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ABSTRACT Changing the data representation from the classical time delay histogram to the phasor representation provides a
global viewof the fluorescence decay at each pixel of an image. In the phasor representationwe can easily recognize the presence
of different molecular species in a pixel or the occurrence of fluorescence resonance energy transfer. The analysis of the
fluorescence lifetime imaging microscopy (FLIM) data in the phasor space is done observing clustering of pixels values in specific
regions of the phasor plot rather than by fitting the fluorescence decay using exponentials. The analysis is instantaneous since is
not based on calculations or nonlinear fitting. The phasor approach has the potential to simplify the way data are analyzed in FLIM,
paving the way for the analysis of large data sets and, in general, making the FLIM technique accessible to the nonexpert in
spectroscopy and data analysis.
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In fluorescence experiments multiple lifetime components

arise from different molecular species or different conforma-

tions of the same molecule (1,2). Changes of lifetime values

are interpreted in terms of molecular interactions (3,4).

The measurement of the fluorescence decay in fluorescence

lifetime imaging microscopy (FLIM) can be performed using

several methods: the time-correlated single photon counting

(5), the frequency-domain, and the time-sampling approach

(6–8). One difference between FLIM and cuvette measure-

ments is that in FLIM, only a few photons (;1000) are

collected per pixel (9). This is barely enough to distinguish a

single from a double exponential decay, which is required to

determine if two species are present in the same pixel.

The analysis of FLIM data collected in the time domain

proceeds by fitting the decay at each pixel using one or two

exponentials and identifying decay times and amplitudes

with molecular species and their relative abundances. A

problem with this approach is that many of the fluorescent

proteins used in microscopy display a complex decay be-

havior (10). Another problemwith exponentials is that there is

correlation between amplitude and characteristic exponential

times. The analysis of the decay at each pixel (;105 pixels in

an image) in using exponentials is a formidable computational

problem that requires expertise to correctly extract the

information about the number and abundance of the molec-

ular species (11,12).

The phasor approach presented here has the potential of

simplifying the analysis of FLIM images, avoiding some of

the problems of the exponential analysis and providing a

graphical global view of the processes affecting the fluores-

cence decay occurring at each pixel (8,13,14). To emphasize

the novelty of the approach and to demonstrate that the

phasor concept is not unique to the frequency domain, in this

letter we use data collected with the time-correlated single

photon counting method. We also show that quantitative

evaluation of fluorescence resonance energy transfer (FRET)

efficiencies in the phasor plot does not require fitting ex-

ponentials.

The phasor method transforms the histogram of the time

delays at each pixel in a phasor, which is like a vector

(Supplementary Eq. 1, Supplementary Material). The values

of the sine-cosine transforms are represented in a polar plot as

a two-dimensional histogram (phasor plot). Each pixel of the

image gives a point in the phasor plot. The phasor plot is also

used in a reciprocal mode in which each (occupied) point of

the phasor plot can be mapped to a pixel of the image. Since

every molecular species has a specific phasor, we can identify

molecules by their position in the phasor plot.

In Fig. 1, the precision of the determination of the phasors

of cyan fluorescent protein (CFP), yellow fluorescent protein

(YFP), and enhanced green fluorescent protein (EGFP) is

sufficient to identify their origin. The resolution of phasors

depends on the counts in each pixel (see figure caption). The

phasors corresponding to fibronectin background and to cellular

autofluorescence are spread over a larger area due to the low

intensity (fibronectin) and to pixel heterogeneity (cellular

autofluorescence). The phasor of the Raichu-Rac1 construct is

also spread along a ‘‘trajectory’’ due to different amounts of

FRET.

The rule of phasor addition (which is the same as the vector

addition with normalization; Supplementary Eq. 4, Supple-

mentaryMaterial) helps in identifying the origin of points in a

phasor cluster. If two molecular species are coexisting in the

same pixel, all possible weighting of the two species give
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phasors distributed along a straight line joining the phasors of

the two species. In the case of three molecular species, the

possible realizations of the system fill a triangle where the

vertices correspond to the phasors of the pure species. Just

observing the clustering of points in the phasor plot is

sufficient to determine that some pixels of the image contain

two (or more) molecular species. The relative fluorescence

of the species can be obtained in a quantitative way using the

‘‘phasor calculator’’ that graphically implements Supple-

mentary Eq. 4.

Fig. 2 shows the image of a CHO-K1 cell expressing

paxillin-EGFP in a three-dimensional collagen matrix and of

a region of the collagen matrix. The collagen fibers display

very weak fluorescence with a very short lifetime (different

from zero). The pixels that contain a combination of EGFP

(1) and collagen emission (2) distribute along a line joining

the phasors of the EGFP and collagen. The segment joining

the phasor of EGFP and collagen is plotted. As the operator

moves the cursor along the segment, the calculator (that

solves Supplementary Eq. 4) displays the relative fractional

contribution of the two components.

For interacting species (e.g., FRET pair) in which the pres-

ence of the acceptor reduces the lifetime of the donor, the

resulting phasor of the interacting species cannot lie in the line

joining the phasor of the two noninteracting species, but

will be in a different part of the phasor plot corresponding to

the quenched species. For FRET the information about the

molecular interaction is obtained by localizing the position of

clusters of phasor in the phasor plot rather than by resolving

the decay of the donor in exponential components. The quan-

titative information about the interaction (the FRET effi-

ciency) can be obtained using the ‘‘FRET calculator’’ that

implements graphically Supplementary Eqs. 4 and 5.

Fig. 3 shows images of cells transiently transfected with

Cerulean (c) and Cerulean-Venus (c-v) constructs. The c-v

complex display FRET due to the proximity of the two

proteins. The FRET calculator is used to measure the FRET

efficiency corresponding to the specific point along the FRET

trajectory. The calculator also combines the phasor of the

unquenched donor (c) and the phasor of the background (AF),
which were determined independently using the c-only cell

and a nontransfected cell. The amount of fluorescence of the

donor and background to combine changes by the operator

until the FRET trajectory passes through the experimental

points in the phasor plot. The reciprocal property of the phasor

cursor is illustrated in Fig. 3, C and E, which shows the

correspondence of phasors that cluster in regions of the c-only

phasors and of the c-v phasors (the pink highlighted regions).
Figs. 1–3 show that specific clustering of points in the

phasor plot and along trajectories is sufficient to establish the

physical origin of the changes in lifetime at different pixels.

FIGURE 1 (A) Phasor plot of the FLIM images shown above.

Transfected cells are: (B) CHO-K1 with YFP (306); (C) MEF with

paxillin-CFP (442); (D) CHOK1 with EGFP (1537); and (E) CHO-K1

with the RAICHU-Rac1 construct (665). (F ) Untransfected cells to

measure phasor of cell autofluorescence and fibronectin (573).

The numbers in parenthesis indicate counts of the brightest

pixel. The red dashed line corresponds to one possible FRET

trajectory passing through the clusters of phasors correspond-

ing to cells in the field of view.

FIGURE 2 CHO-K1 cells transfected with paxillin EGFP in a

three-dimensional collagen matrix. (A) Phasor plot of the two

images. Region of the sample with a transfected cell (B) and with

the collagen matrix (E). (C and F ) Pixels in the image selected by

the cursor at position 1 (EGFP) are highlighted in pink. (D and G)

Pixels selected at position 2 (collagen). Position 3 represents

weak background fluorescence. Pixels with multiple contribu-

tions lie along the line joining the EGFP and the collagen phasor

(green line) or the background autofluorescence and the colla-

gen phasor (black line). The cursor is used interactively to select

a given cluster of phasors along the lines. The computer displays

the relative contribution of the two species for each position of

the cursor along the line.
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This is done without resolving the decay in exponential

components, but by inspection of the phasor plot. The iden-

tification in the image where these processes occur is done

using the reciprocal property of the phasor plot by which

every point of the phasor plot can be identified with a pixel in

the image.

Although nofits are performed, the exploration of the phasor

plot using the cursor and the calculator provides quantitative

results for several common situations such as combination of

multiple decay components in a pixel (linear trajectories) and

FRET (specific curved trajectories). The calculator approach in

which the computer draws in the phasor plot the trajectories of

selected processes allows full quantitation of the parameters of

specific process.

In this letter we intentionally omitted the calculation of the

‘‘lifetime’’ of the phasor. We have shown that its knowledge

is unnecessary to identify a specific molecular species (Fig. 1),

to determine the fractional contributions of molecular species

at one pixel (Fig. 2), or to calculate FRET efficiencies (Fig. 3).

If the phasor falls on the universal circle (see Supplementary

Material) it can be unequivocally associated with a lifetime

value. If the phasor is not on the universal circle, the corre-

sponding molecular species must have a complex decay. In

this case, estimators of lifetime values can be obtained using

phasor plots of higher Fourier harmonics. This subject has

been discussed in the context frequency-domain fluorescence

lifetime determinations and it is beyond the scope of this

article. Here we emphasize that the determination of lifetime

components is unnecessary when the decay is represented in

the phasor plot.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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FIGURE 3 MEF cells expressing cerulean and cerulean-venus

constructs. (A) Phasor plot showing the clustering of phasors of

cell B (c only) and (D) c-v construct. The curved trajectory

corresponds to FRET efficiency (0–100%,) and for a percentage

of background and donor unquenched. The green line joins the

phasor of the cerulean and the autofluorescence phasor, inde-

pendently determined. The FRET efficiency at the cursor position

is 0.208. The counts in the brightest pixels were 457 and 192 for

the c-v and c-only cell, respectively. The fraction of background

was 9.5% and the fraction of unquenched donors was 0.9%.

Image C shows pixels selected at the position of the c-only cell

and image E when the position of the cursor is as shown in A.
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