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A Common Mistake in Lifetime-Based FRET Measurement 
Wolfgang Becker, Axel Bergmann, Becker & Hickl GmbH 

Abstract: FRET efficiencies derived from FLIM FRET experiments are obtained from the ratio of the 
fluorescence lifetimes of the FRET donor in presence and in absence of the acceptor. It is implicitly assumed 
that when the FRET intensity changes the donor lifetime linearly follows the donor intensity. It is therefore 
expected that the FLIM-based FRET efficiency reflects the FRET efficiency obtained in intensity-based FRET 
experiments. We show that this is wrong. A part of the donor does not participate in the FRET, and the donor 
fluorescence decay profile becomes double exponential. A single-exponential approximation of the donor 
lifetime does not represent the donor intensity, and the FLIM-FRET efficiency no longer reflects the Intensity-
FRET efficiency. Correct FRET efficiencies are only obtained by double-exponential decay analysis and using 
the amplitude-weighted average of the donor-component lifetimes for calculating the FRET efficiency. We 
further show that useful FRET efficiencies can be calculated from the lifetime of the decay component of the 
interacting donor. These interacting-donor FRET efficiencies are free of the influence of the non-interacting 
donor fraction. Interacting-donor FRET efficiencies can be converted directly into donor-acceptor distances.  

 

FRET Efficiency 

Förster resonance energy transfer (FRET) is an interaction of two fluorophore molecules (or, more 
exactly a fluorophore and an absorber) that are located in close distance to each other. If the 
emission band of one fluorophore overlaps the absorption band of the other energy from the first 
dye, the donor, is transferred to the second one, the acceptor [17, 18], see Fig. 1, left. Because of its 
dependence on the donor-acceptor distance FRET measurements have become an important tool of 
cell biology [22, 23, 24, 25]. The efficiency of the energy transfer, or the 'FRET efficiency', has 
originally been defined as  

DDAfret IIE /1
              

(1) 

where IDA is the donor intensity in presence of an acceptor, ID the donor intensity in absence of an 
acceptor. 

Intensity-based FRET measurements are difficult because intensities depend on the concentration of 
the fluorophore, the excitation power, and the sensitivity of the detection system. Therefore 
calibration measurements from cells containing only the donor and the acceptor are required [19]. 
These make the technique difficult to use and susceptible to systematic errors. 

Calibration problems can be avoided by lifetime-based FRET measurement [1, 2]. When FRET 
occurs the donor is loosing part of its energy to the acceptor, with the effect that its fluorescence 
lifetime becomes shorter, see Fig. 1, right. 
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Fig. 1: Förster-resonance energy transfer. The lifetime of the donor becomes shorter when it interacts with an acceptor. 
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The lifetime-based FRET efficiency is: 

DDAfretE  /1
             

(2) 

DA is the donor lifetime in presence of acceptor, D is the donor lifetime in absence of acceptor.  

The lifetime-based FRET efficiency (2) can be derived from the intensity-based one under the 
presumption that the donor intensity and the donor lifetime are proportional to each other. 

An example for a FRET measurement is shown in Fig. 2. The cell expresses two interacting 
proteins, one linked to the donor, CFP, the other to the acceptor, YFP. FRET occurs in locations 
where the proteins interact. A lifetime image is shown on the left, an image of the FRET efficiency 
on the right.  

                         
Fig. 2: HEK cell expressing two interacting proteins, one labelled with the donor, CFP, the other with the acceptor, 
YFP. Donor image. Left: Lifetime image. Right: Image of the FRET efficiency. 

The FLIM-FRET technique outlined above is easy to use and robust. It has been used for many 
years and for a wide variety of protein interaction studies, see for example [13, 14, 15, 16, 25]. For 
an overview on the FLIM FRET literature please see [1]. 

Despite the amazing success of FLIM FRET the technique has a hidden problem: The definition of 
the FLIM FRET efficiency implicitly assumes that the donor decay is single-exponential. In real 
FRET system this is not the case, see decay curves in Fig. 3. 

 
Fig. 3: HEK cell, expressing two interacting proteins, labelled with CFP (donor) and YFP (acceptor). Note the multi-

exponential profile of the decay curves. 
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The multi-exponential decay of the FRET donor has been ignored for many years. Now, there is 
little doubt that it comes from the presence of a non-interacting donor fraction. The resulting donor 
decay functions can be approximated by a double-exponential model, with a fast component from 
the interacting donor fraction and a slow lifetime component from the non-interacting donor 
fraction [1, 2, 11, 12]. The double-exponential nature of the interacting-donor decay has 
consequences to the definition of the FRET efficiency. 

 

FLIM FRET Efficiency from Double-Exponential Donor Decay 

A double-exponential decay is described by two lifetimes, 1 and 2, and two amplitude coefficients, 
a1 and a2:  

f(t) = a1 e
-t/1 + a2 e

-t/2 
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Fig. 4: Amplitudes and intensities of the components of a double-exponential decay 

However, the definition of the FLIM-FRET efficiency uses only one lifetime, DA, to describe the 
decay time of the interacting donor. So, what is the 'Lifetime' of a double-exponential decay? 

The problem is normally solved by using a single-exponential approximation of the double-
exponential decay. In other words, DA  is replaced with a weighted average of the component 
lifetimes, 1 and 2. There are two different definitions for this average. The most common one is 
the 'Intensity-Weighted Lifetime', or i. It weighs the lifetimes of the decay components by their 
intensities, i.e. the areas under the components. These are a11 for the fast component and a22 for 
the slow component. 

The second definition weighs the component lifetimes by their amplitudes, a1 and a2. The result is 
the 'Amplitude-Weighted Lifetime'. It is usually called 'Mean Lifetime', m. The mathematical 
expressions of i and m are: 

 Intensity-Weighted Lifetime Amplitude-Weighted Lifetime 
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Which lifetime is the correct one to calculate the FRET efficiency? The definition of the FLIM-
based FRET efficiency leaves it open. The answer can be found by taking a close look at the 
equations above.  

The definition of the FLIM-FRET intensity (2) derives from the definition of the intensity-FRET 
intensity (1). Therefore, the terms in the definitions of i  and i should be in some reasonable 
relationship with the intensity of the donor. There is no such relationship for the products a11

2 and 
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a22
2 in the definition of i . Therefore, using i for DA in (2) does not make sense. Its use for 

calculating the FRET efficiency leads to wrong results. 

The situation is different for m. The products a11 and a22 in the definition of m are the areas 
under the decay components, i.e. intensities. The sum of both represents the intensity of the donor. 
Therefore, m has to be used for DA to obtain an equivalent of the intensity-based FRET efficiency 
(1). That means the FLIM FRET efficiency is 

 DmfretE  /1  

The fact that the amplitude-weighted lifetime must be used to calculate Efret has implications on 
FLIM systems for FRET measurements in general. m is only obtained by recording well resolved 
decay functions and splitting them into exponential components by double-exponential decay 
analysis. A FLIM system or a FLIM technique which does not build up detailed decay functions in 
the individual pixels is not able to deliver m. This is especially the case for many 'Fast FLIM' 
techniques which produce only 'Lifetimes' instead of decay functions [21]. These lifetimes are 
equivalent to the intensity-weighted lifetime and are thus not suitable to determine FRET 
efficiencies. The same is the case for a number of 'Rapid Lifetime Analysis' techniques. These are 
usually based on ratios of gated intensities or moments of the measured decay signals. Also these 
lifetimes are intensity-weighted and unsuitable for the measurement of FRET efficiencies. 

That the FRET efficiency has to be calculated from the amplitude-weighted lifetime has already 
been pointed out by J.R.L. Lakowicz in his 1999 edition of 'Principles of Fluorescence 
Spectroscopy'. Until now, this has not been commonly noticed, although the book and its 2006 
successor [20] is constantly cited in fluorescence papers. 

 

Double-Exponential Decay Analysis 

As explained above, correct determination of the FRET efficiency requires double-exponential 
decay analysis. Multi-exponential analysis of FLIM data is often considered difficult of even 
impossible. However, the efficiency of decay analysis depends dramatically on the composition of 
the decay profiles. For typical donor decay data with DA/ D ratios larger than four the options are 
not as bad as commonly believed. Moreover, in the last decade, the capabilities of multi-
exponential FLIM recording and data analysis have increased considerably. More sensitive 
detectors have increased the number of photons in the FLIM data [9], the time resolution of 
detectors and TCSPC systems has increased [6, 7, 8], Maximum-Likelihood Estimation (MLE) and 
intelligent binning have reduced the number of photons per pixel needed for double-exponential 
FLIM analysis [3], and GPU processing has reduced the data processing time [3]. With these 
improvements, FLIM data analysis is not only able to deliver the amplitude-weighted lifetime, m, 
but also the lifetimes, 1 and 2, and the amplitudes, a1 and a2, of the two decay components. The 
meaning of these parameters is illustrated in Fig. 5. 
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Fig. 5: Donor fluorescence decay components in a FRET system 

The availability of these parameters makes it possible to calculate the FLIM FRET Efficiency: 

  Efret = 1- m/D    or  Efret = 1- (a11 + a2 2) / D 

Moreover, the slow decay component of the donor decay, 2, is identical with the donor lifetime in 
absence of the acceptor, D. Efret then becomes 

 Efret = 1- m/2    or  Efret = 1- (a11 + a2 2) / 2 

This equation contains only parameters that are determined by analysis of the measured donor 
decay. That means double-exponential FRET analysis works without external calibration [5]. 

 

Interacting-Donor FRET Efficiency 

Another frequent mistake in FRET calculations is to use the classic intensity FRET or FLIM FRET 
efficiency to calculate donor-acceptor distances. It has been shown above that the donor decay 
function is the sum of a decay component from interacting donor and a decay component from non-
interacting donor. Even if the correct lifetime, m, is used Efret does not represent the real FRET 
efficiency of the interacting-donor fraction. Also this problem can be solved by double-exponential 
FRET analysis. 

The pure interacting-donor FRET efficiency is obtained by using the lifetime, 1, of the interacting 
donor fraction in the equation of the FRET efficiency:  

 Einteract = 1- 1 /D  

Again, D is identical with the lifetime of the non-interacting donor, 2, i.e.:  

 Einteract = 1- 1 /2  

Einteract can be directly converted into the donor-acceptor distance, r, relative to the Förster radius, 
r0: 

 ( r / r0 ) = 1 / Einteract - 1     or, more directly:    ( r / r0 ) = 1 / (2 - 1),     with r0 = Förster radius 

FRET analysis based on these considerations is described in [3, 4, 5].  

 

Comparison of Different Definitions of the FRET efficiency 

FRET efficiencies based on different definitions for two different cells are compared in Fig. 6. Left 
to right, the images show the FRET efficiency calculated from the intensity-weighted lifetime, i, 
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the amplitude-weighted lifetime, m, and from the interacting-donor lifetime, 1. Colour scaling is 
the same for all images. Average FRET efficiencies are shown above the images. 

Efret-ti = 0.18                                         Efret-tm = 0.35                                                Einteract = 0.72 

   
Efret-ti = 0.24                                                 Efret-tm = 0.4                                            Einteract = 0.65 

   
Fig. 6: FRET efficiencies based on different definitions are compared for two different cells. Left to right: FRET 
efficiency calculated from the intensity-weighted lifetime, i, the amplitude-weighted lifetime, m, and from the 
interacting-donor lifetime, fret. 
 

All images were calculated by bh SPCImage NG FLIM analysis software. Maximum-Likelihood 
Estimation (MLE) in combination with a double-exponential incomplete-decay model was used to 
fit the donor decay data. The images of the FRET efficiencies were calculated by SPCImage 
parameter calculation functions [3]. 

As can be seen from Fig. 6, the differences between the different FRET efficiency definitions are 
substantial. The difference between the i and the m efficiencies are almost 1:2. This is hardly 
tolerable for characterising protein interaction in cells. FRET efficiencies calculated from intensity-
weighted lifetimes or from single-exponential approximations should therefore not be used in FRET 
experiments. 

Of course, there are also differences between the m-based efficiencies and the 1-based efficiencies 
(Einteract). However, this is not surprising. The differences are explained by the fact that a substantial 
fraction of the donor molecules does not participate in the FRET and, consequently, biases the m 
FRET efficiency towards lower values. Whether the m efficiency or the fret efficiency is to be used 
depends on the application. m-based efficiencies should be used for comparing FLIM FRET results 
with intensity-FRET results, fret-based efficiencies (Einteract) for comparing donor-acceptor 
distances. 
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FRET Analysis by SPCImage NG 

It is unlikely that you will obtain or have obtained wrong FRET efficiencies with bh FLIM systems 
and bh SPCImage data analysis. From the earliest versions on, the default lifetime for multi-
exponential decay was the amplitude-weighted lifetime m. We did this as a courtesy to FRET users. 
Moreover, the SPCImage data calculation and data display functions contain the m-based classic 
FRET efficiency, Eclass, and the interacting-donor FRET efficiency, Eint. Both are calculated 
correctly. The only mistake you can possibly do is to run a single-exponential fit or a first-moment 
analysis on the FLIM-FRET data. However, in this case SPCImage would deliver improbable Eclass 

and Eint values so that the mistake would be noticed. 

Summary 

FRET efficiencies derived from FLIM FRET experiments are traditionally obtained from the ratio 
of the fluorescence lifetimes of the FRET donor in presence of the acceptor and in absence of the 
acceptor. The definition is derived from the intensity-based definition of the FRET intensity, which 
uses the ratio of the corresponding intensities. It is implicitly assumed that the donor lifetime in 
presence of the acceptor linearly follows the (normalised) intensity. It is therefore expected that the 
FLIM-based FRET efficiency reflects the intensity-based FRET efficiency. These assumptions are 
correct when the donor decay is single-exponential. This is, however, not the case. One part of the 
donor fluorescence comes from non-interacting donor molecules, another part from interacting 
ones. The resulting fluorescence decay is double-exponential. The classic definition does not take 
this into account.  It contains only one lifetime for the 'donor in presence of an acceptor'. The 
problem is usually solved by using an average - or 'apparent' - lifetime of the donor decay. The 
usual approach is to use an intensity-weighted average, i, of the lifetimes of the two components. 
The intensity-weighted average is used because i is identical with the lifetime of a single-
exponential approximation or the 'apparent' lifetime of the donor decay. 

Unfortunately, the intensity-weighted lifetime does not linearly represent the donor intensity, and 
the FLIM-FRET efficiency based on it is not identical with the Intensity-FRET efficiency. To 
obtain correct FLIM-FRET efficiencies, the amplitude-weighted average of the donor component 
lifetimes, m, must be used. The amplitude weighted lifetime can only be obtained by recording well 
resolved donor decay functions, analysing them with a double-exponential decay model, and 
calculating the amplitude-weighted lifetime from the decay parameters. 

A third FLIM-FRET efficiency can be obtained by using of the decay component of the interacting 
donor for DA. The resulting FRET efficiency is, of course, different from the intensity-based FRET 
efficiency. However, it represents the FRET efficiency exclusively for the interacting donor 
molecules, without the influence of the non-interacting donor fraction. The interacting-donor FRET 
efficiency is therefore higher than the Intensity-FRET or the FLIM-FRET efficiency. Its advantage 
is that it can be converted directly into donor-acceptor distances. 
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