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Fluorescence lifetime imaging microscopy (FLIM) is used in diverse disciplines, including biology, chemistry and biophysics,
but its use has been limited by the complexity of the data analysis. The phasor approach to FLIM has the potential to
markedly reduce this complexity and at the same time provide a powerful visualization of the data content. Phasor plots for
fluorescence lifetime analysis were originally developed as a graphical representation of excited-state fluorescence
lifetimes for in vitro systems. The method's simple mathematics and specific rules avoid errors and confusion common in
the study of complex and heterogeneous fluorescence. In the case of FLIM, the phasor approach has become a powerful
method for simple and fit-free analyses of the information contained in the many thousands of pixels constituting an image.
At present, the phasor plot is used not only for FLIM, but also for hyperspectral imaging, wherein phasors provide an
unprecedented understanding of heterogeneous fluorescence. Undoubtedly, phasor plots will be increasingly important in
the future analysis and understanding of FLIM and hyperspectral confocal imaging. This protocol presents the principle of
the method and guides users through one of the popular interfaces for FLIM phasor analysis, namely, the SimFCS software.
Implementation of the analysis takes only minutes to complete for a dataset containing hundreds of files.

Introduction

Fluorescence lifetime imaging microscopy (FLIM) has been widely applied in the biological sciences
to investigate and quantify a multitude of diverse molecular quantities and processes, including
metabolism1, Förster resonance energy transfer (FRET)2,3, pH4, ion concentrations5 and metabolite
concentrations6. These measurements typically rely on context-dependent alteration of fluorescence
lifetimes of extrinsic or endogenous fluorophores. For instance, physical phenomena such as envir-
onmental effects that affect fluorescence lifetimes can be detected by FLIM7,8. One of the great
advantages of time-resolved fluorescence microscopy is that the lifetime of a fluorophore can be used
to provide contrast in images. There are many fluorophores with similar excitation and emission
spectra but with different lifetimes, allowing for their unique characterization.

In this protocol, we first describe the rationale behind the phasor approach and the requirements
in terms of instrumentation, sample preparation and data analysis that must be satisfied to quantify
these processes. We provide step-by-step procedures for application of the fit-free phasor approach to
FLIM data using the SimFCS software (https://www.lfd.uci.edu/globals/). The goal of FLIM acqui-
sition is the creation of a color-mapped image in which different colors represent different fluores-
cence decays. In the phasor approach to FLIM, the fluorescence decay is directly transformed to a
phasor plot by simple mathematics in which phasor points originating from different pixels in the
image are represented by their location in the phasor plot. The phasor plot is a polar plot in which
each decay is represented with two coordinates (in polar coordinates, we use the phase and modulus
of the phasor; in Cartesian coordinates, we use the g and s coordinates that are the projections of the
polar coordinates in the coordinate axes). In the phasor plot, similar fluorescence decays are easily
recognized and the points in the image where they originate can be painted using color cursors. As an
example, in Fig. 1 (top right), blue- and red-colored cursors select the two major clusters of the
phasor distribution originating from the cytoplasm and nucleus, respectively, and the image is
colored accordingly (phasor-mapped FLIM image in Fig. 1, bottom right). A feature of phasor
analysis is that any region of the phasor plot (which corresponds to a type of decay) can be selected in
order to directly identify the pixels in the image with the given decay. Conversely, selecting a region of
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the image (Fig. 1, top left) allows one to observe the parts of the phasor plot that represent the decay
of that region (Fig. 1, bottom left). This reciprocity (indicated by the red two-headed arrow) provides
the phasor approach to FLIM with the ability to identify related components, even if they are spatially
separated and are present in only very few pixels. The red two-headed arrow is representative of the
reciprocity principle of the phasor approach, which shows that the phasor-mapped FLIM image and
the phasor plot are cooperatively related. Selecting a cluster in the phasor plot results in selection of
the parts of the image from which those phasor points originate, and, similarly, a part of the FLIM
image can be selected (Fig. 1, top left), and the distribution of the corresponding phasor points (Fig. 1,
bottom left) can be obtained. This method is different from either global fitting, wherein a set of
decays are fitted to the whole image, or principal component analysis, in which a few pixels with
different decay will be ignored. Observation of the long-lifetime species (LLS) in cells under oxidative
stress9, adipose tissue10 and fat droplets of mouse liver tissues11 were obtained by this reciprocity
principle, yet were not observed via global fitting.

Development of the phasor approach to FLIM
The phasor approach to FLIM transforms the decay data from each pixel of an image to the phasor
plot. Phasor transformation is based on the mathematics originally described by Weber12 to resolve
heterogeneous systems, and the graphical representation as a phasor plot was introduced by Jameson
et al.13. The phasor transformation can use data collected in either the time or the frequency domain.
In the time-correlated single-photon counting (TCSPC) technique, the histogram of the photon
arrival time at each pixel of the image is transformed to Fourier space, and the phasor coordinates are
calculated using the following relations:
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Fig. 1 | The reciprocity principle using the phasor approach. (Top) The phasor approach converts the fluorescence
lifetime information of the FLIM/intensity image (top left) to a phasor plot (top right). Selecting different regions of
the phasor plot (top right) results in selection of different areas of the image and a phasor color-mapped FLIM image
(bottom right). The reciprocity principle (red arrow) dictates that the process can be reversed, and different areas of
the FLIM image (top left) can be selected to obtain the corresponding phasor distribution (bottom left). g=Mcosϕ;
s = Msinθϕ, where M is the modulation and ϕ is the phase shift in frequency domain measurements.
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in which gi,j(ω) and si,j(ω) are the x and y coordinates of the phasor plot, n and ω are the harmonic frequency
and the angular frequency of excitation, respectively, and T is the repeat frequency of the acquisition. Frequency
domain data acquisition from each pixel can be converted to phasor points using the following transformations:

gi;j ωð Þ ¼ mi;j � cos ϕi;j

� �

si;j ωð Þ ¼ mi;j � sin ϕi;j

� �

in which mi,j and ϕi,j are the modulation and phase shift, respectively, of the frequency domain
measurement at pixel i,j. The decay from each pixel can hence be translated to a point in the phasor plot.
Phasor points can be selected with a cursor, and the points in the image that correspond to these phasor
points are colored accordingly. In the phasor transformation, the decays that correspond to a mono-
exponential appear on the universal semicircle (shown as the red semicircle in Fig. 2). The decays that
arise from multi-exponentials appear inside the semicircle. The values of g (the cosine transform) are
between 0 and 1, and s (the sine transform) has values between 0 and 0.5. In the phasor plot, these
coordinates are shown in polar coordinates, where M is the modulus of the phasor and ϕ is the phase.
One important feature of phasor transformation that originates from vector algebra is the law of phasor
addition. According to this property, the red point in Fig. 2b has contributions from the two phasor
points, τ1 and τ2 (shown in blue), and the contributions of these two points toward the red point are
inversely proportional to the distances f1 and f2 (Fig. 2b). An excited-state reaction (e.g., dipolar
relaxation, emission of the acceptor in FRET and excimer formation) results in a delayed emission due
to an increase in the phase delay. This delay brings the phasor point for excited-state reactions outside of
the universal semicircle (Fig. 2c).

Overview of the procedure
A schematic overview of the steps involving FLIM data analysis with the phasor approach is shown in
Fig. 3. An important feature of the SimFCS software is that it can be used for ‘batch analysis’. The
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Fig. 2 | Expected position for fluorescence lifetimes in the phasor plot. a, Single-component phasor example.
b, Linear combination in phasor space. c, Reactions in the excited state result in a phasor moving outside of the
universal semicircle. ϕ, phase; fx, fraction contribution; M, modulation; τx, lifetime.
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Fig. 3 | Overview of protocol. Schematic overview of the steps involving FLIM analyses according to the
phasor approach.
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batch analysis is the automated analysis of many FLIM images based on a number of set parameters
and can be used for a large set of image files (up to 256 simultaneously).

FLIM images acquired with different instruments can be imported into SimFCS. FLIMbox data
have a ‘*.FBD’ extension and can be used directly in SimFCS (Step 1A) (see Box 1 and Fig. 4 for a
detailed description of data collection using the FLIMbox in combination with a commercial
microscope). Other types of FLIM data such as .sdt (Becker & Hickl (B&H) files), .ptu or .bin
(Picoquant), and .tif image files can be used for the phasor analysis according to Step 1B,C. Currently,
the maximum size of an image is 1,024 × 1,024 points, but larger images can be either tiled to the
maximum size or binned to fit the maximum size. In the tiling mode, the maximum number of tiles is
256 images, which is sufficient to contain very large images and visualize all of them on a large
combined image. The FLIM data are converted to phasors and ‘referenced’ using a fluorescence
calibration standard to account for the instrument response function (IRF) and delays in the
electronics (Step 1). The calibration standard is usually chosen to have a mono-exponential
decay time, as the phasor positions of the mono-exponential decays are on the universal semicircle
(see the Experimental design section). The referenced FLIM images are stored as *.REF/.R64
files (.REF is the file extension for files created in 32-bit operating systems and .R64 is used for 64-bit
operating systems).

Often, FLIM from part of an image (e.g., the nuclei of cells), but not the whole image, must be
analyzed. Selection of part of an image, to determine the average value of the g and s coordinates in a
given area, is used to improve the accuracy of the phasor determinations in the designated area. The
error in the position of the phasor scales according to the inverse square of the number of photons.
Thus, by combining pixels with the same decay, it is possible to determine the value of the phasor
position in a given region with high precision. This operation is often achieved by masking an image
(Step 2). Masking can be done via several different strategies, on the basis of intensity thresholds or by
manually tracing the contour of a region.

Optionally, the image of the phasor coordinates g and s (not the intensity) can be filtered using 3 × 3
or 5 × 5 pixel median filters to reduce the spread of phasor points (Step 3). This operation affects the
spread of phasor points but not the resolution of the image. These images can be thresholded using
the minimum–maximum (min–max) histogram and analyzed for different types of processes,
including the metabolic index (Step 4C), FRET (Step 4E) and NADH concentration (Step 4F).

Comparison with alternative methods
A proposed alternative analysis approach for FLIM images is the global analysis method. In this
approach, the decay at each pixel of the image is fitted globally, assuming that there are only a limited
number of species in the sample that can be identified on the basis of lifetime components14,15. This
approach works only if a species can be identified with a unique lifetime and if the species is relatively
abundant. A molecular species with a multi-exponential decay cannot be uniquely identified. A major
advantage of the phasor approach to FLIM is the lack of a fitting procedure intended to extract the
number of components at each pixel. The phasor transformation displays raw data in a graphical
representation, wherein different molecular species and their interactions can be easily recognized.
An apparent limitation of the phasor approach is the lack of the ‘lifetime representation’,
which is common in the FLIM literature. However, the lifetime representation is generally used to
identify molecular species, a procedure done directly in the phasor representation, as illustrated
in the next section.

The methods of data collection do not limit the use of the phasor approach if the method provides
the ‘complete decay’. However, it is important to note that this proviso is not always applicable,
depending on the approach being used for data collection. Fundamental differences exist between
TCSPC and FLIMbox measurements, although both are used to measure fluorescence lifetimes16–20.
TCSPC divides the time axis into time bins (e.g., ~1,024 channels). The number of photons acquired
for FLIM measurements at each pixel is usually very low, and thus this axis is usually binned to 256 or
128 bins. The FLIMbox also uses time-arrival bins, generally with 256-bin intervals with synchro-
nization using the laser pulse frequency. A laser frequency of 80 MHz results in FLIMbox bins of 48.9 ps
and in phase terms 1.4° of the laser period. Thus, in the FLIMbox, all 256 bins are used. In TCSPC,
the decay time range is usually assigned to only a part of the laser period, as the phase of the bin is
synchronized to the start/stop signal of a time-to-amplitude (TAC) converter (Fig. 5a) wherein the
bins are produced using a linear ramp for the TAC. This method results in only some of the channels
being used in TCSPC. As a result, the useful range is smaller than the laser period, and the record is
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incomplete because the whole repetition period is not used in the case of high-repetition-rate laser
sources. For example, sources such as the Ti:sapphire laser are generally used at a laser repetition
frequency of 80 MHz (with a 12.5-ns period). This problem can be solved by using a total range of
25 ns, from which a period of 12.5 ns can be extracted even if the conversion does not cover the entire
range (Fig. 5b). This operation results in the effective range of bins decreasing from ~78% to 50% of
the 12.5-ns window, but the record is complete. By contrast, the FLIMbox uses all 256 bins, and thus

Box 1 | Operation of the FLIMbox in combination with a commercial microscope ● Timing 10 min

The image acquisition procedure using the FLIMbox and a commercial laser-scanning fluorescence microscope
(such as those from Olympus, Nikon, Zeiss and Leica) requires interplay between the software and hardware of
the microscope, as well as use of SimFCS and the FLIMbox. The microscope scanner and acquisition are controlled
by software from the microscope setup, and the fluorescence signal is collected through the open port, detected
by photon-counting detectors and then transferred to a phasor plot using the FLIMbox. The trigger signal of the
frame scan (when using a Zeiss or Olympus microscope) or line scan (when using a Leica microscope) starts data
acquisition. The ‘end-of-frame’ signal from the microscope scanner stops the acquisition for that frame. For the
image to display correctly, the two systems must have proper synchronization and exactly the same timing and
scanning parameters, including frame per pixel dwell time and line length, consisting of the line and retracing
length. The fluorescence from the sample is directed toward the external detectors and split into channels for
measuring different wavelength bands. The FLIMbox is run as a recorder, which means the signal is collected on
the basis of the scanning and control parameters of the microscope. The FLIMbox has an auxiliary channel, which
is electronically identical to the data channels but is connected to the trigger output of the commercial
microscope. This mode of operation results in the same time resolution for the photons and for the triggers. As the
FLIMbox operates in parallel over all channels, the presence of triggers does not inhibit photon detection.

Hardware setup
! CAUTION The laser path should be completely shielded so that there is no chance that the operator could be
exposed to laser light. For two-photon excitation, the laser light could be invisible, so it is imperative that the
operator wear appropriate eye protection during the microscope construction and setup. Once the microscope
has been installed, the system should be safe to use. Under no circumstance should the external detectors be
removed or exposed to light when power to the detectors is on.
1. The FLIM signal obtained from the sample is passed through the scanning optics, reflected and channeled into
one of the open ports of the microscope. The photon-counting detectors are positioned at the open port of the
microscope (Fig. 4a).

2. Once the signal passes through the open port, it is collected by the photomultiplier tubes (Fig. 4a). The
fluorescence signal can be split (here into two channels) using a dichroic mirror and selected using proper
band-pass filters (Fig. 4a,d).

3. The photomultiplier tubes are supplied by high-voltage power supplies (Fig. 4c).

c CRITICAL STEP In the case of signal overload, the power to the detector is interrupted and must then
be reset.

4. FLIMbox acquisition requires a trigger signal from the microscope to synchronize the acquisition with the laser
scanning. Figure 4b shows the connection box for the trigger from the Zeiss LSM 880, where the signal/trigger
can be easily coupled with the FLIMbox or other lifetime acquisition cards. A similar box, called the IO interface
box, exists for Olympus, and Leica also has a trigger unit that can be coupled with SP5/SP8 microscopes.

5. The frequency of operation of the FLIMbox is directly derived from the laser repetition rate. After being
connected to the laser frequency input (usually directly from the laser) and the microscope, the FLIMbox is
initiated. Once the initiation is complete, the ‘synch laser clock’ light is illuminated (red arrow in Fig. 4c). As
the laser is usually on, this synchronization occurs only when the system is turned on.

6. Figure 4e shows the back of the FLIMbox. The signal input area can accept signals from four separate and
independent detectors. It is also connected to the clock (from the laser) and frame/line input signal from the
microscope. The FLIM data are transferred through and the FLIMbox is controlled using a USB2 or USB3
connection, depending on the model.

7. The FLIMbox collects the fluorescence decay from each pixel of an image and directly transforms it into
phasors, which can be further displayed and analyzed by the phasor approach. This hardware transformation
into Fourier components obviates the need to fit the decay at each pixel.

8. The FLIMbox also has outputs that can be used to drive picosecond lasers or other types of modulated
sources. More than one laser can be driven, starting with different phases so that a pulse-interleaved
excitation scheme can be implemented.

9. The results of a FLIM measurement are produced in a single file with a .FBD extension (for FLIMbox data).
This file contains the time of arrival of each photon in the four different channels and the time of detection of
the triggers. The file has a header containing the information about the firmware used for programming
the FLIMbox.

10. The .FBD file must be converted into the individual photon stream for each channel. The photon stream is
referenced using data from a fluorophore of known lifetime, and the decay at each pixel is converted to the
phasor value at that pixel, using two harmonic frequencies; one is generally the fundamental of the laser, and
the second can be chosen depending on the analysis that the user wants to perform next. As the original data
are in the .FBD file, the data can be processed again if different harmonics are needed.

11. The phasor plot at each pixel can be subtracted from a phasor background, if needed. The resulting FLIM file, that
is, the phasor value at each pixel, is stored in a compressed file with the extension .R64. These files are relatively
small (generally a few kilobytes), so the reduced information can be easily handled for the phasor analysis.
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the record is always complete at all laser repetition frequencies (Fig. 5c). The phasor approach
requires transformation of lifetime decays into a phasor plot, and this calculation is dependent on a
period in which the data acquisition is repeated and the transformation is performed. The modified
acquisition and calculation explained above result in a known repeat frequency, and thus proper
phasor transformation is achieved. In the absence of a proper period in which the intensity did not
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Fig. 4 | Hardware connection of the FLIMbox. a, External detectors and filter assembly connected to the open port
of a Zeiss 710 microscope. b, Signal/trigger output box from Zeiss. c, Power supply and FLIMBOX as implemented in
the FastFLIM unit by ISS. d, Diagram of the dichroic mirror/filter unit. e, Back connections of the FLIMBOX, including
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card. a, 80-MHz repetition laser frequency with a total range of 50 ns and with TAC gain of 4 results in a
measurement over 12.5 ns. The useful range is from channel 50 to 250 out of 256 bins (78%), and the entire period
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histogram produced by the FLIMbox. The laser repetition period is 12.5 ns, and it is divided into 256 bins, resulting in
a 100% duty cycle. a.u., arbitrary units. Adapted with permission from ref. 18, Springer International Publishing.
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decay completely, the record is not complete and the phasor conversion of the incomplete data is
erroneous. Under these circumstances, mono-exponential lifetimes do not lie on the universal circle.

The other difference between the FLIMbox and TCSPC methods involves the dead time. The
FLIMbox has independent input and parallelization, and is limited only by the discriminator used,
usually ~7 ns. TCSPC is limited by the TAC recovery time, which is usually in the range of 100–120
ns. Fitting of the incomplete data in TCSPC can be erroneous, and phasor transformation of TCSPC
data does not work if the full period is not used. Obtaining full data using windows of 12.5 ns from
25 ns in TCSPC results in a duty cycle of 50%, whereas the FLIMbox has a duty cycle of 100%. The
time resolution of TCSPC measurement is often presumed to be better than that of the FLIMbox.
However, the truth of this statement depends on the definition of time resolution. TCSPC contains a
greater number of bins between two pulses. Thus, time resolution, if defined by bin resolution, is
indeed better for TCSPC. However, lifetime is an exponentially decaying process and photons are
distributed within the bins. The lifetime resolution is therefore dependent on the number of photons
collected. In this case, the FLIMbox, with its higher duty cycle and parallelization, is more efficient.

Materials

Equipment
● Microscope. We use a Zeiss model no. 710, but any commercial confocal microscope with a digital
signal corresponding to the end of a line and/or to the end of a frame signal, including the Zeiss LSM
880, Olympus Fluoview, and Leica SP5/8, will work. The microscope should also have a port where the
detectors to be used for FLIM are attached. Otherwise, the microscope must provide access to the
output of the internal detectors.

● Signal output—trigger units to send the start/end of frame and start/end of line signals exist for newer
versions of Zeiss (LSM 880; Zeiss, Darmstadt, Germany), Olympus (I/O interfacebox; Olympus,
Waltham, MA) and Leica (SP5/8; Leica, Buffalo Grove, IL) microscopes. Older confocal microscopes
can also be used, provided that the user can access the end-of-frame signals.

● PC. A laptop can be used for data collection and analysis. The PC must have an Intel Core 2 Duo
(dual-core) or similar processor and must operate in the 64-bit Windows operating system. A
minimum of 8 GB of memory is required.

● Dichroic mirror and filter sets (Chroma/Semrock/Thorlabs)
● Photon-counting card, including FLIMbox (ISS, Champaign, IL; model no. FastFLIM), BH card
(Becker & Hickl GmbH, Berlin, Germany; model no. SPC-830) or Picoquant (PicoQuant, Berlin,
Germany; model no. MultiHarp 150, HydraHarp 400)

● Photon-counting detectors (Hamamatsu, Bridgewater, NJ; model no. H7422P-40)
● FLIM images. See Box 1, Fig. 4 and the Supplementary Methods for a detailed description of data collection
using the FLIMbox in combination with a commercial microscope. The images used here must have
lifetime information. File formats include FLIMbox (.FBD), BH card (.sdt) and Picoquant (.ptu or .bin).

● Calibration standard images. Calibration images are usually generated by collection of FLIM images
of fluorescent dyes with mono-exponential decays. We routinely use rhodamine 110 in water
(τ = 4.0 ns)21 or Coumarin 6 in ethanol (τ = 2.5 ns)22 for calibration.

● SimFCS (http://www.lfd.uci.edu/globals/). All algorithms used for transformation of the data into
phasors, as well as image segmentation algorithms, are available from the same website. The module
for the FLIM analysis in the SimFCS program has been available since 2003, but has been updated and
improved over the years and is still under development to include new types of analyses.

Procedure

Calibration of phasor plots and conversion of FLIM data to references files
1. Several different file types can be used for the approach described in this protocol. Follow option A

when starting with .FBD files, option B when starting with Picoquant (.ptu) files and option C
when starting with B&H (.sdt) files.
(A) Conversion of FLIMbox (.FBD) files to referenced (.REF/.R64) files ● Timing 30 s per file

c CRITICAL The frequency factor must be the same for the sample and the reference.
Therefore, it is important that both the calibration and experimental FLIM data be acquired
with the same excitation wavelength and acquisition parameters.
(i) Click on the ‘SimFCS’ button of the SimFCS software (Supplementary Fig. 8a) to open up

the SimFCS acquisition and analysis window (Supplementary Fig. 8b).
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(ii) Click on the button in the red box named ‘FLIMbox’.
(iii) Set the correct parameters used for FLIM acquisition in this window. The experiments for

which FLIM data are shown in the examples were carried out with an 80-MHz pulsed laser,
and thus the proper instrumental parameters are preset (Supplementary Fig. 8c). These
parameters are stored in the file header during data acquisition and are automatically
updated when reading the .FBD file.

(iv) Navigate to the ‘file’ option of this FLIMbox window, click on ‘open FBD’ (Supplementary
Fig. 8d) and load the Coumarin 6.FBD file calibration standard file for channel 1
(Supplementary Fig. 8e).

c CRITICAL STEP Note that the .FBD file contains all the input channels used during
acquisition. The channels are split when the file is read, and each channel must be
calibrated independently, as the calibration is different for each detector.

(v) Under the ‘Calibration tools’ menu, choose the ‘Calibrate phasor Ch1’ option
(Supplementary Fig. 8f). This option opens the calibration window (Supplementary
Fig. 8g), wherein phase and modulation can be modified to calibrate the phasor diagram
using a calibration standard.

(vi) Type the proper lifetime for the calibration standard (in this example we used Coumarin 6:
2.50 ns) into the open space in the red box (Supplementary Fig. 8h) and click on the ‘Auto
center’ button. This step causes the phasor points from the Coumarin 6 sample to occupy
the position at 2.50 ns in the phasor plot, and the phasor is then calibrated. We recommend
saving the referenced file using the ‘Apply correction to referenced and save’ button, even
though the correction factors (phase correction shift and modulation multiplier) are
sufficient to calibrate the files acquired with the same parameters. These parameters are
stored in a ‘system file’ and are changed only when a new calibration is requested.

(vii) Click on the ‘Calibration tools’ button and select the ‘Calibrate multiple files Channel 1’
button (Supplementary Fig. 8i) to calibrate multiple files using these calibration factors.
This step will automatically calibrate and save the referenced files for Ch1.

(viii) Repeat Steps 1A(iv–vii) with the signal acquired for Coumarin 6 in Channel 2 for calibration
of the files in Channel 2. The current FLIMbox can acquire up to four independent lifetime
channels, and the calibration must be performed for all four channels, if required. Multiple
different harmonics can also be calculated. Here, only the first harmonic is described and
analyzed. SimFCS will calculate multiple harmonics, and their plots can be displayed.

(B) Conversion of Picoquant (.ptu) files to referenced (.R6G) files ● Timing 30 s per file

c CRITICAL Picoquant files must be converted from the .ptu file format to the .R6G file
format for analysis using SimFCS. Just as with measurements using the FLIMbox, this
referencing requires a calibration sample with a known mono-exponential lifetime. Once the
calibration sample and the actual data are acquired using the Picoquant card, they are
converted using the following steps:
(i) Export the data into binary format (.bin) using the SimPhoTime64 software from

Picoquant or output the data as .ptu files. For multiple-channel acquisitions, the sum of the
multiple files will be exported. The lifetime data for calibration do not need to be in an
image format but can be in a single decay curve. In this case, the single curve is copied
many times to produce an image of the required size that is used as the reference image.

(ii) Click on the ‘FLIM’ button of the SimFCS software (Supplementary Fig. 9a) to open the
FLIM analysis window (Supplementary Fig. 9b).

(iii) Click on the ‘lifetime form’ button (Supplementary Fig. 9b), which opens the ‘lifetime
image calculation’ window (Supplementary Fig. 9c).

(iv) Load the calibration file by first clicking on the ‘file’ button, then clicking on the ‘Reference
multiple files’ button and, finally, choosing the proper file. This step opens the phasor
calibration window (Supplementary Fig. 9d).

(v) Add the proper value for the lifetime of the calibration standard (e.g., 2.50 ns for
Coumarin 6) to the space in the red box next to the ‘E’ button (Supplementary Fig. 9d).
Click on the ‘Auto center’ button. This step calibrates the phasor for the proper laser
frequency, as well as the phase and modulation delay.
? TROUBLESHOOTING

(vi) Save the calibrated data using the ‘Apply correction to referenced and save’ button
(Supplementary Fig. 9d).
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(vii) Reference the experimental files as described in Step 1B(iv). All of the experimental files
can be processed together and will be automatically saved in the same folder.

(C) Conversion of B&H (.sdt) files to referenced (.R64) files ● Timing 30 s per file

c CRITICAL B&H (.sdt) files must be converted to the .R64 file format before they can be
analyzed by SimFCS. Conversion of B&H (.sdt) files to referenced files is very similar to
the conversion of Picoquant files (Step 1B). As with other FLIM acquisitions, acquisition using the
B&H card also requires a fluorescent calibration standard, either with a mono-exponential lifetime
or with another way to represent the IRF. The image acquired for the calibration standard is used
for calibrating the phasor plot and is then used for referencing the experimental files.
(i) Access the FLIM analysis window (Supplementary Fig. 9b) by choosing the ‘FLIM’ button

in SimFCS (Supplementary Fig. 9a).
(ii) Open the ‘lifetime image calculation windows’ (Supplementary Fig. 9c).
(iii) Load the calibration standard using the ‘file’ > ‘Reference multiple files’ buttons. This step

opens the ‘phasor calibration window’ (Supplementary Fig. 9c).
(iv) Add the proper value of the calibration standard lifetime (e.g., 2.50 ns for Coumarin 6) to

the space in the red box next to the ‘E’ button. Click on the ‘Auto center’ button. This step
calibrates the phasor for the proper laser frequency, and for the phase and modulation
delay. The TAC conversion at the beginning and at each of the time channels cannot be
used, and the useful range is marked, generally from 10% of the zero channels to ~90% of
the available channels. On closing this window, the useful range is stored, and all the
subsequent analyses will use the selected range.

(v) Save the calibrated data using the ‘Apply correction to referenced and save’ button.
? TROUBLESHOOTING

(vi) Reference the experimental files as described in Step 1C(iii). All of the experimental files
can be processed together, and they will be automatically saved in the same folder.

(D) Manual calibration of the phasor plot ● Timing 1 min
(i) Change the modulation and phase bars in Supplementary Fig. 9d to position the phasor

cloud at the proper position expected for that particular sample. For a deconvolution
sample, this position is coordinate g = 1 and coordinate s = 0. For a reference sample
having a mono-exponential lifetime decay, the position is given by the proper phase and
modulation values depending on the laser frequency.

(ii) Alternatively, change the parameters dpx, dpy and dmx, dmy to change the phase and
modulation, respectively, so that the phasor appears at the proper position (Supplementary
Fig. 9d).

(iii) Finally, save the calibration using the ‘Apply correction to referenced and save’ button. The
same numbers can now be used for calibration of unknown samples.

(Optional) Masking of FLIM images

c CRITICAL Often during analysis of a FLIM image, it is desirable to calculate phasor points and
distributions for only part of the image. This section describes how to mask part of a FLIM image and
how to construct the phasor distribution for that part. Masking results in analysis that is spatially
restricted, and thus the FLIM signatures from different parts of the image can be calculated and
compared with higher precision.
2. There are four options for masking part of a FLIM image. For masking by area using predefined or

hand-drawn shapes, follow option A or B, respectively. For masking by intensity, follow option C,
and for rapid masking of images, follow option D.
(A) Masking by area of the image using predefined shapes ● Timing minutes to hours,

depending on the number of images and the number of objects in each image
(i) Open the referenced image and threshold the intensity to limit the contribution of

background pixels. An example of an FLIM image and the corresponding phasor plot is
shown in Supplementary Fig. 10a. The phasor plot clearly shows two separate distributions
before masking. The objective here is to mask for the nucleus and hence to calculate only
the phasor distribution from the nucleus.

(ii) Double-click on the open image to access the corresponding bitmap image (Supplementary
Fig. 10b).

(iii) Right-click on the bitmap image. This step offers the option of using different shapes for
masking. Here, an arbitrary shape of 16 points is chosen (Supplementary Fig. 10c).
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(iv) Click on 16 positions that form the border of the masked shape. This step results in the
shape shown in Supplementary Fig. 10d. The user can move this shape by dragging it by
its center.

(v) Reshape the area under the circle by changing the positions of the individual points and
thereby modify it to match the shape of the nucleus. Each point can be grabbed and
positioned arbitrarily (Supplementary Fig. 10e).

(vi) Right-click on the image, navigate to the different Boolean options and choose the ‘or’
option (Supplementary Fig. 10f).

(vii) At this point, use the ‘Tools’ option and select the ‘Get ROI’ option (Supplementary
Fig. 10i). This step selects the region masked as the ROI (Supplementary Fig. 10i).
? TROUBLESHOOTING

(viii) Check the ‘Mask’ button in the analysis window and click on the ‘Recalculate’ button.
(Supplementary Fig. 10j). This step results in masking of the area, and the resulting phasor
histogram is derived only from the masked area. This operation is shown in Supplementary
Fig. 10k, and the corresponding phasor histogram shows that the distribution changes between
the masked and unmasked images (Supplementary Fig. 10a and Supplementary Fig. 10k).

(ix) Save the modified masked reference file by using the ‘file’ and ‘Save selected files as ref’
buttons (Supplementary Fig. 10l). The new reference file is saved using the old file name
with ‘masked’ appended to the file name.

(B) Masking by area of the image using hand-drawn shapes ● Timing minutes to hours,
depending on the number of images and the number of objects in each image
(i) Load the referenced FLIM file and click on the ‘hand draw’ button (Supplementary

Fig. 10c). This step opens the window shown in Supplementary Fig. 14g.
(ii) Click on the ‘Hand draw an enclosed area’ button, and then draw an arbitrary line using

the mouse while holding down the left button (Supplementary Fig. 14g). Draw the
complete boundary by finishing at the starting point. The shape of the boundary can be
seen on the left side of the screen.

(iii) Check the ‘Click on area to fill’ button and left-click the area containing the hand-drawn
line. This step results in selection of the area inside the drawn periphery (Supplementary
Fig. 14h).

(iv) At this point, use the ‘Tools’ option and select the ‘Get ROI’ option (Supplementary
Fig. 10i). This step selects the region masked as the ROI (Supplementary Fig. 10i).

(v) Then click on the ‘Mask’ button in the analysis window and click on the ‘Recalculate’
button (Supplementary Fig. 10j).

c CRITICAL STEP This step results in masking of the area, and the phasor histogram is
derived only from the masked area. This operation is shown in Supplementary Fig. 14k,
and the corresponding phasor histogram shows that the distribution changes between the
masked and unmasked images (Supplementary Fig. 10a,k).
? TROUBLESHOOTING

(vi) Save the modified masked reference file by clicking on ‘file’ and the ‘Save selected files as
ref’ button (Supplementary Fig. 10l). The new reference file is saved using the old file name
with ‘masked’ appended to the file name.

(C) Masking by intensity ● Timing seconds
(i) Load the referenced FLIM file into the FLIM analysis window (click on ‘file’ and ‘Read

referenced and add’; see Supplementary Fig. 11b). An intensity image (Supplementary
Fig. 11a) and the corresponding phasor plot (Supplementary Fig. 11c) will open.

(ii) Select the ‘Histo’ subtab and then, using the red and blue lines in the histogram area,
modify the threshold (highlighted by the red and blue arrows in Supplementary Fig. 11b).

(iii) Drag the upper and lower threshold lines for the histogram, and save the values in
Supplementary Fig. 11b (minimum and maximum) by checking the empty boxes next to
the ‘Min’ and ‘Max’ options.

(iv) (Optional) Image different areas of the cell by using different masking thresholds. This
operation is exemplified in Supplementary Fig. 11d.

(v) Double-click on the image under analysis (Supplementary Fig. 11a) and a bitmap image
will pop up (Supplementary Fig. 11e). Go to the ‘Tools’ menu and select ‘Generated Mask’
(highlighted as ‘1’ in Supplementary Fig. 11e). A new window for the masking, called ‘Mask
form’, opens up (Supplementary Fig. 11f). Introduce the values for maximum and
minimum intensities that are used for this masking (indicated with ‘1’ in Supplementary
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Fig. 11f). Different options for masking can be selected (indicated with ‘2’ in
Supplementary Fig. 11f). Click on the ‘Execute’ button and the mask is generated. Using
the zoom bar (indicated with ‘3’ in Supplementary Fig. 11b), one can move back the range
of the histogram and adjust the threshold to the high-intensity pixels.
? TROUBLESHOOTING

(vi) To save the mask, select ‘save mask in mask0’ from the ‘tools’ menu of the bitmap image
(indicated with ‘2’ in Supplementary Fig. 11e).

(vii) Finally, in the FLIM analysis window, check the mask option (indicated with ‘4’ in
Supplementary Fig. 11b), and then save the file, using ‘File’ > ‘save selected file as ref’ in the
same window. A new file is generated in the original folder, using the original name of the
file with ‘mask’ added to it. The effect of masking different intensity sections of the image is
shown using Laurdan fluorescence in NIH-3T3 cells (Supplementary Fig. 11a). Selecting
different sections of the intensity histogram results in identification of different regions of
the cell (Supplementary Fig. 11d).

(D) Rapid masking of images ● Timing 60 s per image
(i) Load the referenced FLIM file and threshold the intensity to eliminate all areas of very low

intensity using the ‘Histo’ menu (Supplementary Fig. 11b).
(ii) Visible cells can touch each other; this happens often in some regions of the field. To

separate ROIs, draw a black line by holding down the left mouse button on the original
image window (Supplementary Fig. 11a, not the bitmap) around each cell such that
they are now separated by at least one black pixel (Supplementary Fig. 11g). Masks
can be generated automatically by selection of each area contained in a region with a
continuous black contour that is at least one pixel wide, with no corner contact
(Supplementary Fig. 11g).

(iii) Open the window ‘Select actions’ by right-clicking on the image. Check the ‘Toggle use of
click mask’ option (Supplementary Fig. 11g). This step results in rapid masking of the areas
of interest.

(iv) First, click on each of the cells and then click on the ‘Store selected mask as “_” ’ button.
This operation saves a new file for each mask corresponding to cells labeled A/B/C/D/ and
so on. (Supplementary Fig. 11h, black box inset), assigned, for example, to different cell
morphologies or to any other category of choice (e.g., dividing or dying cells, cells with a
specific marker, cells close to a blood vessel, cuboidal cells). The categories of masks are
used to select all cells that are in a particular group and to obtain the phasor plot for that
category only.

(v) Choose multiple separate areas by selecting different regions of enclosed images with a left
mouse click and save them together using the procedure given in the preceding step. This
approach is useful for selecting similar morphologies.

(vi) This masking procedure will produce a number of new files, each with a single
object. Open them individually to obtain an independent phasor distribution (see
Supplementary Fig. 11i (A–C) representing the generated file in the image in
Supplementary Fig. 11g).

c CRITICAL STEP Saving the masked file is important for later use of the image.

(Optional) Image filtering ● Timing seconds

c CRITICAL The phasor transformation results in visualization of fluorescence intensity decays as an
image. The coordinates of the phasor plot are additive, and hence the image-processing tools are
applicable for processing this plot21. Commonly, a median convolution filter of 3 × 3 is used on the
phasor plot (Fig. 6a). This median filter sharpens the border of the phasor plot without changing the
resolution of the original FLIM images (Fig. 6a,d). The additivity of the phasor coordinates ensures that
median filtering can be used successively (Fig. 6a,b). The common convolution applied is based on a 3 ×
3 matrix. However, if photon counts are low and consequently the phasor cloud is broad, then a 5 × 5
filtering can also be applied. This filtering decreases the variance of the phasor distribution and results in
sharp boundaries (Fig. 6a). This median filtering is fundamentally different than the smoothing filtering
applied to TCSPC images. In conventional smoothing, filtered fluorescence intensity decays from nine
adjacent pixels are summed, and the average histogram is assigned to the central point (Fig. 6c). This
binning procedure results in decreased spatial resolution (Fig. 6d). Similarly, in contrast to phasors, in
which successive filtering can be applied, smoothing filters cannot be applied consecutively to FLIM
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images using TCSPC. Median filtering of phasor plots, which does not affect the spatial resolution of
the image, can be used to decipher hidden components, especially if they are in the region of low
fluorescence intensity (Fig. 6e).
3. Click on the ‘E’ button to apply a median filter to the phasor distribution (Supplementary Fig. 12a).

Check the ‘extreme’ E button option to apply a 5 × 5 pixel median filter. Uncheck this option to
apply a 3 × 3 pixel median filter. This operation decreases the spread of phasor points but does not
decrease the resolution of the images21 (compare Supplementary Figs. 12b (no filtering), 12c (3 × 3
pixel filtering) and 12d (5 × 5 pixel filtering)).
? TROUBLESHOOTING

Analysis of biological fluorescence
4. Depending on the biological experiment, we describe six options for analysis of biological

fluorescence. Follow option A to select a region of the phasor plot and paint the image according to
the decay type. This option exemplifies the reciprocity principle of the phasor approach. Follow
option B to select a point in the image and determine the type of decay at that location
in the image. Follow option C for two-component analyses of fractional NADH distribution
and option D for three-component analysis of a phasor histogram. Follow option E for
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Retrieved from https://escholarship.org/uc/item/5g279175.
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calculation of FRET efficiency using the phasor approach. Follow option F for analysis of absolute
NADH concentration.
? TROUBLESHOOTING
(A) Selection of a region of the phasor plot and painting of the image according to the decay

type ● Timing a few seconds to minutes

c CRITICAL This option shows the first part of the reciprocity principle of phasor plots,
wherein part of a phasor plot is selected and ascribed to the points in the image corresponding
to this selection (Step 2A(i)). Step 3A(ii–iv) below shows how to paint the image with a color
that is used to select part of the phasor plot.
(i) Open the referenced image (from Step 2A(i)) and threshold the intensity to limit the

background. The FLIM image and the corresponding phasor plot are shown in
Supplementary Fig. 13a. The phasor plot shows two separate distributions.

(ii) Choose the cursors for selecting a part of the distributions using the ‘cursors’ menu of the
image analysis window (Supplementary Fig. 13b). Various cursor colors can be chosen, and
the size of the cursors can be changed by changing the number under the ‘radius’ column.

(iii) Use a red cursor to select a part of the phasor plot. This step results in the corresponding
part of the image being colored red (Supplementary Fig. 13c). In this example, the colored
part of the image corresponds to the nucleus, and the selected phasor points are hence
representative of the nucleus. The average phasor positions (g and s) and average phase and
modulation lifetimes (τP and τM) calculated from the selected area are shown at the top of
the phasor plot (Supplementary Fig. 13c).

(iv) Select the other part of the phasor distribution using a green cursor. In this example, this
step results in the cytoplasm being selected (Supplementary Fig. 13d). This direct relation
between the phasor plot and the FLIM image can help in identification of new species if
they are present in specific areas of the image and have specific phasor locations.

c CRITICAL STEP The different types of cursors available and the continuous color
schemes for painting an image according to phasor distribution are described in the
Software introduction of SimFCS (see Supplementary Fig. 4 and Supplementary Note 6).
? TROUBLESHOOTING

(B) Selection of a point in the image and determination of the type of decay at that
location ● Timing a few seconds to minutes

c CRITICAL STEP This option describes the second part of the reciprocity principle. In terms
of the phasor approach, autofluorescence and other FLIM measurements are usually described
by the average phasor coordinates (two values) of a region of the image. If the phasor position
belongs to a particular species, then this analysis results in the corresponding phasor signature
of that species.
(i) Open the referenced images (from Step 2A(i)) and correct the image for the background using

the histogram tab (see Step 2A(i) and Supplementary Fig. 14a). This step opens the fluorescence
intensity image and the corresponding phasor distribution (Supplementary Fig. 14b).

(ii) Click on the ‘Har 2’ menu (red box, Supplementary Fig. 14a), which opens the ‘second
harmonic’ window. This operation shows the phasor distribution converted to the second
harmonic (laser frequency: ~160 MHz) (Supplementary Fig. 14c).

(iii) Convert the FLIM image to this newly opened ‘Har 2’ window as follows: first, click on the
‘tools’ button and choose the ‘Use reciprocal phasor plot’ option; then click on the ‘Normal
reciprocal plot’ button (Supplementary Fig. 14d). The intensity image is plotted in the ‘Har
2’ window. The corresponding phasor plot and the harmonic 2 window are shown in
Supplementary Fig. 14e,f, respectively.

(iv) Using a selected cursor size, select a part of the image in the ‘Har 2’ window
(Supplementary Fig. 14g). The center of the corresponding phasor position can be seen in
the harmonic 1 window (red dot, Supplementary Fig. 14h).

(v) To save the statistics, first click on the ‘Average in cursor’ button and then click on the
‘Add to series’ button in the analysis window (Supplementary Fig. 14a). This procedure
opens a new ‘memo pad’ window, in which the details of this analysis are noted
(Supplementary Fig. 14i). These statistics relate only to the area selected by the cursor.

(vi) Use the cursor in the ‘Har 2’ window to select a different part of the image. In this example,
we use this approach to compare the cytoplasm and mitochondria to the nucleus. The
corresponding phasor position can change to a very different point of the phasor
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histogram, depending on the selected region (Supplementary Fig. 14j,k). The user can then
save the statistics from this position to the memo pad by repeating Step 4B(v). The
positions of the areas in the image in the ‘Har 2’ window that have already been selected are
marked using the red circles. Using cursors of different sizes, the different areas belonging
to different parts of the image (e.g., nucleus or cytoplasm) are calculated, and the
corresponding information is finally compared either between different types of areas in
the same image or between similar areas of different images.

c CRITICAL STEP The size of the cursor is important for averaging the phasor position.
The average position of the phasor from a part of the selected image is calculated based on
the center of the cursor. Thus, if the average of these cursors is used for any calculation, it is
better to use same-size cursors.
? TROUBLESHOOTING

(C) Two-component analysis of fractional NADH distribution ● Timing minutes
(i) Open the referenced samples (from Step 2A(i)) and then choose the proper intensity

boundaries using the ‘Histo’ tab (Step 2A(i)). In this example, the intensity between 8.44
counts and 62.99 counts was selected. The intensity is the threshold based on the
background outside the cell. This operation is shown in Supplementary Fig. 15a.

(ii) Select two cursors (Supplementary Fig. 15b). Position the cursors (green and red) at the
phasor positions for free (0.4 ns) and bound (to lactate dehydrogenase (LDH)) (3.4 ns)
NADH, respectively (Supplementary Fig. 15c). Change the size of the cursor (box in
Supplementary Fig. 15b) so that the phasor distribution can be covered by the trajectory
joining the two cursors.

(iii) Assign the cursors to the two components using the ‘Assign’ menu (Supplementary
Fig. 15d) and select the ‘Assign cursors 1 and 2 to components 1 and 2’ option. This
assignment changes the phasor plot and colors it according to the linked cursor color
(Supplementary Fig. 15e).

(iv) From the ‘tools’ menu, select ‘Linear formula of files selected’ (Supplementary Fig. 15f).
This selection allows one to use the linear addition properties of phasor space to calculate
the fraction of species between the two cursors. This operation provides the distribution of
the species (Supplementary Fig. 15g). The x axis is from fraction 1 to fraction 2. Thus, the x
axis increases toward the fraction of 2, free NADH in this case. The y axis is normalized by
the number of pixels in each image. The total (thick blue line) is the cumulative plot.
Here, the distributions of all the images are added and are normalized for the total number
of pixels.
? TROUBLESHOOTING

(D) Three-component analysis of a phasor histogram ● Timing a few minutes
(i) Open the referenced FLIM images (from Step 2A(i)) and then select for minimum and

maximum intensities using the histogram menu (Step 2A(i)) of the analysis window
(Supplementary Fig. 16a).

(ii) Select three cursors using the cursor menu (Supplementary Fig. 16b). Place cursors 1 (red)
and 2 (green) along the metabolic trajectory. Here, cursor 1 (red) is placed on the phasor
position for 100% bound NADH, and cursor 2 (green) is placed on the phasor position of
100% free NADH. Place cursor 3 (blue) on the phasor position of the third component
(LLS here) (Supplementary Fig. 16c).

(iii) Use the ‘Assign’ tab and select the following option: ‘Assign cursors 1-2-3 to components
1-2-3’ (Supplementary Fig. 16d).

(iv) Click on the ‘calculator’ menu and check the ‘high resolution’ option. Using the same
menu, click on the button for ‘Fractional Intensity’ (Supplementary Fig. 16e). This step
opens the window called ‘Fit phasor plot’ (Supplementary Fig. 16f). The red box called
‘radius’ will determine the size of the three cursors used for the scanning operation of the
triangular area. The default value is 0.01. The binning of the area under the calculation can
be varied by changing this ‘radius’ parameter.

(v) Click on the ‘tools’ menu in the ‘Fit phasor plot’ window (Supplementary Fig. 16g).
Actually, a fit is not carried out, but the phasor plot is scanned by moving one end along a
side of the triangle and counting the phasor points that are intersected by the line. Then,
from the ensuing options, check ‘3-Comp fractions of B projected to R-G and along R-G
line’. These steps produce the red graph representing the distributions from cursor 1 (red)
and cursor 2 (green) (Supplementary Fig. 16h). So for the red graph, the axis is from 0%
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free (100% bound) to 100% free NADH. The green plot shows the fraction of the third
species (LLS) here.

c CRITICAL STEP The positions of the individual components where the cursors are
placed are very important for this fraction analysis.

(E) Calculation of FRET efficiency using the phasor approach ● Timing minutes

c CRITICAL STEP This option requires three samples for FRET analysis: an autofluorescence
background sample, a donor-only sample and a donor–acceptor FRET sample.
(i) Open the referenced intensity images (from Step 2A(i)) (Supplementary Fig. 17a) of

background, donor only and donor–acceptor (left–right) using the ‘file’ and ‘read reference’
buttons of the analysis window (Supplementary Fig. 3a).

(ii) Correct the samples for the background using the ‘histo’ tab (Step 2A(i)). Small amounts of light
appear near the (0, 0) position of the phasor, as it is unmodulated and has zero modulation
depth. The histogram eliminates the background corresponding to this unmodulated light.

(iii) Check the ‘X-treme’ button and finally press the ‘E’ button (Supplementary Fig. 17c). This
step decreases the spread of phasor points. Uncheck the ‘color point’ option to modify the
images to grayscale.

(iv) Check the green box (Supplementary Fig. 17c) and adjust the sizes of the cursors
accordingly. Use the green cursor to select the background phasor points (Supplementary
Fig. 17d). The origin of this background is autofluorescence.

(v) Place the red cursor on top of the phasor points that highlight the donor-only sample
(Supplementary Fig. 17d,g).

(vi) Once the circles are placed in the correct positions, click on ‘Assign cursors 1–2 to
unquenched-background’ under the ‘assign’ menu (Supplementary Fig. 17e).

(vii) Click on the ‘calculator’ button in Supplementary Fig. 17e and click on ‘FRET donor only’,
the first option. This step opens the ‘Fit phasor’ window (Supplementary Fig. 17f,g(iii,iv)).

(viii) The ‘Fit Phasor Plot’ has three sliders (Supplementary Fig. 17f). As in Step 4E, a fit is not
actually carried out here, but lines are traced according to the linear rule for combination of
phasors. These three sliders are ‘Scan FRET Efficiency’, ‘Scan % background’ and ‘Scan %D
unquenched’. Originally, when the cursor is on the donor phasor position, FRET is zero and
the sliders are all the way to the left. Move the background and scan unquenched sliders so
that there is a straight line joining the central position between the background and donor-
only phasor positions (the center of green and red cursors), and the FRET trajectory (black
line) runs through the center of the phasor points from donor–acceptor samples.

(ix) Move the ‘Scan FRET efficiency’ slider until the cursor sits on top of the phasor positions of
the donor–acceptor sample (Supplementary Fig. 17g(iv)). The cell with the donor–acceptor
sample is then colored red (Supplementary Fig. 17g(iii)). The calculated FRET efficiency
(e.g., 0.27) is shown on top of the phasor plot.

(F) Analysis of absolute NADH concentration ● Timing minutes
(i) Load the free NADH-referenced calibration file into the FLIM analysis window

(Supplementary Fig. 18a). Filter the phasor distribution by pressing the ‘E’ button after
selecting the ‘X-treme’ option (Supplementary Fig. 18a).

(ii) Open the calculator tab and click on the ‘concentration with calibration (FLIM)’ option
(Supplementary Fig. 18b).

(iii) Concentration calibration and other concentration measurements are performed in the
‘calibform’ window (Supplementary Fig. 18c). Define the fraction of intensity and the
fraction of free to bound NADH by dragging the bars (marked with ‘1’ in Supplementary
Fig. 18c). The laser frequency and the position for the free (blue) and bound (red) cursors,
respectively, are marked with ‘2’ in Supplementary Fig. 18c.

(iv) Type in the value of the concentration of the calibration sample (marked with ‘3’ in
Supplementary Fig. 18c), along with the background intensity and the amount of lamp
light. Select the light intensity you want to apply (we suggest starting with 0.5–1.0; see
option 2 in Supplementary Fig. 18c).

(v) Select the color map to paint the image (marked with ‘5’ in Supplementary Fig. 18c). The
options include intensity map, NADH concentration and fraction of free/bound NADH.

(vi) At the bottom of this window (marked with ‘5’ in Supplementary Fig. 18c), three more
options are available: ‘lamp correction’, ‘cursor 1 is intercept point’ (to determine the
concentration in a pixel cluster by moving the fraction and concentration bars; marked
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with ‘1’ in Supplementary Fig. 18c) and ‘use (1, 0) point’, where instead of (0, 0), (1, 0) is
used to modify the phasor plot (marked with ‘5’ in Supplementary Fig. 18c).

(vii) Check ‘allow lamp calibration for greyed’ (marked with ‘5’ in Supplementary Fig. 18c).
Then in the main FLIM analysis window (Supplementary Fig. 2a), click on the file selected
until it is grayed and then click on the ‘concentration with calibration’ button on the
‘calculator’ tab of the FLIM analysis window.

(viii) Calibrate the concentration cursor by dragging the top bar (marked with ‘1’ in Supplementary
Fig. 18c) until the red line reaches the free-NADH phasor cluster (Supplementary Fig. 18e).

(ix) In the ‘concentration at the blue dot’ menu, enter the value of the concentration of the
calibration solution used, for example, 1,100 μM in this measurement. Then click on the
‘accept’ button (marked with ‘3’ in Supplementary Fig. 18c).

(x) To activate the calibration, click on the ‘calculator’ tab again and select ‘concentration with
calibration’. Now, the cluster of pixels in the phasor plot should be shifted toward (0, 0),
depending on the amount of external light typed into the ‘concentration at the blue dot’
field (marked with ‘3’ in Supplementary Fig. 18c). The phasor plot is now calibrated for the
measurement of the unknown absolute concentration of NADH.

(xi) Uncheck the ‘allow lamp correction’ option (marked with ‘5’ in Supplementary Fig. 18c) to
avoid an automatic calibration.

(xii) Open the file(s) for the analysis as explained in Step 2A(i) and Supplementary Fig. 3b,
set the histogram parameters to select the intensity window (marked with ‘2’ in

Box 2 | Calibration of phasor plots and use of a deconvolution sample

The IRF is a very important parameter in TCSPC measurements. Although the laser pulse itself can have a very
short duration (subpicosecond in some cases), the response of the detector can be relatively slow (closer to 1 ns
for gallium arsenide detectors, although hybrid detectors are much faster). Consequently, in time domain
measurements, the measured fluorescence lifetimes may be comparable to the IRF, and deconvolution of the
intensity decay may then be required to calculate the proper lifetime. A substantial amount of research has been
directed to creating deconvolution techniques and modeling the shape of the IRF function47,48. Traditionally, in
cuvette measurements, scattering solutions were used to measure the IRF. However, in FLIM systems, scattering
is blocked from reaching the detector because it has the same wavelength as the excitation light. The method
often used for obtaining the IRF in the FLIM setup when using TCSPC is second-harmonic generation (SHG)49. A
common sample for SHG generation is a urea crystal50–52. One of the problems with using SHG as the IRF is that
the stronger SHG signal is directed toward the direction of propagation of the excitation and only scattered SHG
signals can be collected with the same objective. The IRF is also influenced by the microscope objective and
usually broadens when passed through optics.
In the phasor approach, the data can be converted to the phasor plot from either time domain or frequency
domain measurements53,54. One of the substantial advantages of phasors is that this approach requires a
calibration standard but not measurement of the full IRF. Compared with exponential fits in the time domain, for
which the IRF may need to be deconvoluted, in the phasor approach, the lifetime of the standard can be used to
calibrate the phasor for the instrumental phase and modulation functions. Calibration of the phasor plot using a
fluorophore with a mono-exponential lifetime is often used because of the known lifetime and defined phase and
modulation parameters of the fluorescence for a given laser frequency. As mentioned earlier, commonly,
rhodamine 110 in water (τ = 4.0 ns)21 or Coumarin 6 in ethanol (τ = 2.5 ns)22 is used for this calibration. In
Fourier space (phasor plot), the changes in the phase are additive, and modulations are multiplicative. The
calibration procedure using a fluorophore is shown in Fig. 7a. The acquired position of the phasor distribution is
shown with the bright-red cursor. The phasor plot is uncalibrated, and the corresponding phasor position of the
fluorophore lifetime standard in a calibrated plot is represented by a blue cursor. To calibrate the phasor plot, first
the cone angle/phase is increased from ϕ1 by an amount ϕ2 so that the final angle is the same as that of the blue
cursor (ϕ) and where ϕ = ϕ1 + ϕ2 (blue arrow, operation i, Fig. 7a). The blue cursor represents the proper
position of the phasor points, given the laser repetition rate. This step moves the phasor distribution to the light-
red cursor. Then the modulation correction is applied by multiplication of the modulation of the red cursors (m1)
by an amount m2, so that the final modulation (m) is the same as the blue point and m = m1 * m2 (blue arrow,
operation ii, Fig. 7a). The phasor is now calibrated, and the calibration parameters m2 and ϕ2 are calculated.
These two operations, phase correction and modulation correction, are independent and can be applied in any
order. Each point of the phasor points from the acquired FLIM data is then calibrated using these two parameters
(ϕ2 and m2), and the images are referenced relative to the calibration standard.
In phasor space, deconvolution with the IRF using a scattering solution/SHG signal follows a very similar idea.
The phasor position in a calibrated phasor plot for the scattering solution/SHG is at s = 0, g = 1 and is
represented by the blue cursor in Fig. 7b. The deconvolution in phasor space follows mathematics similar to
those described earlier, and again phase is additive and modulation is multiplicative. Similar to calibration with a
fluorescent sample, calibration of the phasor plot using deconvolution follows the phase correction so the phase
angle becomes zero (moving the bright-red cursor to the light-red cursor in Fig. 7b; blue arrow, operation i,
Fig. 7b), and then modulation correction positions the distribution to the blue cursor (blue arrow, operation ii,
Fig. 7b). The same correction is applied to the phasor points from acquired images to convert them to calibrated
phasor distributions. The absence of the necessity for IRF acquisition is another reason why the phasor approach
to FLIM analysis is so useful.
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Supplementary Fig. 18d), and fix this threshold by checking the box next to the minimum
option (marked with ‘1’ in Supplementary Fig. 18d). Click on the file selected for the
analysis until it is grayed, then click on the ‘recalculate’ button (marked with ‘4’ in
Supplementary Fig. 18d) and restart the ‘calibform’ window by selecting the ‘calculator’ tab
and the ‘concentration with calibration (FLIM)’ option.

(xiii) Click on ‘cursor 1 is intercept point’ and then move the ‘concentration’ and ‘fraction of
bound’ cursors (option 1 in Supplementary Fig. 18c) to a point on the phasor plot heat
map; this step will determine the concentration at each pixel (Supplementary Fig. 18e).

(xiv) Select the option ‘concentration’ or ‘fraction for free’ in the ‘color image according to’
menu (marked with ‘5’ in Supplementary Fig. 18c) to paint the image by the concentration
of NADH or the fraction of free to bound NADH (1 or 2 in Supplementary Fig. 18e,
respectively).

(xv) Double-click the image mentioned above, and a bitmap image opens up. Click on the
‘tools’ tab and select the histogram option. This step opens the histogram of the values
associated with that particular image (Supplementary Fig. 18e).

c CRITICAL STEP The concentration of the free NADH solution determines the accuracy
of the calculation and thus should be determined carefully.

Troubleshooting

Troubleshooting advice can be found in Table 1.

Table 1 | Troubleshooting table

Step Problem Possible reason Solution

2A(vii), 4 The image does not appear properly
during image analysis; in particular, part
of the image disappears

Improper thresholding results in
part of the image not being
selected

Perform proper thresholding using the
intensity histogram (Supplementary Fig. 2g).
This step is especially important if there is a
large contribution from background or if
there are very few really bright points

2A(vii) The image is not masked and the whole
image still appears

Either the ‘mask’ is not turned
on or the proper ROI was not
chosen

First choose the proper ROI by using the ‘Get
ROI’ button shown in Supplementary Fig. 10i.
Then make sure that the ‘mask’ is checked,
as shown in Supplementary Fig. 10j

1B(v), 1C(v) The phasor from the solution
measurement for calibration is not
symmetric

An asymmetric phasor
distribution results from
incorrect acquisition

Check the alignment and make the original
phasor image symmetric

3 The phasor is too broad The numbers of photons are low Use median filtering (Step 3, Supplementary
Fig. 12). The point to note is that although
median filtering will not affect the resolution
of the FLIM image, median filtering will affect
the resolution of the phasor-mapped image

Table continued
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Fig. 7 | Calibration of the phasor plot using a fluorescent standard or scattering sample. a, Calibration of the
phasor plot by phase and modulation correction using a fluorescent dye with a mono-exponential lifetime.
b, Calibration of the phasor plot using IRF and deconvolution. In both cases, operations i and ii (blue arrows)
represent phase correction and modulation correction, respectively. These two corrections are independent and can
be used in any order.
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Timing

Step 1A, conversion of FLIMbox (.FBD) files to referenced (.REF/.R64) files: 30 s per file
Step 1B, conversion of Picoquant (.ptu) files to referenced (.R6G) files: 30 s per file
Step 1C, conversion of B&H (.sdt) files to referenced (.R64) files: 30 s per file
Step 1D, manual calibration of the phasor plot: 1 min
Step 2A, masking by area of the image using predefined shapes: minutes to hours, depending on the
number of images and the number of objects in each image
Step 2B, masking by area of the image using hand-drawn shapes: minutes to hours, depending on the
number of images and the number of objects in each image
Step 2C, masking by intensity: seconds
Step 2D, rapid masking of images: 60 s per image
Step 3, (optional) image filtering: seconds
Step 4A, selection of a region of the phasor plot and painting of the image according to the decay type: a
few seconds to minutes
Step 4B, selection of a point in the image and determination of the type of decay at that location: a few
seconds to minutes
Step 4C, two-component analysis of fractional NADH distribution: minutes
Step 4D, three-component analysis of a phasor histogram: a few minutes
Step 4E, calculation of FRET efficiency using the phasor approach: minutes
Step 4F, analysis of absolute NADH concentration: minutes
Box 1, operation of the FLIMbox in combination with a commercial microscope: 10 min

Anticipated results

In this section, we describe five different types of FLIM measurement that can be analyzed using the
phasor approach.

Metabolism measurements based on FLIM
Autofluorescence from cells has been used as an index of metabolic activity in cellular systems23,24.
Two cofactors, NADH and FAD, are universal in any lifeform and participate in cellular metabolic
activity. Some oxidation states of these two cofactors are fluorescent, whereas NAD+ is non-
fluorescent. The equilibrium between NADH and NAD+, and the redox oxidation states of FAD can
therefore be used as an indication of the metabolic state of cells25–27. Hence, intensity ratios related to
NADH/FAD or NADH/(NADH + FAD) have previously been used for understanding metabolism
using fluorescence measurements26,28. Free NADH has a fluorescence lifetime of 0.4 ns and a very low
quantum yield20. The lifetime of NADH increases considerably when it is bound to a protein (to
3.4 ns when bound to LDH with oxalate ions present6). FAD shows a reverse trend, shifting from a
longer lifetime in the free state to a shorter lifetime in a protein-bound state29. However, the ratio of
NAD+ to NADH can be related to the ratio of free to bound NADH, and this ratio can be used to
monitor changes in metabolism26. A change toward increased free NADH is representative of
increased glycolytic metabolism and decreased oxidative phosphorylation (Fig. 8a–d)26,30. The free
NADH phasor position is shown in Fig. 8e (at 80 MHz; blue cursor). The position of bound NADH
(e.g., to LDH) is shown by the green cursor in Fig. 8e. In the absence of other fluorescent species, the
autofluorescence arising from NADH and corresponding to different fractions of free/bound NADH

Table 1 (continued)

Step Problem Possible reason Solution

4A(iv), 4B(vi) and
4C(iv)

The color of the cursor is not the only
color in the phasor-mapped FLIM image

Images were not converted to
grayscale

First convert the images to grayscale by
unchecking the ‘color points’ button (marked
with ‘iii’ in Supplementary Fig. 17c; see
Supplementary Note 6)

Supplementary
Methods, step xii

The image is shifted The frequency factor was not
reset

Reset the frequency factor. To do so, first
acquire three frames of shifted images and
then click on ‘reset frequency factor’ (see
Supplementary Fig. 7b and Supplementary
Note 6)
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is spread along the line joining these two points in the phasor plot. This line is called the metabolic
trajectory, and a shift along this trajectory is indicative of metabolic changes (Fig. 8e)10. This change
in the phasor position along the trajectory has been analyzed using two approaches (see Supple-
mentary Note 1 for details). The first type of analysis involves calculation of the average phasor
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Fig. 8 | Phasor analysis of metabolism on the basis of free and enzyme-bound NADH FLIM data. a, Phasor FLIM
color maps of the relative concentrations of free NADH (purple) and bound NADH (cyan–white) in E12-stage neural
progenitor and stem cells before and after the addition of potassium cyanide (a respiration chain blocker). b, NIH-
3T3 fibroblast before and after the addition of hydrogen peroxide (H2O2) (increase in oxidative stress). c, Phasor FLIM
color maps of the relative concentrations of free NADH (purple) and bound NADH (cyan–white) in NIH-3T3
fibroblasts in low glucose (4.5 mM) and high glucose (22 mM). d, Control DLD-1 colon cancer cells and DLD-1 colon
cancer cells treated with sodium dichloroacetate (DCA). The dichloroacetate ion inhibits pyruvate dehydrogenase
kinase, resulting in inhibition of glycolysis and a decrease in lactate production. e, Decomposition of the phasor
plot using three components. The locations of three components in the phasor distribution used for separating the
various contributions are shown with red, green and blue representing LLS, and bound and free NADH, respectively.
The plots show the changes in the fraction of free NADH and fraction of LLS for the low-fat (black) and
western (red) diet mouse livers, respectively. N = 9 animals with ten images each; error bars indicate s.d. Scale bars,
10 µm (b,c) or 20 µm (a,d). a–d adapted with permission from ref. 30. e adapted with permission from ref. 11,
The Optical Society.
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position1 (Fig. 1, left). The other type of analysis is based on representing the position along the
metabolic trajectory with colors (Fig. 1, right, and Supplementary Fig. 4). The position of a phasor
point arising from contributions from two different original points is on the line joining those two
original points9,31. The relative contributions of these two original points are inversely proportional to
the distance of the new phasor point from each of the original points21. The heat map derived from
the line of linear combination in a phasor plot is used to visualize regions of different metabolism in a
cell or tissue sample (Fig. 8).

FRET and phasor plots
FRET involves transfer of excited-state energy from a fluorescent molecule (donor) to another
molecule (acceptor), which results in a decrease in the lifetime of the donor fluorophore32. Figure 9
shows the change of phasor position due to FRET in the absence and presence of a contribution from
background. In the presence of FRET, the phasor of the donor follows a specific trajectory that can be
easily identified and attributed to FRET. FRET-based biosensors have been used to assess a variety of
intracellular processes, including kinase, phosphatase and GTPase activities; messenger RNA
dynamics; and receptor–ligand interactions, as well as being used more recently to assess metabo-
lism3,33–36. These biosensors are usually synthesized using two separate strategies: the dual-chain and
the single-chain approach (Fig. 10a,b)3. In the dual-chain approach, two individual proteins are
tagged with fluorescent moieties, that is, FRET pairs. In this system, in the absence of any interaction,
the donor’s fluorescence is not altered. But if the two proteins interact, the distance between the FRET
pairs is reduced, and the donor transfers energy to the acceptor, resulting in a decrease in the donor
lifetime. The single-chain approach involves having both the donor and acceptor connected to the
same protein complex. In this case, even in the absence of the target ligand, the FRET pair may be
close enough to experience some energy transfer. But once there is a change in the structure of this
complex, due to ligand binding, the distance between the donor and acceptor can be altered sig-
nificantly, resulting in a change in FRET efficiency (Fig. 10b). The changes in lifetime due to FRET
can be analyzed by the phasor approach37. The FRET trajectory for the donor is curved as the donor
lifetime is gradually quenched by the FRET process. The extent and shape of the FRET trajectory
inside a phasor plot are dependent on the contribution from background autofluorescence. However,
biosensors have two states differing in FRET, and hence donor lifetimes, rather than displaying a
gradual change in FRET efficiency, have their own corresponding phasor positions. Thus, FRET
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(green), and donor and acceptor chain bound (yellow). The fluorescent species encountered in single-chain
biosensor detection (right): an optically inactive biosensor (red), a low-FRET biosensor (green) and high-FRET
biosensors (yellow). b, Analysis of the FRET signal from a dual-chain (left) and a single-chain (right) biosensor in the
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combination distinct from the phasor distribution due to FRET. In the single-chain design, the phasor location of the
donor-only species is no longer the off state of the biosensor. Instead, it is a low-FRET state attributable to a residual
FRET signal inherent to the single-chain biosensor design. c, FRET detection of a RhoA-kRas single-chain biosensor
with constitutive membrane localization. The top row shows fluorescence intensity images, and the bottom row
shows the corresponding phasor-mapped FLIM images. The center plots show the corresponding phasor maps for
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between the two parts of the biosensor increases, increasing the FRET efficiency and decreasing the donor (ECFP)
lifetime. The intensity images (top, c) do not show any difference after LPA activation. The phasor (middle, c)
mapped FRET images show the decrease in lifetime (bottom, c). Scale bars, 5 µm. HFRET, high FRET; LFRET, low
FRET. Adapted with permission from ref. 3, John Wiley & Sons.
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biosensors are inherently similar to the two-species system (for more details, see Supplementary
Note 2). The position of the measured phasor lies on the straight line joining the phasor positions of
the low-FRET and high-FRET states. According to the linear combination properties of phasors, the
fraction of molecules undergoing FRET can be calculated from the distance of the experimental
phasor point to the phasor positions of the high- and low-FRET states. The autofluorescence of cells
can contribute to biosensor FRET measurements, and thus autofluorescence under the same exci-
tation wavelength is required for the calculation of the trajectory3. An example of a FRET biosensor is
shown in Fig. 10c. The phasor diagram and the FRET trajectory are also shown. The FRET biosensor
shown here is a single-channel RhoA (Ras homolog gene family, member A, a small GTPase)
biosensor tagged with ECFP (donor) and citrine (acceptor). This biosensor connects RBD
(a Rhotekin-derived small RhoA-binding domain) and a RhoA protein and has a special C-terminus
modification—attachment of the lipid motif from K-Ras (another GTPase). This results in con-
stitutive membrane localization by prevention of RhoA regulation. Upon LPA (lysophosphatidic acid)
stimulation, interaction of RhoA and RBD increases, increasing FRET efficiency and decreasing the
donor (ECFP) lifetime. The FLIM images show increasing FRET with time (Supplementary Note 2).

Calculation of absolute concentrations (free and bound NADH)
For NADH, the fluorescence lifetime and quantum yield may change after binding to specific
enzymes38,39, and these changes can be exploited to measure the ratio of free to bound NADH, which
can then be correlated to metabolic states1,30,40. A method based on the introduction of unmodulated
light, which will interfere with the measured lifetime of the free/bound NADH6, was developed using
the phasor approach and is described in detail in Supplementary Note 3. Figure 11a shows that
increasing the amount of unmodulated light shifts the position of the NADH calibrator solution
toward the (0,0) position. Figure 11b shows the experimental phasor points for free and bound
NADH. The cursors can be moved to define the position of free (blue) and bound (red) NADH. The
green triangle encloses the area for all possible linear combinations expected for the three-component
system, unmodulated light being the third component. The shift in the position of free NADH is
larger than the one for the bound NADH. The quantum yield for the bound NADH is ~8.5 times
larger than that for the free NADH (estimated by the difference in lifetimes41), and the final shifts in
the coordinates are calibrated by taking this difference into account. The red line in Fig. 11b
represents a concentration of NADH independent of the fraction of free and bound NADH. The
range of concentrations measured is limited to the highest concentration of the calibrator solution
down to zero (red line to gray cursor). Finally, one can estimate the fraction of free to bound NADH
by calculating the shift between these two cursors (dashed pink line, Fig. 11c).

pH determinations
The phasor approach to FLIM can also be used for determining the intracellular pH, using a
fluorophore with a pH-dependent lifetime4. The example of intercellular pH measurement given here
uses a modified version of GFP (E2GFP)4 (Fig. 12a). The fluorescence of this probe can be dis-
tinguished from autofluorescence, and changes of phasor coordinates with changes in pH can be used
for calibration and measurement of the pH of an unknown system (Supplementary Note 4). Based on
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a two-state model, the pH of a solution can be calculated, without resolving the decay into expo-
nential components, given that the phasor positions of the two states and the pKa value are known.
First, the molar fraction x2, which is related to the combination of two phasors, is calculated, and then
the pH can be readily calibrated (Fig. 12a, bottom panel) to the molar fractions, using the
Henderson–Hasselbalch equation.

Ion concentration
The phasor approach can also be exploited to measure epidermal Ca2+ gradients using Calcium
Green 5N (CG5N)5 (Fig. 12b). The fraction of the dye bound to calcium (Fb) is calculated using the
phasor points belonging to the highest (pr) and lowest (pb) calcium levels after correcting for the
relative quantum yields. From this fraction (Fb), the calcium concentration can be calculated by using
the Kd value of the Calcium Green indicator in buffer solution. This calculation is based on the
Ca2+ ion equilibrium when binding to Calcium Green (see Supplementary Note 5 for details).
Hirshfield et al.42 also used a phasor approach (but did not use the term ‘phasor’) to study calcium
binding to Quin2.
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Fig. 12 | Ion concentration and pH determination by the phasor plot approach. a, pH-dependent fluorescence
lifetime features of E2GFP at pH 5.49 (red) (protonated) and pH 7.82 (blue) (deprotonated). The collection range
was 500–600 nm. Phasor plots of the universal pH calibration at a modulation frequency of 40 MHz (left) and at a
modulation frequency of 80 MHz. The plot of <gi,j> (blue circles) and <si,j> (red circles) versus pH and fits to the
Henderson–Hasselbalch equation are displayed as dashed black curves. The plot of <τ> of E2GFP versus pH
determined for the calibration solution and the fit of <τ> versus pH to the Henderson–Hasselbalch equation are
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representation of FLIM acquired from buffered solutions of known calcium concentrations (left) and a CG5N phasor
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returns a Kd = 3.64 μM. N = 3; error bars indicate s.d. a adapted from ref. 4 with permission from The Royal Society
of Chemistry. b adapted with permission from ref. 5, Elsevier.
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One important aspect of determinations of pH/ion concentration is that the endpoints of the
fluorescence measurements are required for quantification. Phasor analysis is ideal for such deter-
minations, as phasor positions can be easily determined for the beginning and endpoints in the
phasor plot. In solutions, such determinations are realized on unknown solutions. The situations in
cells are often much different. Efforts have been directed to mimicking the cellular conditions to
obtain the calibration curve43–46. This task is difficult, and proper conditions inside the cell can never
be exactly replicated. In comparison, the linear addition properties of phasors result in the mea-
surement of the phasors from the two species without physically replicating the cell environment.
The linear dependence means that the experimental data points can be extrapolated to find the
phasor of the two (bound and free) conditions. Once the end positions are known/extrapolated,
phasor measurements result in the calculation of the molar fraction weighted by the quantum yields
of the two contributors.
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