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Conventional fluorescence images show 

the spatial distribution of emission 

intensity. These kinds of images contain 

further information that is concealed in 

intensity images. 

To unveil this information, the emission 

is separated by the lifetime of the 

excited state. This approach is called 

“Fluorescence Lifetime Imaging” (FLIM) 

or “τ-mapping”, a technique that can 

reveal differences which are indis-

cernible with conventional fluorescence 

microscopy. Such differences are caused 

by the molecular environment of the 

fluorescent dye, for example pH, 

polarity, or other molecular compo-

nents. Furthermore, the FLIM-signal is 

more suitable for quantitative measure-

ments: the results are in many cases 

more precise and reproducible than 

customary intensity measurements. It is 

the ideal method for modern FRET-Bio-

sensors which are used to measure, for 

example, Ca2+ or cAMP concentrations in 

living cells. 

Until lately, procedures for recording 

FLIM images were quite complex and 

cumbersome and only a small circle of 

specialists met that challenge. In addi-

tion, recordings were limited to low 

frame rates, prohibiting sensible 

research on living material. Recently, 

new technologies and data evaluation 

procedures changed that picture. Frame 

rates are at least 10 times faster and the 

demands of operating such a system are 

not substantially different from 

recording classical confocal images. 

This article outlines color-coding of 

intensity versus lifetime images and how 

the combination of the two contrast 

methods can reveal new insights, even 

within narrow spectral bands. 

 

 

 

 

Intensity Images 

Commonly, we interpret an “image” as 

the distribution of light intensity in a 

two-dimensional area. That interpre-

tation is equally true for antique 

paintings, modern digital camera 

recordings, and confocal fluorescence 

images [1]. Thus, an image contains 

information about the local features of 

the imaged object, mainly depending on 

the color (wavelength) of the illumi-

nating light. The brightness or intensity 

is usually coded in gray values, i.e. rela-

tive numbers that are calculated from 

the electrical signal provided by the 

sensor and stored in a digital frame 

buffer. 

If only one spectral band is recorded, the 

image is best displayed in gray (figure 2), 

casually called a “black and white 

image”. Locations where only little 

photons are recorded are shown as black 

areas in the image. Bright areas, where 

many photons per unit time are 

recorded, are displayed as white. 

Initially, fluorescence images will be 

interpreted as showing many dye mole-

cules in bright areas (high dye concen-

tration) and little or no dye molecules in 

dark areas. That conclusion is basically 

correct, but emission intensity depends 

also on illumination intensity, fluores-

cence (quantum-) efficiency, dye satura-

tion, bleaching, and fluorescence 

quenching by other molecules close to 

the dye molecule. When focusing 

through the sample, the illumination 

intensity depends also on parasitic 

absorption and scattering. As a conse-

quence, quantitative measurements by 

intensity require extensive calibrations 

and control measurements. 
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Fig. 1: Top: an intensity image as displayed 
with an ordinary confocal microscope.  
Below: the same position recorded with 
identical spectral settings.  
Left: short fluorescence lifetime, right: long 
fluorescence lifetime. Very clearly, a 
separation of two different signals is visible 
that cannot be seen in the intensity image. 
Optical sections from Convallaria majalis 
rhizome (Ex 651nm, Em 718-794nm, stained 
with Safranine and FastGreen). 

Fig. 2: Intensity image of a simple 
fluorescence recording within a single 
spectral band using one channel displayed 
with gray values. This image corresponds to 
a black and white image taken with a camera. 
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Instead of gray values, intensities may 

also be displayed in colors (figure 3), 

resulting in a “pseudocolor” image as it 

is known, for example, from thermo-

graphic imaging. Commonly, black (dark) 

areas are displayed in blue and white 

(bright) areas in red. The gray values in 

between follow the natural color 

spectrum of white light. But any desired 

mapping of gray values with colors is 

possible. 

Cellular processes are a complex inter-

play of many organic substances, small 

molecules, polymers, and ions. To 

understand how the various 

components interact, a series of these 

objects are stained by fluorescent dyes. 

Therefore, recording of multiple fluores-

cence channels simultaneously has 

become crucial for biomedical research. 

The simplest case, excitation by one 

color and detection in two spectral 

bands, is shown in figure 4. The intensity 

images of the two emission channels are 

“painted” or “digitally stained” by 

arbitrarily selected colors and then over-

laid. The overlay image shows the 

spatial correlation of the two stained 

structures. The colors in such an overlay 

image have entirely different meanings, 

as colors in a pseudocolor image. In the 

same way, our eyes generate a triplet of 

intensity images from three spectral 

bands that are subsequently overlaid 

into a color image in our brain. 

 

τ-Images 

A satellite photograph covering the Alps 

and Mediterranean regions shows the 

intensity distribution of our three 

physiological color channels. We can 

recognize snow covered mountains, 

green forests, brown agricultural areas, 

and blue and green water. A 

topographical map of the same region 

uses an entirely different concept for 

image generation. Marine depths are 

displayed by increasingly saturated blue 

hues and mountain heights by 

increasingly saturated red hues. 

Likewise, the fluorescence process 

offers a further parameter, besides 

intensity, which is available for image 

generation: the fluorescence lifetime. 

After excitation of a fluorescent mole-

cule, the electronic system will stay for a 

short while in the excited state, before 

returning to the ground state and 

emitting a photon at longer wavelength. 

That “short while” cannot be predicted 

for a given individual molecule, but for a 

larger ensemble of fluorescence events, 

we can find a typical value which is 

termed “fluorescence lifetime” (τ). This 

lifetime is very similar to the half-life 

period (t1/2) of radioactive material, i.e. 

the stochastic decay of unstable nuclei. 

The fluorescence lifetime is measured 

by appropriate methods [2], the most 

precise of those is “time correlated 

single photon counting” (TCSPC). We will 

not discuss here how that is actually 

done, but for detailed studies the reader 

can refer to the references [3], [4]. 

The characteristic fluorescence lifetime 

is essentially determined by the 

electronic configuration of the dye 

molecule itself, but is modified by the 

molecular environment. It does not 

depend on the dye concentration and 

illumination intensity and, hence, is not 

altered by bleaching processes. 

Obviously, it is a good idea to consider 

fluorescence lifetime when considering 

quantitative measurements. A τ-image 

(FLIM) is created when each pixel of the 

image matrix represents the measured 

fluorescence lifetime instead of inten-

sity values. The lifetime values are 

normalized, so that they fit into the gray 

scale of ordinary images, e.g. into 256 

steps for 8-bit images. The result is 

shown in figure 5. Here, the mean arrival 

times of all photons in the individual 

pixels have been calculated into gray 

values. 

Just as for intensity, also lifetime can be 

coded with pseudocolor in an image 

(figure 6)  

Fig. 3: The same picture shown in figure 2, but 
now displayed in pseudocolors. Under proper 
conditions, different structures can be 
segmented by smart selection of the color 
tables. 

Fig. 4: Two channel fluorescence. The intensity images of the two emission bands are shown on 
the left. The middle images show these images “digitally stained” by two different colors. 
Intensity is coded by the color saturation. Color overlay of the two channels on the right 
(Ex  503  nm, Em 515-525 nm, and 700-800 nm). 
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Apparently, the images look a little 

blurry at first, which is due to the expec-

tations that we impose on fluorescence 

images. Lifetime values are not dis-

tributed like intensity values. If a certain 

lifetime is measured at a given position, 

than this yields a certain number value – 

independent of whether the actual 

fluorescence is bright or dim. In areas 

that have no fluorescence signal at all, 

the system tries to extract lifetimes 

from noise events – those areas are less 

significant as compared to bright areas 

in the sample. For that reason, the τ-

measurement is superposed with the 

intensity measurement. An example of 

such an image is shown in figure 7. 

Already this image shows more 

information than a common confocal 

image: rich green does mean something 

entirely different from rich red. A more 

detailed separation procedure will be 

presented in the next paragraph. 

More Channels for Fluorescence 
Microscopy 

In figure 4, we have recorded the 

emission from two different spectral 

bands. The shorter wavelengths are 

displayed in green, the longer 

wavelengths in red. We can now further 

split each of these channels by tracking 

down different lifetimes. Thereby, we 

obtain an additional contrast method. 

First, let’s look at the green channel. As 

colors will be used for a different 

purpose later on, we start with a gray 

intensity image shown in figure 8 on the 

far left. If we record the data together 

with the fluorescence lifetime 

information, we can split the emission 

signal by fitting, as an example, three 

different lifetimes to the lifetime 

histogram – an alternative method to 

the mean arrival time. The result of the 

fitting is shown in figure 8 in the middle 

section. The upper three images show 

the contributions of three lifetimes 

coded in gray. We can now again 

arbitrarily assign three colors to each of 

the lifetimes, for example blue, green, 

and red, which is shown in the lower row. 

By overlaying the three-color images, 

we arrive at the final image shown on the 

far right. The colors do not represent 

spectral bands, but different lifetime 

values. 

We can use the same procedure for the 

red channel seen in figure 4 (figure 9). 

While a pure intensity contrast reveals a 

comparably homogeneous image, the 

fluorescence lifetime imaging provides 

additional information, as already 

shown in figure 1. There, the short and 

long component of the red channel have 

been used to prove that there is 

additional contrast from the 

fluorescence lifetime. 

With that stated, in this example we can 

separate out six different channels, 

instead of only two (spectral intensities) 

(figure 10). 

The interpretation of these findings is, of 

course, somewhat speculative in the 

case of this particular specimen. The 

incorporation of dyes into various tissue 

components may well lead to varying 

lifetimes. Determining what exactly 

happens in this specimen is left to the 

curiosity of researchers. In practice, one 

will design the experiments in such a 

way that different color and τ-channels 

provide the desired information. That 

could include signals from the auto-

fluorescence of important molecules in 

living systems, like the NAD/H system 

[5], or even those from genetically intro-

duced biosensors present for various 

cellular components [6]. For structural 

investigations, the visible spectrum 

could not only be separated by 5 wave-

length bands, for example, but, further-

more, in each band there could be 2 or 3 

additional separate lifetimes. The total 

number would sum up to between 10 

and 15 channels.  

Fig. 5: τ-image. The different fluorescence 
lifetimes are coded by different gray values. 
Dark tones for short and bright for long 
lifetimes. 

Fig. 6: τ-image in pseudocolor. Color map 
with the spectral colors of white light. From 
0.2 ns in blue to 3.0 ns in red. 

Fig. 7: Composite image of both intensity and 
lifetime values. The lifetimes are coded by 
colors, as in figure 6, and the intensities by 
the saturation of the colors. 
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What is new? 

The image acquisition rate for TCSPC, 

the method favored by most users, was 

until recently mainly limited by the 

detectors. Now Hybrid Detectors (HyDs) 

and a clever data analysis software 

allow ten times higher frame rates. 

Some authors even report 30 to 100 

times higher acquisition speeds [7]. That 

development is of particular interest for 

the current microscopy methods 

relevant to the study of living systems. 

Until today, recording of fluorescence 

lifetime images was a complex and 

cumbersome task. As already 

mentioned, the method was not 

available for everyone and a certain 

amount of technophilia was a 

prerequisite. With the SP8 FALCON 

microscope, Leica Microsystems 

provides a system that is no more 

Fig. 8: First color channel split into three lifetime channels. For details see the text. Lifetimes obtained from fitting data: 0.3 ns (blue), 1.0 ns (green), 
and 2.9 ns (red). Note that, despite the very narrow spectral band of only 10 nm, significantly different lifetimes can be shown. 

Fig. 9: Second color channel split into three lifetime fractions: 0.2ns (blue), 0.7ns (green), and 2.0ns (red). 

Fig. 10. Six different channels from two color channels (top row: green, bottom row: red), each 
color split further into three different lifetimes. 
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complicated to operate than an ordinary 

confocal microscope. All components 

are integrated. To record lifetime 

images, one has not much more to do 

than activate an additional channel. 

Also, the data analysis and evaluation is 

automated and easy to apply. That fact 

is especially true for complex data 

volumes, for example three-

dimensional image stacks, time series, 

mosaic images or spectral series. FLIM 

data are all generated in one go, as for 

single images. There are no compati-

bility glitches, no elaborate manual data 

transfers, and no complex assignment 

protocols. 

Fluorescence as an image forming 

method allows the conventional inten-

sity contrast to be further split up with 

an additional lifetime contrast. The life-

time contrast allows additional infor-

mation to be gained from the 

experiments. Therefore, FLIM certainly 

has a promising future in research and 

routine biology and medicine. 
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