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1. Intro and motivation to Phasor analysis for Fluorescence Lifetime Imaging
Microscopy (FLIM

I.  The Phasor approach fétIM:fundamentals and properties

2. PhasorPyan opensource Pythorbased library for phasor analysis of FLIM and HSI

3. Phasor approach applications:

. Metabolism
. SHG/TI&

4. Conclusions and perspectives
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ADVANCED BIOIMAGING UNIT

What is FLIM and HSI?

Fluorescencdifetime imagingMicroscopy(FLIM)
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A Fluorescence Lifetimet ) is a very characteristic
property of a fluorophore. 51 —

A Lifetime is independent of concentration.

A Many factors could affect the fluorescence lifetime: s Abe i

A lons, pH, hydrophobic properties, oxygen concentration,
molecular binding, and molecular interaction by energy
transfer. S, A 4

A The lifetime can be used as a contrast. Dyes having
the same fluorescent color could eventually have
different lifetimes.

A So, lifetime it has very valuable information to
Interrogate onin vivoimaging.
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mom \Why are all people not using FLIM/HSI rather than intensity?

NN Challenges for FLIM/HSI measurements
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FLIM , <108 Photon histogram

AEach pixel can have multiple speaiadecays are often complicated.
ABiological sampleslimited exposure time.

ADead time of detection (10200nsec/pixel) total ~5001000
photons/pixel

ADifficult to distinguish mon@xponential and doublexponential
decays

AFitting and resolution of component at each pixel (tiowsuming,
fitting is slow)

Alnterpretation is complex and difficult requires experience (only for | 1)

experts) |

AlLeica SP8 FALCON/Stell®ispquantLuminosaAlbaSTEISSas 1l | I | “IH IIL I | L]
an integrated FLIM commercial microscope. L

Pixel Photon histogram

Diaz & Malacrida MMB, vol. 2564,
https://doi.org/10.1007/9781-07162667-2_3,
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e The phasoplots:is new space.

NNV AR ideal tool for expertisiess FLIM user.
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A Formal definition:

o Fourier transformation of the time
or frequency domain data in the
real and imaginary component.

o Calculating the G and S

o (Weber definition, 1981)

o Phasor introduction by Jameson et
al 1984

Frequency domain Time domain

S =Si fi Mi sinf ) Q) DOEN 0Ad O
G =Si fi Mi cosf @ ——
tanf = S/G . QRO
M2=S+ G N T
Ao
tanj = (Si fi Mi sinj ) Y Q1 Reoo o
(Si fi Micosj ) . @ao

Diaz & Malacrida MMB, vol. 2564,
https://doi.org/10.1007/9781-07162667-2_3,

APPLIED SPECTROSCOPY REVIEWS, 20(1), 55-106 (1984)

Advantages:

o No knowledge priori
o0 Simple rules
o Nofitting (modekess

The Measurement and Analysis of
Heterogeneous Emissions by
Multifrequency Phase and Modulation
Fluorometry
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FIG. 11. Geometrical representation of phase delay (¢) and modu-
lation ratio (M) for a single exponential decay.
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Journal of Microscopy, Vol. 213, Pt 1 January 2004, pp. 1-5
Received 20 March 200 3; accepted 4 September 2003

SHORT COMMUNICATION
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3050, Australia
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Graphical representation and multicomponent analysis of
single-frequency fluorescence lifetime imaging microscopy data

*Ludwig Institute for Cancer Research, PO Box 2008, Royal Melbourne Hospital, Parkville, Victoria
+Department of Biological and Chemical Sciences, University of the West Indies, Cave Hill Campus, St.

Cell Biology and Cell Biophysics Program, European Molecular Biology Laboratory, Meyerhofstrafie

* Measured FLIM data
o Simulated FLIM data
— A=068-041B

Fig. 1. (a) Plot of A vs. B for one- and two-component mixtures. The hall
circle represents all possible (A, B) pairs for single-exponential decays
(one-component model) from T =0 (0, 0) to T=e= (1, 0). Shown also are

Journal of Fiuorescence, Vol. 15, No. 5, September 2005 (@ 2005)
DOI: 10.1007/510895-005-2990-8

Polar Plot Representation for Frequency-Domain

s

Analysis of Fluorescence Lifetimes

Glen L. Redford' and Robert M. Clegg'-

Received May 3, 2005 ; accepted July 19, 2005

Photosynth Res (2009) 102:143-155
DOT 10.1007/s11120-009-9458-7

Biophysical Journal: Biophysical Letters

The Phasor Approach to Fluorescence Lifetime Imaging Analysis

Michelle A. Digman,* Valeria R. Caiolfa,!* Moreno Zamai,'! and Enrico Gratton*

*Laboratory for Fluorescence Dynamics, Department of Biomedical Engineering, University of California, Irvine, California; 'Department
of Molecular Biology and Functional Genomics, San Raffaele Scientific Institute, Milan, Italy; and *IIT Network Research, Unit of
Molecular Neuroscience, San Raffaele Scientific Institute, Milan, Italy

REVIEW

Fluorescence lifetime-resolved imaging

Yi-Chun Chen - Robert M. Clegg
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Polar plots of FLIM measuremeats on intact wble lfetime signal collected with a bund-pass filer from 670
n (sec Fig. 4)

the different

ABSTRACT Changing the data representation from the classical time delay histogram to the phasor representation provides al
global view of the fluorescence decay at each pixel of an image. In the phasor representation we can easily recognize the presence;
of different molecular species in a pixel or the occurrence of fluorescence resonance energy transfer. The analysis of the|
fluorescence lifetime imaging microscopy (FLIM) data in the phasor space is done observing clustering of pixels values in specific
regions of the phasor plot rather than by fitting the fluorescence decay using exponentials. The analysis is instantaneous since is

GUBASEY O CAICUTAOITS OF oMM Ear Ty THe PrTasor approac MMas 1e POTETarto SImpiy e Wely Gars are analyZea LT,
paving the way for the analysis of large data sets and, in general, making the FLIM technique accessible to the nonexpert in

spectroscopy and data analysis.

Received for publication 18 August 2007 and in final form 17 September 2007.
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NN The rules (learning a new language)
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Reciprocity principleg Direct visualization
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Pseudocolophasorimage

Scatterplot G Fluorescencéntensityimage Phasorplot G
Ranjit Malacridaet al. Nat Protocols 2018
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The phasor plot8ut,how do you do it?

L OET 0/ 0

Q

0Ol_0.5ns

. @Qo

>

. i Qtold 0

y

0O1_0.5ns_cosine

0O1_0.5ns_sine

Ol _5ns_cosine
Ol _5ns_sine

. ‘@Qo

S (imaginary)

El

o o o
&

©

0.2 0.4 0.6

G (real)

0.8

1

0.5

G (freal)

Slide Alexander Vallmitjane



UNIDAD DE
BIOIMAGENOLOGIA
AVANZADA

Phasor plot math:

VAV Einding the weights of the pure components on the phasor plot

ADVANCED BIOIMAGING UNIT

3 equations, 2 unknowns:
2 Component problem

Over-determined system, exact solution

3 Component problem

3 equations, 3 unknowns:
Determined system, exact solution

- = (gZ s,) Ngss5) -
: = 0.4 272 W + Wy grt wW3g3=G
0.4 (g;;ﬁ. S W, gy + w9, =G, (9, %1 2 (G ) g?\\ 191 T W2 gt W3g3=L
3 (G, Sp) N W18 + W52 = S, 031 F— —a W1S1 + WS+ W3S3=5)
0.2 f_z \\.\ w1+ wz — 1 0.2 'I;,. (g} 53) w1+ a)2+ a}3: 1
0.1§ 0.1}
0 0
0 02 04 06 08 1 0o 02 04 06 08 1
@ . 80 MHz (®) 160 MHz 4 Component problem with an extra harmonic
=
e . 04 eir [ @101 + W02+ W33+ Wi Gs=G
' T 0-3‘;) (pf’) \ W1S1 + WySy+ W3S3+ Wy54=S
; g (G /) 151 T W28+ W3S53+ W4S4= Sp
o = 0.2/ [ ’ [ r_ At
g 5 01 Ve \| (@191t @29 2t 3G 3t W g y= Gy
o o : o | | W18’y + WS o+ W3S 3+ wys'y= S,
0 02 04 05 08 1 | Oyt st = 1
Overdetermined system, in matrix form Ax = b;
. solve by least squares: min||Ax — b||
: X
) 0.5 g 1.0 *%5 0.5 g 1.0 x = (AT A)_l AT h

Ranjit Malacrida et al. MRT. 2018
Ranjit, Malacrida et al. J. Biophotonics. 2018
Vallmitjanaet al. MethodsApplFluoresc 2020

Slidefrom Alexander Vallmitjana
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AN harmonics?
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PhasorPy

anopensourcePythonlibraryfor the analysis of fluorescence
lifetime andhyperspectralmages using the phasor approach

PhasorPy

phasorpy.org



http://www.phasorpy.org/
https://www.phasorpy.org/

1\

phasorPy

Software for phasor analysis x

A Desktop app
Free
Opensource
Commercial

A Plugins
ImageJ
Napari

A Notebooks
Python
R

A Libraries
C
Java

Matlab
Python

SIMFCS

SImMFC3ySP bé;tf;grfo
FLUTE, FLIMPAL IMfit InstantFLIMANalysis
LAS XSPClimage.uminosaVistaVisionEzTimeFLIM Studio

Spectral Phasor, Time Gated Phasor, FLIMJ
Napartflim-phasorplotter, Napariphasors, Napaiive-flim

Phasorldentifier
Phasor plots for dummies

FLIMLIbtttrlib
FLIMLIb

PAM
FLIMLIHFLIM toolsPhasorPy
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Zu.c!(el:berg Software for
Initiative @ Science
Develop Python library Build community

A Viablereplacement for .
SimFCprr)]asor analysis A Collaborativedevelopment

A Based orsound softwareengineeringprinciples APermissiveopensource license (MIT)

opensource, version control, Alnclusive non-programmers,
testing, documentation, companies
automation AlIntegrate with scientific Python
A Features ECOSYStem . _ _
FLIM and spectral imaging, A Contributeto third-party libraries
file format readers, ASupport GitHub issues
phasor plots, histograms, cursors, _ _ . one
FRET, pHhKcalculators, absolute concentration, A Disseminate website, o

multidimensional phasor plot,-anmixing (blind), ~ tutorials, workshops
cluster, segmentation.

chanzuckerberg.com/eoss/proposals/phasowpython-library-for-phasoranalysisof-flim-and-spectratimaging



https://chanzuckerberg.com/eoss/proposals/phasorpy-a-python-library-for-phasor-analysis-of-flim-and-spectral-imaging
https://chanzuckerberg.com/eoss/proposals/phasorpy-a-python-library-for-phasor-analysis-of-flim-and-spectral-imaging
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AProject lead

BrunoPannunziod-?2
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Bruno Schiity!

AGraduate student
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2 Universidad de la Republica
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phasorPy

Enables open, collaborative software development following sound engineering principles

A Website phasorpy.org

A GitHuborganization github.com/phasorpy

A GitHubrepositoryfor source code  github.com/phasorpy/phasorpy

A Zenodocommunity for other files  zenodo.org/communities/phasorpy

A Python package index pypi.org/project/phasorpy
A Documentation phasorpy.org/docs/stable
A Tutorials

A API reference
A Contributor guide
A Code of conduct

A Automation
A Code styldormatting
A Continuous integrationesting
A Build and publisllocumentationfrom source code to website
A Build andreleasepackage to PyPl.org

A PlannedDiscussion forum


http://www.phasorpy.org/
https://github.com/phasorpy
https://github.com/phasorpy/phasorpy
https://zenodo.org/communities/phasorpy
https://pypi.org/project/phasorpy
http://www.phasorpy.org/docs/stable

“I/~"\. Contributions welcome

Contributing guide @
A phasorpy.org/docs/stable/contributing Contributing
guide

Questions SuggestionsBug reports
A github.com/phasorpy/phasorpy/issues

Share data files
A zenodo.org/communities/phasorpy

Code Documentation Tutorials
A+Al GLMz t NBIljdzSaiasé
A github.com/phasorpy/phasorpy/pulls

A Requirements type annotations, code formatting, docstrings, documentation,
automated tests, test coverage, code review

Zenodo.org


http://www.phasorpy.org/docs/stable/contributing
https://github.com/phasorpy/phasorpy/issues
https://zenodo.org/communities/phasorpy
https://www.phasorpy.org/docs/stable/contributing/

Familiarity with
A Phasor approach
A Image processing

A Array programming
A Python

Operating system
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A Windows n BB
A Linux A
A macOsS S& @
Hardware
A Intel/AMD64 intel
A Apple/ARM64 arm
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Python
A CPython 3.1@ 3.13

Libraries

A numpy

A matplotlib
A scipy

A pooch

A click

A xarray

A tifffile

A ptufile

A Ifdfiles

A sdtfile
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“\.. 75 Functions and methods

phasorPy
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This documents the application programming and command line interfaces of the PhasorPy

[ APl referen

1ttps://www.phasorpy.org/docs/dev

@] &

= F( \ PhasorPy

> API reference

Pl reference

library version 0.2.dev.

pha

Note

The PhasorPy library is in its early stages of development. It is not nearly feature

complete. Large, backwards-incompatible changes may occur between revisions.

phasorpy

phas

version

versions()
orpy.phasor

lifetime fraction_from_amplitude()

lifetime fraction_to amplitude()

lifetime_from_frequency()

lifetime_to_frequency()

lifetime_to_signal()
phasor_at_harmonic()
phasor calibrate()

phasor_center()

phasor_divide()

phasor_filter()

phasor_from_apparent lifetime()

phasor_from_fret_acceptor()

phasor_from_fret_donor()

phasor_from_lifetime()

phasor_from_polar()
phasor_from signal()
phasor multiply()
phasor_semicircle()
phasor_threshold()

phasor_to_apparent_lifetime()

phasor_to_complex()
phasor_to_polar()

phasor_to_principal_plane()

phasor_to_signal()
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phasorPy
constructs that 3 oh o) cursor, I o
epresents specfc PI2Ser oL yagy — Ioge D
pieces of data histogram under
contours construction
File
read/write: Component
OMETIFF unmixing
R64 Phasor
read only. \ .
PTU, SDT, Coordinates
[{aZ X real (G) calibrate, threshold,
imag(S) ) reduce filter,
1 mean YdzZf GALX 85 RAOARSS

Signal multi-harmonic
hyperspectral / any-dimensional Polar Coordinates

time-domain phase and modulation
frequencydomain ~ / /

Lifetimes, FRET Apparent Single
fractional intensities Lifetimes
$ from phase and modulation

functions preexponential amplitudes

»
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\- API Reference = v

phasorPy phasorpy.phasor.phasor_from_signal(signal, /, *, axis=-1, harmonic=None,
sample_phase=None, use_fft=None, rfft=None, dtype=None, num_threads=None)

a

il
i

Return phasor coordinates from signal. [source]

phasorpy.org/docs/stable/api

Parameters:
* signal (array like) - Frequency-domain, time-domain, or hyperspectral data. A
minimum of three samples are required along axis. The samples must be uniformly
spaced.

D O C u m e ntati 0 n fo r aI I p u b I i C * axis (int, optional) — Axis over which to compute phasor coordinates. The default is

the last axis (-1).

A Modules e
A FUﬂCtIOI’]S Returns:

A Classes e real (ndarray) — Real component of phasor coordinates at harmonic along axis.
¢ imag (ndarray) — Imaginary component of phasor coordinates at harmonic along

A MethOdS axis.

A Constants S

® mean (ndarray) - Average of signal along axis (zero harmonic).

The phasor coordinates real (G), imag (S), and mean (Fpc) are calculated from K > 3

I n CI u d eS samples of the signal F' af harmonic h according to:
A Function signature 1,

Fpc = X
A Link to source code R = PN
. . = — rcos | 2mh— | - ——
A Parameter types and description - - e

A Return types and description 2 ( k) Foe
A Crosdinks o
A Notes, math s

A Literature references

A Examples e il A e s e e D

>>> phasor_from_signal(signal)
(array(1.1), array(e.5), array(®e.5))

Calculate phasor coordinates of a phase-shifted sinusoidal waveform:
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& <« O 5 https://www.phasorpy.org/docs/dev/tutori_. 1y m &= % 9
u
. Tutorials - U\ q

thSOny A > Tutorials
Tutorials

A gallery of examples that showcase how the PhasorPy library can be used to analyze time-

phasorpy.org/docs/stable/tutorials

resolved and hyperspectral fluorescence images using the Phasor approach.

Some tutorials demonstrate the use of the programming interface in general, while others

1- IntrOdUCtlon to Phasorpy provide problem-oriented how-to guides for advanced applications.

2. LFD Workshop FLIM Tutorial S

3. Phasor coordinates from lifetimes ] -y | ]

4. Synthesize signals from lifetimes o
Introduction to LFD Workshop

5. ForsterResonance Energy Transfer Phasery FLM Tutore

6. Multi-harmonic phasor coordinates o
Programming interface

/. Cursors B -
utorials on specific modules, classes, and functions:

8. Phasor plot

9. Component analysis 1 4 e v

10. Principal component analysis B ———
Forster Resonance Principal Multi-harmonic Cursors

11. BenChmarl'phasor_from_SIQnal Energy Transfer component analysis phasor coordinates

A Planned: probleroriented howto 10 TN | ] | e

guides L = J 0 D e R S

Phasor coordinates Synthesize signals Phasor plot Component
from lifetimes from lifetimes analysis
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I/~ read_ptu

phasorPy  Read signal from PicoQuant PTU files

C EOTHEAOT OPRtEITODAAMD OO

N ERGT BT A T B Other supported formats
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https://github.com/cgohlke/ptufile

‘|ﬁ . phasor_from_signal

phasorPy Calculate phasor coordinates from signal (lifetime or hyperspectral)
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“I/~\.. PhasorPlot

phasorPy  Plot phasor coordinates using matplotlib
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“|/~\,. phasor_tdfrom_ometiff

phasorPy Store phasor coordinates in OMB-F file
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phasor_ from_lifetime

phasorPy Calculate phasor coordinates from lifetime distributions
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N FRET model

| ForsterResonance Energy Transfer L
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VT FLIM is cool and useful tool for quantitative biology

ADVANCED BIOIMAGING UNIT
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Phasor plots and the future of spectral and lifetime imagin
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Encoding and decoding spatio-temporal
information for super-resolution microscopy
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Phasor-based image segmentation: machine
learning clustering techniques
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Compact and effective photon-resolved image

scanning microscope
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NN Rat lungautofluorescencéNADH
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e Applications using the DIVER microscope

NN Second Harmonic Generation (SHG) Imaging
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SHG images of Urea crystals between

Generated by specific structures lacking center of symmetry. 2 mm thick scattering silicone slices
Not involve absorption. N R

Labetfree signal. MWSHG IS preferably
VVVVYY forward directed

SHG in biological tissue: collagen (collagen fibers), myosin (muscle, nerv

Intensity ratio
DIVER/ epi= 750
(increases with
imaging depth)

Fibrosis in mouse kidney (UUO model)

diseased normal

Slide from AlexandddvornikovUCI | exc 740 NM; SHG 370 nm
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e Applications using the DIVER microscope

AVANZADA

NN Third Harmonic Generation (THG) Imaging
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Generated on interface between dramatic index of refraction change.

A A _ _ Label-free bacteria 3D images
— "=~ A, THG Is forward directed
A3

THG in biological tissue: lipid droplets, cell membranes ,etc.

Escherichia coli Staphylococcus Bacillus subtilis

LBs in A549 cell

.o v o, Ny .'; Y - - D ® ‘& "
Normal diet High fat diet
Dvornikoy MalacridaGratton MethodsProtoc 2019
| ,c1040 nm;
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General conclusions and future of Phasor approach

AV/AY/AV/AV/A\
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. . o : lacri it et al.
o Many of the obstacles in FLIM & HSI data analysis are removed, no fitting required. x]iﬁg'eﬁ,%’ispﬂ: Ze(t);l

el ]
3 “_gg-":._!' F

o The accuracy of lifetime determination is improved. Full quantitative approach.

0 The speed of data analysis is reduced to almost instantaneous for an entire image or

stacks (z, time, tiles). Malacrida L
o _ _ _ _ _ Nature Methods 2023
o Unmixing from multiple fluorescent species in a blind way (non-previous knowledge). Up

to three using the first harmonic, more components with n-harmonic.

Future directions
MRFPhasorsDeep Learning (F. Astudillo)
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