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Summary

In this paper a detailed discussion is presented of  the factors
that affect the fluorescence lifetime imaging performance of  a
scanning microscope equipped with a single photon counting
based, two- to eight-channel, time-gated detection system.
In particular we discuss the sensitivity, lifetime resolution,
acquisition speed, and the shortest lifetimes that can be
measured. Detection systems equipped with four to eight
time-gates are significantly more sensitive than the two time-
gate system. Only minor sensitivity differences were found
between systems with four or more time-gates. Experiments
confirm that the lifetime resolution is dominated by photon
statistics. The time response of  the detector determines the
shortest lifetimes that can be resolved; about 25 ps for fast
MCP-PMTs and 300–400 ps for other detectors. The max-
imum count rate of  fast MCP-PMTs, however, is 10–100 times
lower than that of  fast PMTs. Therefore, the acquisition speed
with MCP-PMT based systems is limited. With a fast PMT
operated close to its maximum count rate we were able to
record a fluorescence lifetime image of  a beating myocyte in
less than one second.

Introduction

Fluorescence microscopy is routinely used in biological and
biophysical research. The power of  fluorescence microscopy
lies in the excellent contrast, selectivity and sensitivity that
can be achieved with this method. The high contrast is the
result of  the difference between the wavelength at which the
specimen is excited and the wavelength of  the emitted fluores-
cence light (Stokes’ shift). Moreover, the fluorescent molecules
can be easily conjugated to chemically selective groups
or antibodies, such that specific sites in a specimen can be
selectively labelled. As a result it is possible to selectively

stain, for instance, specific parts of  cells. This makes fluorescence
microscopy a popular tool in morphological studies. The
number of  probes that can be distinguished in fluorescence
microscopy is limited by overlap of  the comparatively broad
emission spectra of  the fluorescent labels to two or three.

Fluorescence microscopy can also be employed for the
imaging (quantification) of  concentrations of  molecules. A
good example is the imaging of  ion concentrations using fluo-
rescent probes that alter their properties in the presence of  spe-
cific ions. These probes have a high selectivity for specific ions
and exhibit distinct changes in their photophysical properties
in the presence of  ions. Fluorescent ion-indicators can be
classified into two groups: intensity probes and ratio probes.
Intensity probes are less suitable for quantitative imaging due
to the sensitivity for probe concentration and other intensity
effects. Ratio probes are better suited for quantitative imaging
experiments. However, in general these probes require an
in situ calibration procedure and often the ratio probes, Ca2+-
ratio probes in particular, have absorption bands in the UV.
This radiation is not only potentially harmful to biological
cells but also gives rise to an auto-fluorescence background in
the images.

Using the fluorescence lifetime of  a fluorescent molecule
as a contrast mechanism can further enhance the potential
of  fluorescence microscopy (Draaijer et al., 1995). The
fluorescence lifetime of  a molecule is independent of  the
fluorescence intensity and differs per type of  fluorescent
molecule. In addition the fluorescence lifetime can be sensitive
for the chemical environment of  the fluorescent molecule.
This property can be exploited in quantitative imaging
experiments.

Fluorescence lifetime imaging (FLIM) can be used in multi-
labelling experiments (Sanders et al., 1995), quantitative
imaging of  ion-concentrations (Lakowicz & Szmacinski,
1993), quantitative imaging of  other molecules such as
oxygen (Gerritsen et al., 1997), and quantification of  the energy
transfer efficiency in FRET experiments (Wouters & Bastiaens,
1999). FLIM microscopes are, in general, comparatively slow.

Correspondence: Hans Gerritsen, Tel. + 31 30 2532824; fax: + 3130

2532706; e-mail: H.C.Gerritsen@phys.uu.nl



FA S T  F L U O R E S C E N C E  L I F E T I M E  I M AG I N G 219

© 2002 The Royal Microscopical Society, Journal of  Microscopy, 206, 218–224

Acquisition times of  several tens of  seconds or even more are
not unusual.

In this paper we will treat several practical aspects related to
the acquisition speed, sensitivity and lifetime resolution of
FLIM microscopes. We will limit ourselves to time-domain-
based scanning FLIM microscopes.

Fluorescence lifetime imaging

Fluorescence lifetimes are generally on the order of  a few
nanoseconds; therefore, fast detection schemes are required
for FLIM. Fluorescence lifetime imaging can be implemented
using frequency domain methods (Gadella et al., 1993;
Lakowicz & Berndt, 1991, Morgan et al., 1990) and time-
domain methods (Bugiel et al., 1989; Buurman et al., 1992;
Schneckenburger & Konig, 1992; Wang et al., 1991). In the
former, the phase shift between the pulsed or modulated
excitation light and the fluorescence is used to determine
the lifetime. The phase shift between excitation and emission is
introduced by the delay (fluorescence lifetime) between the
emission and excitation light. This method will not be further
discussed here. The time-domain method relies on the registra-
tion of  the fluorescence decay after pulsed excitation. Here,
usually time-gated detection or time correlated single photon
counting (TCSPC)-based methods (O’Connor & Phillips,
1984) are employed.

In the time-gated detection-based methods, the fluores-
cence emission is detected sequentially in two or more time
gates each delayed by a different time relative to the excitation
pulse (see Fig. 1). In the case of  a two-gate detection scheme,
the ratio of  the signal acquired in the two gates is a measure of
the fluorescence lifetime. For mono-exponential fluorescence
intensity decays the fluorescence lifetime is given by:

τ = ∆T/ln(I2/I1) (1)

where ∆T is the time-offset between the start of  the two time-
windows and I1 and I2 are the corresponding integrated fluo-
rescence intensities. In deriving Eq. (1) it is assumed that
the two gates are of  the same width. In the case of  a multi-
exponential fluorescence decay Eq. (1) yields only an ‘average’
fluorescence lifetime. However, the number of  time-gates can
be easily extended to enable the recording of  multi-exponential
decays (Scully et al., 1997; de Grauw & Gerritsen, 2001).

Time-gated detection offers the possibility of  suppressing
background signals correlated with the excitation pulse.
Direct and multiple scattered excitation light as well as Raman
scattering reaches the detector at t ≈ 0, and can be effectively
suppressed by opening the first gate a few hundred pico-
seconds after t = 0. This can improve the signal-to-background
ratio in the images without a significant loss of  signal.
Furthermore, time gating can be employed to discriminate
autofluorescence in biological specimens. In general, auto-
fluorescence has a comparatively short fluorescence lifetime

and the signal-to-background ratio of  the images can again
be improved by offsetting the first gate with respect to the
excitation pulse.

We have implemented time-gated detection schemes in
both a confocal microscope (Buurman et al., 1992) and in a
multiphoton excitation microscope (Sytsma et al., 1998). The
implementation of  time-gated detection in scanning micro-
scopes is straightforward because only one pixel is acquired at
a time. In both set-ups we incorporated very efficient detection
schemes that rely on the use of  time-gated single photon
counting, see Fig. 2.

Briefly, the pulses that are coming out of  the detector
(photomultiplier − PMT, MCP-PMT) or single photon count-
ing avalanche photodiode – SPAD) are fed into a discrimin-
ator. The output of  the discriminator is fed into gated fast
counters that are enabled for a specific time after a preset delay

Fig. 1. Time-gated detection scheme with two and with eight time gates.
After the excitation pulse the fluorescence intensity decay is captured in a
number of  gates. Ii and ∆ti denote, respectively, the intensity and time-
width of  time gate i.
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with respect to the excitation pulse. All the gates open sequen-
tially after each and every excitation pulse. Therefore, the
recorded lifetime is in general not affected by fading of  the fluo-
rescence due to photobleaching. Importantly, this approach is
extremely efficient; virtually the whole decay is detected after
every excitation pulse. Using single photon counting further
enhances the sensitivity. In this way multiplicative noise is
avoided. Moreover, the use of  fast digital counters (emitter
coupled logic) ensures a negligible dead time of  < 0.5 ns of  the
detection electronics. Therefore, the detector unit can operate
at extremely high count rates without significant pile-up. In

practice, the type of  detector employed limits the maximum
count rate.

This FLIM module is interfaced to a PC that controls both
the time offsets of  the individual gates and the widths of  the
time-gates. The use of  non-equal gate widths has several
advantages. The first (early) gates are mainly sensitive for
short lifetimes, whereas the later gates mainly contain signal
related to longer lifetimes. Therefore, the usable lifetime range
can be optimized by employing comparatively narrow early
gates and wider late gates. Obviously, the total width of  the
gates should not exceed the period of  the laser repetition
frequency. For the eight time-gate unit the gate-widths can
be set between 0 ns and 9530 ns. This enables the accurate
and sensitive imaging of  lifetimes over a broad lifetime
range. Multi-exponential decays can be already measured using
four (Elangovan et al., 2002) or eight (de Grauw & Gerritsen,
2001) gates.

Photon economy

For the two-gate system Ballew & Demas (1989) demon-
strated that the optimum gate width in the case of  equal gate
widths amounts to 2.5 times the fluorescence lifetime. Under
these conditions, the two-gate system collects the fluorescence
for a time span of  5 · τ. Assuming that the first gate opens
at time zero, this corresponds to a total of  99.3% of  the total
fluorescence emission. This makes the method very efficient.
Theoretical calculations (Kollner & Wolfrum, 1992) and
computer simulations (Gerritsen et al., 1996; de Grauw &
Gerritsen, 2001) revealed that at the optimum gate width a two-
gate system requires only 225 detected photons for an accu-
racy of  10% in the fluorescence lifetime. We demonstrated
that this accuracy could indeed be realized in practice, thus
proving that the accuracy is determined by photon statistics
alone (Sytsma et al., 1998; de Grauw & Gerritsen, 2001).

We investigated the photon economy of  time-gated detection
methods in detail (de Grauw & Gerritsen, 2001). In particular
we looked at the effect of  the number of  gates and the gate
widths on the accuracy with which lifetimes can be deter-
mined. Briefly, in order to compare different gate settings a
figure of  merit is required. We employed a figure of  merit, F, that
compares the accuracy of  the lifetime acquisition method with
that of  a simple intensity measurement, F = (∆τ/τ)/(∆I/I), with
τ the lifetime, ∆τ the standard deviation of  the lifetime deter-
mination, I the number of  detected photons in the intensity
measurement and ∆I the standard deviation of  the intensity
determination. On assuming Poisson statistics ∆I/I is propor-
tional to 1/√I and the expression for F can be rewritten as:

(2)

Now, F is a measure for the sensitivity of  the lifetime acquisi-
tion method that is independent of  the number of  counts in the
decay, provided that ∆τ/τ is also governed by Poisson statistics.

Fig. 2. The time-gated detection electronics. The pulses coming out of  the
detector (+ discriminator) are fed into a number of  gated counters that are
all sequentially enabled after every excitation pulse. The width of  the gates
can be set independently.

F I    = ⋅
∆τ
τ
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F is always greater than one and a low value of  F indicates a
high sensitivity.

The definition of  F can be used for any number of  gates and
enables the comparison of  acquisition systems with a different
number of  gates and different gate settings. In the case of  two
gates of  equal width, ∆τ/τ can be calculated analytically
(Ballew & Demas, 1989). However, in general this is difficult
or even impossible for detection systems with more than two
gates and/or gates of  nonequal width. In the case that no
analytical expression for ∆τ/τ is available, it can be obtained by
means of  computer simulations. We carried out such simula-
tions for a large number of  different gate settings. In the simu-
lations random counts are accumulated in four or eight gates
of  arbitrary width using the probability function P(t) = τ · e–t/τ

for the decay. From the simulated gate intensities the lifetime
was determined by fitting the data with an exponential decay
using a nonlinear least square Levenberg–Marquardt fit algo-
rithm (Press et al., 1992). This procedure was repeated 2500
times to obtain the standard deviation in the lifetimes. F was
then calculated using Eq. (2).

The efficiencies of  a number of  gate settings were compared for
a range of  lifetimes by calculating and comparing their figures
of  merit. For a two-gate system with equal time-gates of  5 ns,
F-values were calculated analytically. Furthermore, F-values
were calculated for a four-gate system (gate-widths 1, 1, 3,
5 ns) and for two settings of  an eight-gate system (gate-
widths 0.5, 0.5, 0.5, 0.5, 1, 1, 2, 4 ns and 1, 1, 4, 4, 4, 6, 12,
80 ns). In all cases the lifetimes were obtained by fitting the
simulated data, and next F was calculated from the standard
deviation in the lifetimes, using Eq. (2). Apart from the 1, 1, 4,
4, 6, 12, 80 ns case, the total collection time per laser pulse
was 10 ns and the delay between the excitation pulse (t = 0)
and opening of  the first gate was 0.5 ns. This delay was added
in order to account for effects related to the response time of
the detection system. Typically, the response time (transit time
spread) of  a PMT is on the order of  a few hundred ps. The
choice of  the gate setting is limited by the repetition frequency
of  the excitation source. In our set-up the maximum repetition
rate of  the Ti: sapphire laser amounts to 82 MHz. Conse-
quently, the sum of  the gate-widths and the delay between the
excitation pulse and the opening of  the first gate should be less
than 12.2 ns.

Results and discussion

Time-gated fluorescence lifetime detection efficiency

The results of  the figure of  merit calculations are presented
in Fig. 3. The configuration with two gates has a minimum
F value of  1.7 at a lifetime of  about 2.2 ns. The four- and eight-
gate configurations have minimum F values of  1.3 and 1.23,
respectively, at a lifetime of  about 1.7 ns. Using Eq. (2), the
F values can be converted to the number of  counts (in the
total decay) that is required to realize a specific accuracy,

I  =  (F/(∆τ/τ))2. The square of  the ratio of  figures of  merit of
two configurations is a direct measure of  the relative sensitiv-
ity of  these configurations at a specific τ, I1/I2 = (F1/F2)2. Using
the latter equation we find that, at the optimum lifetimes, the
four- and eight-gate configurations are about twice as sensitive
as the two-gate configuration. For instance, the two-gate con-
figuration requires about 1200 counts to obtain an accuracy
of  5% at the optimum lifetime value, whereas the four- and
eight-gate configurations need only about 650 counts to obtain
this accuracy. The curves in Fig. 3 show that the four- and
eight-gate set-ups are significantly more sensitive than the
two-gate set-up over the whole lifetime range. The benefit of
the four- and eight-gate set-ups increases for lifetimes below
2 ns. The F number of  a two-gate configuration can be improved
for the short lifetime range by reducing the gate-widths. How-
ever, this would reduce the sensitivity for the long lifetime
range. To show the performance for longer gate-widths the F-
numbers of  simulated gates of  1, 1, 4, 4, 4, 6, 12 and 80 ns
were added to Fig. 3. These gate settings fit well with a laser
repetition rate of  8.2 MHz, i.e. 1/10 of  the Ti: sapphire repeti-
tion rate. The performance of  this setting is clearly superior for
longer lifetimes (> 2.5 ns). However, both the short lifetime
performance and the minimum F value remain the same.

Experimental figures of  merit for erythrosin in PVA, a
solution of  eosin and a solution of  Lucifer Yellow are also
indicated in Fig. 3 (de Grauw & Gerritsen, 2001). The lifetimes
were recorded using the four-gate configuration used in the
simulations. The experimental and simulated F values are
in good agreement. This indicates that the statistics of  the

Fig. 3. The figure of  merit (F) curves plotted as a function of  lifetime for
different gate settings; two gates of  5 ns each, four gates of  1, 1, 3 and 5 ns,
and eight gates of  0.5, 0.5, 0.5, 0.5, 1, 1, 2 and 4 ns and of  1, 1, 4, 4, 4, 6,
12 and 80 ns. Low F values correspond with a high sensitivity. Three
experimental F values, marked *, are included.
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lifetime measurements is dominated by Poisson noise and
thus that the method is photon noise limited. We note
that the experimental F values in Fig. 3 were determined
from measurements with at least several hundreds of  counts
per pixel integrated over all gates. Below a total of  50 counts
per pixel, deviations from Poisson statistics were observed.

Acquisition speed considerations

The number of  photons per pixel and the (maximum) count
rate determine the acquisition speed of  the fluorescence life-
time imaging system. The description of  the performance of
the lifetime acquisition method in terms of  a figure of  merit
allows the calculation of  the number of  photons that are
required in order to realize a specific lifetime resolution. The
acquisition speed, however, will in general be limited by the
performance of  the detector. Detectors are characterized by
their timing behaviour, maximum count rate and (wave-
length dependent) quantum efficiency. The most common
detector employed in scanning microscopy is the photo multi-
plier tube (PMT). Two types of  PMTs exist: side-on and head-on
PMTs. Side-on PMTs are often used in scanning microscopes
because of  their high quantum efficiency of  up to 35%. In
practice, we found that the side-on tubes employed in scan-
ning microscopes show poor timing properties. Transit time
spreads (timing jitter) of  several nanoseconds are not uncom-
mon. This is insufficient for applications that require a subns
timing resolution. At present, the best PMTs for timing critical
applications seem to be head-on PMTs. Their transit time
spread can be as low as several hundred picoseconds, but
usually their quantum efficiency does not exceed 10%. The
maximum count rate that these PMTs can operate at is in gen-
eral limited to 5–10 MHz. At higher count rates pulse pile-up
degrades their performance and they may even be damaged
when the maximum anode current is exceeded.

The shortest lifetimes that can be measured with a lifetime
imaging system depend on both the timing properties of  the
detector and those of  the detection electronics. PMTs opti-
mized for fast timing applications may have a transit time
spread as low as 300–400 ps. This limits the shortest lifetimes
that can be measured with this type of  tube to similar values.
In order to measure shorter lifetimes, micro channel plate
PMTs (MCP-PMTs) (McLoskey et al., 1996) can be used. MCP-
PMTs have quantum efficiencies in the order of  10% and
exhibit transit time spreads as low as 25 ps, which makes

them particularly suited for the measurement of  fast decays.
However, the MCP-PMTs are expensive and vulnerable and
the maximum count rate at which they can be operated at is
limited. For instance, the popular Hamamatsu R3809U-50
MCP-PMT has a maximum average anode output current of
100 nA, corresponding to a maximum count rate of  several
hundred kHz. However, Hamamatsu advises operating this
device up to a maximum count rate of  20 kHz.

Both PMTs and MCP-PMTs are rather poor in terms of  their
quantum efficiency of  about 10%. Alternatively one can use
SPADs or PMTs with a GaAs or GaAsP photocathode. The
SPADs have high quantum efficiencies, about 70% at 650 nm,
and are well suited for single photon counting applications at
count rates of  up to 2 MHz. Moreover, their timing jitter is
specified to be about 350 ps, which makes them attractive
for lifetime imaging. The GaAs(P) photocathodes also have
comparatively high quantum efficiencies of  about 40–50% in the
red part of  the spectrum. Their maximum count rate is limited
to about 1.5 MHz and their timing resolution is about 350 ps.

Based on the above figures, we can make an estimate of  the
maximum frame rate that can be realized with a specific type
of  detector. On assuming a 256 × 256 pixel image and an aver-
age number of  counts per pixel of  250, we find frame acquisi-
tion times of  3.2–1.6, 640–64, 10 and 10 s for the PMT,
MCP-PMT, SPAD and GaAS(P) PMT, respectively. Very short
lifetimes of  about 25 ps can only be measured with a MCP-
PMT, at the price of  long acquisition times. Fast frame acquisi-
tion speeds in combination with a lower lifetime limit of  a few
hundred picoseconds can be realized with fast PMTs. Interest-
ingly, the higher quantum efficiency detectors, SPAD and
GaAS(P) PMT, combine a lower lifetime limit comparable with
that of  PMTs with a high quantum efficiency. This makes them
interesting alternatives for low light level FLIM. The properties
of  the different detectors are summarized in Table 1.

The performance of  the total acquisition speed also depends
on the properties of  the acquisition electronics. The dead time
of  the acquisition electronics is particularly important. In
general, large dead-times will result in the loss of  counts at
high count rates. For a continuous wave-like illumination the
fraction of  detected photons, f, amounts to:

(3)

with td the dead-time of  the system and Ci the incident count
rate. This equation only accounts for the number of  counts

  

Max. count rate 
in FLIM

Time jitter 
(ps)

Qmax

(%)
Time/frame (256 × 256) 
 at 250 cnts/pixel (s)

PMT 5–10 MHz 400 10 3.2–1.6
MCP-PMT 25–250 kHz 25 10 640–64
SPAD 2 MHz 350 70 10
GaAs(P) PMT 1.5 MHz 350 45 10

Table 1. Summary of  the properties of  different
types of  detectors that can be used for (time
domain) fluorescence lifetime imaging.
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lost due to pile-up. In lifetime imaging the probability of  the
incident fluorescence light on the detector usually follows a
(multi)exponential distribution. Therefore, the probability of
pile-up is non-uniform in time and peaks at t = 0 of  the expo-
nential function. Consequently, when pile-up takes place the
recorded fluorescence decay is distorted and the fitted lifetimes
show a count rate dependency. In our experience, a pile-up of
5–10% does not significantly affect the recorded fluorescence
lifetimes. For a detection system with a dead time of  10 ns this
corresponds to a maximum count rate of  5–10 MHz. This
decreases to 250–500 kHz for a detection system with a dead
time of  200 ns.

In TCSPC (lifetime spectroscopy) experiments that require
the best possible lifetime resolution and reproducibility, the
pile-up should be less than 1% (Demas, 1983; O’Connor &
Phillips, 1984). This requires maximum count rates of  1 MHz
and 50 kHz for the systems with 10 ns and the 200 ns dead
time, respectively.

The time-gated detection system employed here has a dead
time of  less than 0.5 ns. This is much shorter than the dead
times of  the PMTs and other detectors and does not affect
the maximum count rate capability of  the lifetime imaging
system. In contrast, more conventional time-correlated single
photon counting-based systems usually have dead times
in the order of  200 ns. The effect of  this dead time on the
maximum count rate capability of  a lifetime imaging system is
much more severe than the maximum count rate capability of
PMTs.

High FLIM acquisition rates can indeed be realized in prac-
tice. With our module we have been able to acquire images at
pixel rates in the order of  125 kHz (i.e. a 8 µs pixel−1 dwell
time). This was realized using a Hamamatsu R1894 PMT and
a Hamamatsu H5783P PMT module, both in combination
with the time-gating electronics described above. Realizing
high frame rates in FLIM is much more demanding than in
fluorescence intensity imaging. In FLIM, fluorescence signal
levels are required at least one order of  magnitude higher than
in fluorescence intensity imaging. Therefore, high quantum
efficiency detectors such as SPADs and the novel GaAs(P)
photo cathode PMTs are potentially interesting for lifetime
imaging.

As an example of  fast lifetime imaging we recorded intensity
and fluorescence lifetime images of  Indo-1 stained rat myo-
cytes (see Fig. 4). The myocytes spontaneously beat at rates of
0.5–2 Hz at 37 °C and the beating was accompanied by large
Ca2+ fluxes (Berlin & Konishi, 1993). The images were
recorded in a homemade two-photon excitation microscope
(Sytsma et al., 1998) at an excitation wavelength of  700 nm.
Indo-1 shows different fluorescent lifetimes for the free probe
and the ion-bound probe of  about 1.4 and 1.66 ns, respect-
ively (Lakowicz & Szmacinski, 1993). Despite the comparat-
ively low lifetime contrast between the free and bound forms
of  the dye, lifetime images (256 × 256 pixels) could be
recorded at a rate of  1 frame s−1. Here, the R1894 PMT was

used at an average count rate of  approximately 10 MHz. Both
the intensity, Fig. 4(a), and lifetime image, Fig. 4(b), were
median filtered. The edges of  the lifetime image are sharper
due to thresholding. Lifetimes were only calculated for pixels
containing more than 50 counts. Pixels with fewer counts
were set to zero. The calibration bar below the lifetime image
gives an indication of  the lifetimes. No attempt was made to
convert the lifetimes into calcium concentrations. Both the
intensity and the lifetime image show bands due to the beating
of  the myocyte during image acquisition. The myocyte beat
about twice during the image acquisition.

Conclusions

The detectors currently available for FLIM in scanning micro-
scopes yield minimum frame acquisition times that vary
between about 1 s and more than 1 min. Lifetimes in excess of
0.3–0.5 ns can be very well imaged using fast PMTs. Shorter
lifetimes require the use of  MCP-PMTs at the expense of  low
acquisition rates. By running conventional fast PMTs close to
the maximum output current it is possible to record lifetime
images from a biological specimen at a rate of  about 1 frame s−1.
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