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Measuring lifetimes has

been around

for a long time

And

The theory behind it too.
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How does one measure 
nanosecond lifetimes?
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What can affect the lifetime?

Let’s see how

the old masters measured it



The signal is convoluted

with the excitation pulse

Call this the

time-domain



It was difficult to measure, but look at the results!



“Fourier’s theorem is not only one of the most beautiful results of modern 
analysis, but it is said to furnish an indispensable instrument in the treatment 
of nearly every recondite question in modern physics…

Fourier is a mathematical poem.”

(March 21, 1768 – May 16, 1830) 

Lord Kelvin



Every frequency component 
is analyzed separately

Call this the

frequency-domain





The lifetimes do 
funny things
depending on 

the molecular species
and

the environment



It was difficult to measure, but look at the results!fluorescein Eosin Y Erythroscine



It was difficult to measure, but look at the results!

Fluorescein Rhodamine B



The lifetimes depend on

the dynamics of the molecules 

and the dynamics 

of the environment



Zeitschrift für Physik A Hadrons and Nuclei
665-674Volume 53, Numbers 9-10 / September, 1929

Measuring tau using translational diffusion: dynamic quenching



perp

perp

par

par

I I
p

I I

−
=

+

perp

perp2

par

par

I I
r

I I

−
=

+Francis Henri Perrin
1901–92

Using fast rotational motions
to measure the fluorescence lifetime

*



But if the fluorescence is polarized 

then the measured  “lifetime” will 

depend on the rotation of the 

molecules. Right?

Yes

Can we get the “right” lifetime?

Yes



Enter Magic Angle
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lifetime of the excited state:

MANY PHOTONS (hννννex & hννννem) AND MANY ESCAPE DOORS

So, the lifetime depends on many things



SO, now we seem all set.

BUT…..



We want to measure fluorescence lifetimes 

in a fluorescence image at every location of 

the cell.



I see two 

exponentials!

I see three 

exponentials!

Uh-Oh! I see 

a whole herd 

of ‘em!



What now?

Lifetimes in images are not so simple!
We need some help!



Model Independent Analysis

Some different ways to 

parameterize lifetime-resolved 

data
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Frequency domain lifetime measurement

Data analysis with a polar plot representation
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Observing the fluorescence of:

Product species of an excited state reaction
Product and directly excited species

Directly excited species



Chebyshev fits 
– very fast
single pass 

not interative
Correction for photobleaching

Malachowski, G.C., Clegg, R.M., and 
Redford, G.I., "Analytic solutions to 
modelling exponential and harmonic 
functions using Chebyshev polynomials: 
fitting frequency-domain lifetime images 
with photobleaching," Journal of 
Microscopy 228(3), 282–295 (2007)

Of course we 
have to be sure 
that we get rid 
of artifacts



Normal cellular

heme synthesis
δ-aminolevulinic-acid

1O2

8 x

PpIX-protoporphyrin IX

hν

FluorescenceFluorescence

or

ALA

Photodiagnostics and phototherapy

The monomer of PpIX forms ROS
and is used for phototherapy



Measured Lifetimes
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We could analyze the data in minute detail, 

and sometimes that is necessary

But sometimes that complicates things



Polar Plot analysis

PPIX in tumor cells
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Protoporphyrin IX

Lifetime Location

Monomer 17-18 ns

Dimer ~2 ns

Primarily internal 

to the cell

Higher 

Multimers

<2 ns

Where is the monomer?

What are the concentrations?

M onom ers and  M ultim ers  sam e spectra≈



Real-Time Fluorescence Lifetime-Resolved Images of individual cells of Wild Type and NPQ 

mutants of Chlamydomonas reinhardtii
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Photochemistry

Deepoxidase

Photochemistry

heat

heat

The mutants (NPQ1 and 

NPQ2) used in this work, 

accumulate violoxanthin and 

zeaxanthin, respectively. 

Fluorescence transient studies 

showed strong quenching for 

NPQ2 in comparison to the 

WT and NPQ1.

Fast-FLI for studying the role of 

the Xanthophyll cycle in the non-

photochemical quenching process 

in single cells.

violoxanthin

zeaxanthin



NPQ mutants of the green alga Chlamydomonas reinhardtii

Mutants from Krishna K. Niyogi

The Xanthophyll cycle

Violaxanthin Antheraxanthin Zeaxanthin

Deepoxidase

Epoxidase Mutant NPQ2: Epoxidase

Mutant NPQ1: Deepoxidase
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Holub, O., Seufferheld, M.J., Gohlke, C., Govindjee, Heiss, G.J., and Clegg, R.M., 

"Fluorescence lifetime imaging microscopy of Chlamydomonas reinhardtii: non-

photochemical quenching mutants and the effect of photosynthetic inhibitors on the slow 



Spectral FLIM



Avocado Leaves

Different wavelengths – different lifetimes



Wavelets
+

Denoising

Chasing lifetimes in the morphology and noise

Combining morphology + lifetime resolution
Localized spatial frequencies
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B

C

D

combination of wavelet analysis and FLIM with simulated data

Background constant

The wavelet analysis has completely removed the background contribution 
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A C

B D
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Combination of wavelet analysis and FLIM with simulated data
The background in this simulated data is increasing in amplitude with a constant 

gradient from left to right.  



A) Original

B) A2-A9

C) Original 

D) A2-A9 

Background subtraction using wavelet on the fluorescent beads image (A and B) and on the 

dendrites in a Drosophila melanogastor larva expressing membrane-tagged GFP (C and D). The 

original images (A and C) and the edited image analyzed with wavelet (B and D) are compared. 

final images are 

reconstructed by the 

‘wrcoef2’ function from 

the difference in the 

approximation data level 

2 (containing both high 

and low spatial frequency

components) and level 9 

(containing mostly low 

spatial frequency 

component) 

Finding morphology using wavelets



Variance stabilized Gaussian Denoising

Line profile from an image of prostate tissue

Red – raw data;  Black – denoised

Spatial frequency cuts (intervals) can be selected

Edges not smoothed



Polar Plots

Raw data

Wavelet smoothing

10 ns

1 ns

Poisson denoising

Poisson denoinsing with

wavelete background

subtraction



FLIM image of a prostate tissue biopsy microarray



Combining morphological features and FLIM signals (wavelets)
and

Using denoising to assist in the overall analysis



Left:  raw fluorescence 
intensity images of a 
prostate tissue core 

Right:  denoised images

2X





Polar plot histograms
of entire FLIM images of a benign and a malignant prostate tissue core
Top:  before denoising
Bottom:  after denoising
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Dual layer FLIM images (intensity image used to mask color coded lifetime image) - Color indicates the fluorescence 

lifetime distribution of each pixel. Blue indicates normal fluorescence lifetimes while red indicates a significant shift in 

fluorescence lifetimes from benign tissue. a-c) Benign tissue cores.  d) Low-grade cancer.  e & f) High-grade cancer. Note 

that the lifetime distributions can be complex (the fluorescence lifetimes reflect multiple species – i.e., free and enzyme-

bound species). The color coding represents an overall shift in the relative amounts of each species and therefore 

accomplishes representation of complex data in an easily visible fashion. 



SO…..

With FLIM
We need all the
help we can get.
Morphology helps!

M

τ

φ



Full Field FLI

Peter Schneider

Oliver Holub

Christoph Gohlke

Glen Redford

(polar plot ALA–PPIX)

+ 

Spinning disk, wavelets and denoising

Chittaton Buranachi, Bryan Spring, Rohit Bhargava

(dendritesALA–PPIX, prostate FLIM, redox sensor)

Yi-Chun Chen (Polar Plot, spectral FLIM, photosynthesis)

Photosynthesis:

Govindjee

Oliver Holub

Christoph Gohlke

Gregor Heiss

Shizue Matsubara




