according to lifetime

and amplitude components of decay curves, the determina-

tion of FRET from lifetimes, or even rotational motion if the

lifetimes of polarized intensity components are detected.
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