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Abstract As the hardware of FLIM technique becomes ma-
ture, the most important criterion for FLIM application is the
correct interpretation of its data. In this research, first of all, a
more orthogonal phasor approach, called as Modified Phasor
Approach (MPA), is put forward. It is a way to calculate the
lifetime of the complex fluorescent process, and a rule to
measure how much the fluorescence process deviates from
single exponential decay. Secondly, MPA is used to analysis
the time-resolved fluorescence processes of the transfected
CHO-K1Cell lines expressing adenosine receptor A1R tagged
by CYP and YFP, measured in the channel of the acceptor.
The image of the fluorescence lifetime and the multiplication
of the fluorescence lifetime and deviation from single expo-
nential decay reveal the details of the Homo-FRET. In one
word, MPA provides the physical meaning in its whole mod-
ified phasor space, and broadens the way for the application of
the fluorescence lifetime imaging.
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Introduction

Fluorescence is an important technique for investigating a
variety of biological phenomena. Fluorescence lifetime
(FLIM) is an intuitive parameter associated with fluorescence
process [1], particularly, FERT: Fluorescence Resonance

Energy Transfer. The usual way to quantify FRET is to mea-
sure the shortening of the donor’s lifetime, because the donor
is quenched as FRET occurs [1]; however, accurate measure-
ment of the donor’s lifetime is difficult in some biological
research, such as Homo-FRET. In fact, compared with the
donor, the acceptor in the Homo-FRET is usually brighter than
the acceptor/donor itself alone, and its average lifetime is also
longer, which hints that this phenomenon can be used in the
analysis of FRET. Some reports tried to use the acceptor’s
lifetime in the FRET to quantify the energy transfer efficiency;
however, the hypothesis hasn’t been verified by experiment.

In the scientific and engineering research, a physical
phenomenon is often described by the orthogonal and linear
transformation that preserves the lengths of the basic vectors
and the basic angles between the vectors, in which every basic
vector is independent from the others [2]. However, as linear
models do not capture the rich dynamic behavior of the real
world, non-orthogonal transformations are often used to
unmix physical signals. In 1984, Jameson et al. proposed a
transform method, referred to as phasor approach, Jameson’s
phasor approach, polar plot or AB plot, which can represents
the time-resolved fluorescence processes in the phasor space
graphical ly [3] . Although the transformation is
nonorthogonal, it has been proven to be a valuable tool for
the analysis of the time-resolved fluorescence processes
[3–11]. The basic idea of Jameson’s phasor approach is that
a series of the time-resolved fluorescence images are
transformed to a new phasor space, where different points
represent the different fluorescence processes. This approach
has distinct advantages, such as: i) immunizing to the light
intensity interference; ii) simplifying FLIM analysis, by
avoiding global fitting data; iii) allowing full quantization of
the imaging of the specific fluorescence process, according to
the trajectories of the selected data, which make the visual
analysis of the different photophysical processes accessible to
the nonprofessional [10]. However, its disadvantages are fatal,
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such as: i) its two unit vectors nonorthogonally depends on
each other. Any change in one vector produces a change in the
other one. ii) Jameson phasor space lacking in the physical
meaning. Strictly, only the points on the universal circle
represent single exponential decays, and any point deviating
from the universal circle loses its physical meaning immedi-
ately. In order to bypass this mathematical embarrassment and
retrieve physical meaning, researchers began to use “their own
approach”, such as (tΔϕ+tm)/2, where tΔϕ, m are the fluo-
rescence lifetime calculated from the modulation depth and
phase shift, respectively, to estimate the average fluorescence
lifetime for the complex fluorescence process [12].

Since the appearance of Jameson’s phasor approach at 1984,
its mathematical basis has not been updated, although A. H. A.
Clayton etc. has put forwards some inferences based on the
linear interpolation, that allows to calculate the fluorescence
lifetimes of two non-interactive components [5–7]. In the study,
we first present a new theory called as Modified Phasor Ap-
proach (MPA) to interpret the time-resolved fluorescence pro-
cess quantitatively; then introduce its application in the FRET;
furthermore, simulate the time-resolved two-component fluo-
rescence process; after describing the system setup, analyze the
behaviors of CFP in the Homo-FRET, showing that the mod-
ified phasor approach is useful tool to characterize the FLIM
imaging and analyze FRET in the cell biology.

Modified Phasor Approach (MPA) for the Analysis
of the Time-Resolved Fluorescence Process

Modified Phasor Approach

When a pulse is used to excite a fluorescence sample, the
fluorescence emission decays exponentially with time as

I x; y; tð Þ ¼
Xq

i¼1

ai x; yð Þ � exp � t

t i x; yð Þ
� �

; ð1Þ

where ti and αi are the corresponding fluorescence lifetime
and intensity weighted fractional contribution of the ith
fluorophores. The spatial coordinates (x, y) are omitted in
the context below for simplicity. The Fourier transform of
the fluorescence emission can be expressed

eIðf Þ ¼
Xq
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ai � t iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4p2f 2t2i
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where f is frequency. The modulation depth m( f ) and the
phase shift between the excitation and the emission light △ϕ
( f ) can be noted
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where the symbols | |, Re( ) and Im( ) represent the ampli-

tude, the real part and imaginary part of eI ( f ) or eI (0) -DC,
respectively. If (2) and (3) are evaluated at a specific fre-
quency f0, the measurement of the fluorescence lifetime
image in the time domain or in the frequency domain should
be equivalent. In the content below, f0 is omitted from the
expression of the function variables for convenience.

According to (3), I(t) can bemapped to a phasor space (B, A)
[3–11]

B ¼ m � cosΔf;A ¼ m � sinΔf: ð4Þ

The fluorescence lifetimes tm , tΔϕ, deduced from the
modulation depth and the phase shift, respectively, can be
described

tm ¼ 2p � f0ð Þ�1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

m2
� 1

r
; tΔf ¼ 2p � f0ð Þ�1 � tan Δfð Þ:

ð5Þ
(4) and (5) give out the basic descriptions of Jameson’s

phasor approach. As much as the single-component fluores-
cence processes are concerned, t=tΔϕ=tm; however, as much
as the multiple-component fluorescence processes, which are
involved in the most cases of the biophysical studies, are
concerned, these mathematical expressions are only an inter-
mediate mathematical tool without any physical meaning.

One way to improve of Jameson’s phasor approach is to
move the origin of the phasor space from (0, 0) to (0.5, 0),

Bm ¼ m � cos Δfð Þ � 0:5; Am ¼ m � sin Δfð Þ: ð6Þ

Furthermore, polar coordinates can be used to rewrite (6)

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
m þ A2

m

q
; θ ¼ tan�1 Am

Bm

� 	
; ð7Þ

where ρ is the radial distance from the origin, and θ is the
counter clockwise angle from the B-axis. The polar coordi-
nates (ρ ,θ) form a new space, called as modified phasor
space. Therefore, the fluorescence lifetime can be deduced
directly from the angle θ, denoted as

tθ ¼ 2p � f0ð Þ�1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos θ
1þ cos θ

:

r
ð8Þ

The theorem of (6) to (8), called as Modified Phasor
Approach (MPA), can be applied to any case of the time-
resolved fluorescence process, such as single component,
multiple components and FRET, etc.

If a single-component fluorescence process is concerned,
(8) can be simplified as,

ρ ¼ 0:5; θ ¼ cos�1 1� 2p � f 0ð Þ2 � t2
1þ 2p � f 0ð Þ2 � t2

" #
: ð9Þ
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All the single-component fluorescence processes lie on
the universal circle centred at ρ =0, with a radius of 0.5.
Depending on the phasor angle θ only, they are insensitive
to the radial coordinate ρ, for d ρ /dt =0. Every point in the
modified phasor space, except the origin ρ =0, has the
definition of the fluorescence lifetime deduced from θ; in
the meantime, ρ can be used to depict the degree of the
fluorescence process deviating from single-component
fluorescence process. Any point of ρ≠0.5 can be con-
sidered to be a mixture of the multiple-component pro-
cesses, located inside or outside the universal circle by
the linear interpolation or extrapolation of each compo-
nents. The points (0.5, 0) and (0.5, π) can be used to
represent the fluorescence processes with the lifetime
zero and infinite, respectively. The origin (0, 0) is a
mathematical singularity.

As much as the fluorescence process of two non-
interactive components are concerned, it can be mapped to
a point (ρ, θ) in a chord on the universal circle, which
intersects the circle at point (0.5, θ1) and (0.5, θ2),
representing the fluorescence processes t1 and t2, respec-
tively, shown in the Fig. 1(a). α1, α2 and t1, t2 meet the
condition,

a1

a2
¼ sin θ2 � θð Þ

sin θ� θ1ð Þ �
t2
t1

: ð10Þ

(10) shows that the ratio between the initial fluores-
cence intensities in the two-component fluorescence pro-
cess is relative to their corresponding differences of the
polar angles and the fluorescence lifetimes.

FRET Analysis

FRET is a mechanism describing the energy transfer
between the donor and acceptor molecules. As the fluo-
rescence process of the FRET is measured in the accep-
tor channel using FLIM, the modulation depths mF and
the phase shift between the excitation and the emission
light △ΦF of the FRET can be calculated, according to
the (1) to (3); therefore, the coordinates (ρF, θF) of the
FRET can be resolved, according to (6) to (7), shown in
the Fig. 1(b).

The basic properties of the FRET in the Jameson phasor
space are

mF ¼ mD � mA; ΔfF ¼ ΔfD þΔfA; ð11Þ

where mD and mA are the modulation depths of the donor
in the FRET and the acceptor free, respectively; △ΦD and
△ΦA are the phase shift between the excitation and the
emission light of the donor in the FRET and the acceptor
free, respectively. In the modified phasor space, (11) can be
rewritten as

mF ¼ cos
θD
2

� 	
� cos θA

2

� 	
; ΔfF ¼ 1

2
θD þ θAð Þ; ð12Þ

where (ρD, θD) and (ρA, θA) are the polar coordinates of the
donor in the FRET and the acceptor free. Because (12)
forms a group of the equations, its solutions are

ρD ¼ 0:5;

θD ¼ 2 � cos�1 sin2 ΔfFð Þþ2mF �cos ΔfFð Þ
2 þ
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Fig. 1 Modified Phasor
Approach; a Modified Phasor
Approach for FLIM, where P
and Q represent single-exponent
fluorescence processes and R
represent two -component
fluorescence process; b FRET
process in the phase space and
modified phase space, where F
denotes FRET of the acceptor, A
and D represent the donor in
FRET and the acceptor free,
respectively
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and

ρA ¼ 0:5;
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where the definition domain of θD, θA is [0, π].

Simulation

In order to verify the modified phasor approach, we take the
time-resolved fluorescence process of two non-interactive
components as an example,

IðtÞ ¼
X2

i¼1

1

σi

ffiffiffiffiffi
2p

p � exp � l� μið Þ2
2σ2

i

" #
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� 	
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where μ 1=470 nm, σ1 = 20nm, t1=1 ns, and μ 2=530 nm,
σ2 = 20nm, t2=20 ns, respectively. The spectrum is shaped
as a double peak Gaussian distribution, shown in the Fig. 2(a).
At the frequency f0=60 MHz, the modified phasor plot is
shown in the Fig. 2(b), where the double-component fluores-
cence process is presented by a straight line intersected by the
universal circle at the points denoting the single-component
lifetimes t1=1 ns and t2 =20ns, respectively, which is
conformed to the report before [5]. Shown in the Fig. 2(c),

three wavelength-resolved lifetimes tθ, tm and tϕ can be
deduced, according to the modified phase approach and
Jameson’s phase approach, respectively. tϕ can be used to
represent the single-component lifetime t1 at the wavelength
~470 nm; however, it is too ill-posed to tell another lifetime t2.
tm can properly stand for the single-component lifetime t2 at
the wavelength ~530 nm, however, too ill-posed to tell the
lifetime t1. tθ switches rapidly between t1 at ~470 nm and t2
at ~530 nm. It can represent the two-component fluorescence
process better than either t Δϕ or tm. The wavelength-
resolved fluorescence parameters ρ, θ, m and △ϕ are shown
in the Fig. 2(d). m and △ϕ response to the steady state from
470 nm to 530 nm by stepping up or down. In the meanwhile,
the radius ρ responses to the transient state from 470 nm to
530 nm with a dip, and returns to the steady state ρ =0.5
which stands for the single-component fluorescence process.

System Setup

In order to verify the theory from (6) to (14), we built up a
system based on the frequency domain lifetime method [13],

Fig. 2 Simulation of two non-
interactive fluorophores and
their parameters in the modified
phasor space; a spectrum; b
modified phasor plot; c t ϕ , tm
and t θ; d ρ, θ, m and △ϕ
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shown in the Fig. 3. It was an add-on to a microscopy
Olympus IX71, illuminated using a LUXEON III LED
centered at 455 nm, with the spectral half width
Δl1/2=20 nm (see Fig. 5(a)). The microscope was equipped
with a filter set XF19-2 Vivid Plus (Excitation: 470DF35,
Dichroic: 515DRLP, Emission: 515ALP, see Fig. 5(a)) and
an Olympus LUCPlanFLN objective lens 40X NA=0.6.
Emission light was directly mapped to an image intensifier
modulated at 60 MHz and detected with a 14-bit cooled
CCD camera. The LED and intensifier gain were modulated
at the same frequency (60 MHz) signaled using two fre-
quency generators which were phase locked between each
other. A series of 16 images were acquired while the phase
offsets between intensifier and LED was shifted at the step π
/8 under the computer control. After Fourier transform, the
modulation depth m and the phase shift △Φ between the

excitation and the emission light in the (3) can be recovered.
In the end, the results from (6) to (14) can be obtained.

The standard sample was R6G solution prepared by deion-
ized water with a final R6G concentration of 10 μ M. The
biological sample was transfected CHO-K1 Cell lines ex-
pressing adenosine receptor A1R tagged by CYP and YFP.
CHO-K1 cells were grown in DMEM/F12 medium
supplemented with 10 % fetal calf serum, 2 mM glutamine,
penicillin streptomycin in a humidified atmosphere at 10 %
CO2 and at 37 °C, using NUNC 96 glass plate. One of the cell
images is shown in the Fig.4, after the fluorescence intensity is
threshold over 1250.

Shown in the Fig. 5, the excitation efficiency of CFP is
probably 8 times higher than YFP; in the meanwhile, the
emission efficiency of YFP is 2 times higher than CFP. In the
end, the emission efficiency of CFP is 4 times higher than YFP.

Experiment Results

Figure 6 shows the modified phasor histograms of 10 μM
rhodamine 6 G solutions. The modified phasor histogram of
the fluorescence lifetime in the Fig. 6(a) is a Gaussian
distribution with the centre located on the universal circle.
Figure 6(b) shows that the peak of the histogram distribution
of ρ is located at ρ =0.5, which hints that the physics is a
single-component fluorescence process. Figure 6(c) shows
the peak of the histogram distribution of tθ is at 4.1 ns,
which is conformed to the previous studies [13].

Figures 7 to 8 are the experimental results of the transfected
CHO-K1Cell lines expressing adenosine receptor A1R tagged
by CYP and YFP. First of all, all of the time-resolved fluores-
cence images of the cells are threshold between 650 and 1250.
One of them is shown in the Fig. 7(a). Compared with the
Fig. 4, it is easy to find that this is the image of the autoflu-
orescence from the background. Its point-cloud map in the
modified phasor space is shown in the Fig. 7(b) in the red,

Fig. 3 FLIM system setup

Fig. 4 Fluorescence image of the CHO-K1 cells expressing adenosine
receptor A1R tagged by CYP and YFP, threshold over 1250

J Fluoresc (2013) 23:725–732 729



which is a typical Gaussian distribution with the center located
at (ρ, θ)=(0.31, 139.6º), representing the lifetime tθ=7.2 ns.
After the fluorescence intensity is threshold between 1250 to
1650, the point-cloud map in the modified phasor space is
shown in the Fig. 7(b) in the blue, with the center located at (ρ,
θ)=(0.36, 128.8º), representing the lifetime tθ=5.5 ns. With

the increasing the thresholding value, the center of the point-
cloud moves upwards a bit, which is conformed to the report
about the autofluorescence [10].

The fluorescence of the cell A in the Fig. 4 is from CFP
in the Homo-FRET, due to: i) its fluorescence is brighter
than others cells, for the excitation efficiency of CFP is

CFP
Excitation

CFP
Emission

YFP
Excitation

YFP
Emission

Dichroic
Filter

Excitation
Filter

Emission
Filter

LED
Spectrum

CFP
Excitation

YFP
Excitation

YFP
Emission

CFP
Emission

a

b

Fig. 5 The Spectra of CFP,
YFP, Filter set and LED; a the
Spectra of CFP, YFP, Filter set
and LED; b Excitation and
emission efficiency of CFP and
YFP

Fig. 6 Modified phasor
histogram of the fluorescence
lifetime of 10 μM rhodamine
6 G solutions; a modified
phasor histogram; H is
histogram at b histogram of ρ; c
histogram of fluorescence
lifetime tθ
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higher than that of YFP. ii) Homo-FRET happens. From the
right to the left of the Fig. 8(a), the fluorescence lifetime
become shorter and shorter; in the meanwhile, the fluores-
cence processing deviates more from single exponential
decay shown in the Fig. 8(b). Figure 8(c) shows the multi-
plication of the fluorescence lifetime and the fluorescence
process deviating from single exponential decay. The value
in its outer ring to the left is low. These are the clues that the
CFP is in the Homo-FRET. To be important, there is a place

at the cell Awith high Homo-FRET energy-transfer efficien-
cy, dark fluorescence (Fig. 8(d)), short lifetime, and devia-
tion the most from the single exponential decay, marked in
the Fig. 8. The fluorescence of CFP at the marked place is
quenched deeply, in the meanwhile, the fluorescence pro-
portion of the fluorescence proportion of the donor with a
short lifetime increases shown in the Fig. 8(e). The distri-
bution of the time-resolved fluorescence process of the cell
A in the modified space is around the straight line in the red,

Fig. 7 Autofluorescence from
the background; a image of the
autofluorescence; b modified
phasor plot

Fig. 8 Homo-FRET of CFP in the CHO-K1 cells expressing adeno-
sine receptor A1R tagged by CYP, after the fluorescence intensity was
threshold over 3000; a image of the fluorescence lifetime; b image of
the fluorescence deviation from single exponential decay ρ; c image of

the multiplication between the fluorescence lifetime and the fluores-
cence deviation from single exponential decay ρ ×tθ; d image of the
fluorescence intensity; e modified phasor plot
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which is intersected with the universal circle at the points
(0.50, 111.4º) and (0.50, 18.4°), respectively. In fact, the
fluorescence from the cell A is composed of 3 components:
CFP free, CFP as the donor and the acceptor in the Homo-
FRET pair. Due to high FRET efficiency, The fluorescence
of CFP free is too dim not to be distinguished in the
modified phasor plot. This is a Homo-FRET distribution
from the mixture of CFP as the donor and the acceptor.
According to (8) and (11), the fluorescence lifetimes of
CFP only, CFP as the donor and the acceptor in the
Homo-FRET pair are tCFP=2.80 ns, tD=0.43 ns and tF=
3.84 ns, respectively. According to EFRET=(tCFP - tD)/ tCFP,
the efficiency of the FRET is 84.6 %. tCFP=2.80 ns is
conformed to the fluorescence lifetime of CFP reported
before [14].

Conclusions and Discussions

In this research, by moving the origin of the Jameson phasor
coordinates to the new point (0.5, 0), and adopting a polar
coordinate, we put forwards a more orthogonal phasor ap-
proach, which provides a different metric for the explanation
of the fluorescence process. One basic vector is the polar
angle θ, which offers a way to calculate the fluorescence
lifetime. Another basic vector is the racial coordinate ρ,
which is a rule for measuring how much the fluorescence
process deviates from single exponential decay. Compared
to Jameson’s phasor approach, this modified phasor ap-
proach defines a clear physics meaning of the fluorescence
time in its whole modified phasor space, particularly for
those fluorescence processes away from single exponential
decay.

Although neither Jameson’s phasor approach nor this
modified one strictly adheres to the condition of the orthog-
onal transformation, the latter one is more orthogonal than
the former one. It means that fluorescence lifetime deduced
from the polar angle in the Modified Phasor Approach can
reflect the intrinsic properties of fluorescence process better
than Jameson’s approach.

As the lifetime changes from t=0 to ∞ ,△ϕ in Jameson’s
phasor approach sweeps the range of π/2, while θ in the
modified phasor approach sweeps the range of π, which

enlarges the dynamic range twice for evaluating the fluores-
cence lifetime. Furthermore, it can tolerate noise more, for d
ρ /dt =0 at the universal circle.
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