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Measuring lifetimes has
been around
for a long time

And
The theory behind it too.




Si la loi énoncée plus haut est exacte, on doit avoir d’aprés la for-

mule (2)
(3) log i = log ¢, — at, log i = log i, —a?’, elc...
d’olr |
log i — log ¢ logi” — log#’
t—r 0 T ¢ G

c'est-a-dire que les différences entre les logarithmes des inlensités lumi-
neuses doivent étre proportionnelles aux différences des temps, et que
leur rapport doit donner précisément le coefficient a.

ik, a0
di . (2) 4= e, Q =-L. f,ﬂ""dc‘.:i"" [= ?aﬂﬂarﬁi
a

LA LUMIERE

SES CAUSES ET SES EFFETS

PARIS .
LIBRAIRIE DE FIRMIN DIDOT FRERES, FILS ET (=
( j@mm ) o ) | | IMPRINEURS DE L'INSTITUT, RUE JACOR, 56
M. AEDMON]) BECQUEREL , 186':'

DE L'ACADEMIE DES BCIENCES
DE L'INSTITUT DE FRANCE
PROFESSEUR AU CANSERVATAIRE TMOORIAT NFQ 4mTa »v WETIERS, ETC., ETC.

TOME PREMIER
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ON THE QUANTUM THEORY
OF RADIATION

1 A. FEinstein. Phvsik Z. 18. 121 (1917)

N a classic paper, Einstein' described relations con-
necting the rates of spontaneous emission, stimulated
emission, and absorption of radiation by an atomic
system in free space having two sharp energy levels.

Fermi's Golden Rule

/ .
Transition Density of final
T probability Mearix .?demf.'zr. e
for the interaction

natural radiative lifetime

Proceedings of the Roval Society of London. Series A, Coniaining Papers of a
Mathematical and Physical Character, Vol, 114, No, 767 (Mar. 1, 1927), 243-265,

The probability per unit time of a transition to a state for which each vy, lies
1 between v, and v;" -+ dvy,” 1s thus (apart from the normalising factor)

— = 2w a PR Jo (WO "5 WO BT (WO y) dyy . dyy o dyyu—d, (24)

T which is proportional to the square of the matrix element associated with that

transition of the perturbing energy.



How does one measure
nanosecond lifetimes?




So called:
Time-domain:

Fy(t—t') =X Fy;.(t—t")=) F, exp(-(t—1)/1,)

meas

Frequency domain:
Excitation repe‘ri’rive pulse;e.g. — o< cos(awr)

. . F. T S
F T + ]a)t — F iTi _I_e]a)t | 0,i7i e—]tan wr;
{Z 2 1+]an' } _Zl " 2 \/1+(an'i)2 _
F(t)”"“’s =1+Z & e’ :1+eja”z aM. [cos(¢. )+jsin(¢. )_
Fmeas,ss N+ ij o L@ LOJ

M = !

1+(or1, ) ¢=tan" (01, )



What can affect the lifetime?

Let’s see how
the old masters measured it




Die Abklingungszeiten der Fluoreszenz
von Farbstofflésungen.

Von E. Gaviola in Berlin.
(Eingegangen am 10. Dezember 1925.)

Call this the
time-domain

A

S
‘1‘-

\\\\
§

2
S
Q
=
S
1

The signal is convoluted K (%) == Idﬂ(t) -5 it
with the excitation pulse Y



Die Abklingungszeiten der Fluoreszenz
von Farbstofflésungen.

Von E. Gaviola in Berlin. 1925

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

Abklingungszeiten
Farbstoif in Wasser | in Glycerin | in Meth.sAlkobal
Sekunden | Sckunden Sekinden

Uramin , . . . +« . &« + + « &« 4.5.10°% 44 10°F | —
Flooresesin . . . . . . . .+ . . - — a0, 10H
Rhodamin® , . . . . . . . . . 20,109 4,2, 107" :
Bhodulin Orange , . ., . . . . . 2,7 4.3 —-
Erythrosin . . . . . . . . . . 1,8 2.4 2,6, 10-%
Totrajodflnor . Na . . . . . . .| 1,0 2.0 - 2.2
Eogin B, . . . . . .. ... C 1,9 - 8,4
Uranylsulfat . . . . . . . . . — - 1,32
Uranylealfat in Schwefelsgore | | | — — ' 1,49
Chinizarin in Pentan , . . . . . ' — 5 - ' 249
Uramglas . ., . . . . . . . .. | — | — = 15,0
Rubinkristall . . . . . . . . .| : . | = 15,0

Dden mittleren Fehler der oben angegebenen Zablen schiitze ich zu
etwa -+ 0,5, 10— sec. FEr kaon onter Umstinden viel kleiner sein. e




Eine allgemeine Theorie
der zur Messung sehr kurzer Leuchtdauern dienenden
Versuchsanordnungen (Fluorometer).

Von F. Duschinsky in Berlin.
Mit 3 Abbildungen. (Eingegangen am 10, Januar 1933.)

1} F. Duschinsky, Z8. f. Phys. 81, 23, 1933.
"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.” Lord Kelvin

(March 21, 1768 - May 16, 1830)

f)= —{1+ 3 [r _f;r +b,, s '”_r]
- H_
2 o 2nrwt.,
a, = ;}‘; F (D)t ~ —j' F(Hecox(2E r)(ff = —f S Osi(=_—)dr



Der zeitliche Intensititsverlauf von intermittierend
angeregter Resonanzstrahlung.

Von F. Duschinsky in Berlin.

(Eingegangen am 10. Januar 1933.)

v Sw
~ A —f
o
" 7 N |
s TR
‘4( Fig. 1

¥ig.1. Call this the
Every frequency component frequ en Cy-d omain

is analyzed separately

S(t) = X, + 2 X, cos (mQt —1,),
: (46')

o0 Xn
40 = X + Y1+ (mQ7)

- c08 (m L2t — n,, — arctgm 271).




Eine allgemeine Theorie
der zur Messung sehr kurzer Leuchtdauern dienenden
Versuchsanordnungen (Fluorometer).

Von F. Duschinsky in Berlin.

Mit 3 Abbildungen. (Eingegangen am 10, Januar 1933.)
1 F.Duschinskv. Z8. f. Phvs. 81. 23, 1933.

Lity= [ B —tydq)dt
]

Ist die Erregungsintensitit & () periodisch (mit der Frequenz o' moduliert),
s0 kann sie als Fourier-Reihe dargestellt werden:

E(t) = X E, cos (ga't -+ e,).
p=0 )

Herrn Prof. Pringsheim meinen besonderen Dank ausdriicken fir alles,
was ich von ihm an wissenschaftlicher Anregung erhalten habe. Ebenso
bin ich Herrn Prof. Sehridinger fiir freundlichen Rat und wertvolle

Kritik an dieser Arbeit zu grobem Dank verpflichtet.

= I[ |
—— ﬁ —
. ¥=

wih Fig. 1. Schema der verbesserten Floorometeranordomng. L Lichtqunelle;
. Ny, Na, Ng, Ny Nieols, Ky, K, Kerr-Zellen; K Babinet-Soleil-Eompen-
- sator: § Szivessi-Flatte: Z Spiegel; T Trog.




The lifetimes do
funny things
depending on

the molecular species
and
the environment
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Abklingungezeiten
Farbstoif in Wasser | in Glycerin | in Meth.sAlkobal
sekunden Sekunden Sekunden
Uramin , . . . « . &« . .« . « . 4.4, 107F |
Flooresesin . . . . . . . . . . —
Rhodamin® ., . . . . . . . . . 4,2, 107"
Bhodulin Orange , . ., . . . . . 4.3
Erythrosin . . . . . . . . . . 2,4
Totrajodflnor . Na2 . . . . . . . _ 2.0
Eogin 3B . . . . . . . . . .. ' —
Uranylsulfat . . . . . . . . . -
Uranylealfat in Schwefelsgore | . — —

Chinisarin in Pentan
Uramglas . ., . . . . . . . ..
Rubinkristall

Dden mittleren Fehler der oben angegebenen Zablen schiitze ich zu
etwa -+ 0,5, 10— sec. FEr kaon onter Umstinden viel kleiner sein. e




0 .
= gszeiten (
Irbstofl'lo
. Gavieola in

ONa

| -neasure, vuu ivun au uice results!

Fluorescein Rhodamine B
Abklingungszeiten S
Farbstoif in Wasser | in Glycerin in Meth.sAlkabal
Sekunden | Sckunden Sekinden
. | .
Uranin , ., . . . . . . .+ + « . 4.5.10°% 1 44 107% || —
Flooresesin . . . . . . . .+ . . - — a0, 10H
Rhoedamin® , ., . . . . . . . . 2,0, 1079 4,2. 107" :
|_BRhodulin Orange . . ., . . . . 2.7 4.3 —
Erythrogsin . . . . . . . . . . 1,8 2.4 2,6, 10-#
Totrajodflnor . Na . . . . . . .| 1,0 2.0 - 2.2
Eogin 3B . . . . . . . . . .. {19 — dyd
Uranylsulfat . . . . . . . . . — - Ly
Uranylealfat in Schwefelsgore | | | — — ' 1,49
Chinisarin in Pentan ., . . . . . | —- 5 — | 2,9
Uramglas ., ., . . .. .. ... ' — _ — ~m 15,00
Rubinkristall . . . . . . . . .| : . | = 15,0
Dden mittleren Fehler der oben angegebenen Zablen schiitze ich zu
etwa -+ 0,5, 10— sec. FEr kaon onter Umstinden viel kleiner sein. e




The lifetimes depend on
the dynamics of the molecules

and the dynamics
of the environment




Die Lebensdauer der angeregten Molekiile in den
wisserigen fluoreszierenden Lésungen.

Von 8. 1. Wawilow in Moskan.

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

Measuring tau using translational diffusion: dynamic quenching

| Tabelle 5. Bhodamin B + EJ. |

7 — 1 , ey - - - [ 0 | 81.1073gem? | 156 | 32 | 46
8xDeNe Lo/L. . . | 100 | 1,36 1,75 ‘ 264 | 324
kT kT 3 . -
D= - : D, —
1 bae,n : bme,n %9 ! / anstatt ¢ mub %, --—;—ﬁg
P | _ .: D L D
N R L 2 anstatt D (=2 12)
A T

Auch hierei ist (4) erfiillt, und aus der Neigung der Geraden in

der Fig. b wird
r — 2,2. ]U‘@

gefunden. DHe direkten Messungen von Gaviola fiir Rhodamin im

Wasser ergaben *
(: 2,0.10-1*@* 7S. f. Phys. 42, 861, 1927




Using fast rotational motions
to measure the fluorescence lifetime

2 Ipar _Iperp

p =

LIGHT SOURCE— Z AI‘. % / Ipar + Iperp
\" Eiy r = Ipar B Iperp
;[I IW +2]perp

Francis Henri Perrin @
1901—92 / POLARIZER
§ 3. e Polarisation der Fluoreszenz gibt ein anderes Mittel zur

Bestimmung von ¢* Nach der Formel von F. Perrin 1st . EE
1 1 /1 1\ RrT aly

_:_+(——-)t—r, (7) \&\iai

P jjn p[} 3 i”.i' ’\\
wo p der Polarisationsgrad bei gegebenen Bedingungen ist, p, der Grenz- A

Fig. 6.

wert der Polarisation be1 sehr grofler Zahigkeit 5, # das Molekunlarvolumen.
Nach dieser Formel berechnete F. Perrin, wie erwiihnt, fiir Fluorescein
¢ = 4,0.10~ ¥ sec im Einklang mit den direkten Messungen von Gaviola.

*. B Perrin, C. R. 180, 581, 1925; 182, 219,

1926; Journ. de phys, 7, 390, 1926.|




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




Eine Theorie der zeiflichen Abklingung des Leuchtens
bei polarisierter Fluoreszenz von Farbstofflésungen.

Von A. JaMoigki in Warsehau.
Mit 2 Abbildungen. (Eingegangen am 3. April 1935.)

A.Jablonski, Z. Phys. 95, 53 (1935).

Wir stellen also fest: Will man direkt die Verweslseien der fluores-
zierenden Molekiile (in Liosungen) bestimmen, so soll man (falls die Erregung
it polarisiertem -Licht erfolgt) die Adbklingung der unier dem Winkel
=_54,790 gegen die Schwingungsrichfung des erregenden Lichies schwingenden

Alexander Jablonski
(1898-1980) Komponente uniersuchen.

Enter Magic Angle

_1
Iy = 3[4 +24, +2(4y—A)e e 7,

=]

X
n=[Pe) flo—o)de. I, = 1[4 +24, — (4, — 4 )e e -,
R + beobachtete Werte fir ¢ |
45 Hemmma ¥ beobachtiete Werte fiir EH
((————(*) berechnate Werte von #y, pq = il
E‘éﬂ vorsusgesatzt, 3
A =+ —s = [] berechnete Werte von &), go = 0,1
e 45 vorausgesotst,
M beobachteter Wert filr die rotationsenbeein-
) Tl flufbara Komponenta,
47 498 49 W 0----- ) berechnete Werte fiir dieselbe Kom-
¢ ponente.

Fig. 2. Abh¥ngigkeit der Abklingzeiten der Fluoreszenz von Fluorescein in Glyeerin
+ Wasser-Lijsungen von verschiedenem Wassergehalt von dem Depolarisationsgrade g
der Fluoreszenz. ¢=1 entspricht der reinen whsserigen Lisung.



MANY PHOTONS (hvgy & hvgp,) AND MANY ESCAPE DOORS

energy transfer
to acceptor

lifetime of the excited state:
1/t = kT +k|: "'leC +k|c +kQ +kpB = Zl ki

Kj

Ei Kj

Quantum yield of the ith process =




SO, now we seem all set.

BUT.....




We want to measure fluorescence lifetimes
in a fluorescence image at every location of
the cell.

phase difference

AC excitatior? /I tan((})h.k—q)em) = WTinean

?“"“"‘k o fal o ‘ Cad = et oy
LU emission

DC excitation

time resolution e  Image focused on
at every pixel & the pixel array
simultaneously

. = s S s 8

® " RS RN NN E
= = AN N e E NN N
i)

cm

+A__sin(wt+¢, )

O .
A, + Aex sm(oot+q)ex)



| see three
exponentials!

Uh-Oh! | see

a whole herd

exponentlaIS!J




What now?

e
] }; S
s
. e
k : o
- R ’ : e
r‘ I [ = :‘ .
' J o i ; -

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



Model Independent Analysis
Some different ways to
parameterize lifetime-resolved
data

1/(1+ jor)=M, [cos(¢.’w)+jsin(¢i’w)]

x=M, cos(¢iw) and y =M, Sin(@w)




Frequency domain lifetime measurement

Data analysis with a polar plot representation

Demodulation = M = b/ B — I
al A \/1+(wa )
Phase shift = @ =tan" (@7, )
A
> s
) N <
N \ .aq
3= X
X \ >
= > -
0.5 Gh 0.5
M X cos (P) M X cos (P)
: 1 . : .. .
good for any signal o< (for instance dielectric dispersion)

1+iwt



mod * sin( phase )

y=

Lifetime

R101 and Cy3
Polar

0.4 0.6
X = mod * cos( phase )

mod lifetime (ns)

R101 and Cy3
Tau Tau

phase lifetime (ns)




Observing the fluorescence of:

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

0.7
0.6 i
0.5
= 0.4} 1
e
}.ﬂ
= 0.3F -
0.2 == Donor i
0.1 Acceptor
' —&— Donor+Acceptor
u I I I I
0 0.2 0.4 0.6 0.8 1

M*cos(d)



Of course we ey o
have to be sure '
that we get rid

of artifacts

before

Chebys hev f“-s photobleaching

- very fast
single pass
not interative

Malachowski, 6.C., Clegg, R.M., and
Redford, 6.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)

1 sec exposure

Fractional Concentration Dual Layer Fractional

Color Code
ey

after 10 sec of
photobleaching

1 sec exposure

Concentration Image
i’t'

10 ns

0Ons

Correction for photobleaching

' e Data —Cheb Fit

+ Sine Fit |

//\




Photodiagnostics and phototherapy

%
ALA Y
Normal cellular 9 {?,Qg ‘“ ;
8x . 2d2 PO
oSy T 9%e06
| - heme synthesis 5o gﬁ
o-aminolevulinic-acid o3 |
® o e
PplX-protoporphyrin IX
Fluorescence
i ~
or I hv

G 10,

The monomer of PpIX forms ROS
and is used for phototherapy



nanoseconds
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Measured Lifetimes

O phase lifetime
B mod lifetime

inside inside

after

outside outside nucleus nucleus bright

after after

spot

Concentration of Monomer

Concentration of PPIX monomer

inside
\

* outside
L \X

H Bu
nucleus
/ -
* & before
bright spots B after
0.2 0.4 0.6 0.8

Fractional Concentration of Monomer

But sometimes that complicates things

IN THE BLEACHERS By Steve Moore

=

D T RS ISPkl Wiy WL ) .

LRl S

“And that, ladies and gentlemen,
Is the way the ball bounces.”



Polar Plot analysis

Fluorescence intensity and dynamic response
change upon illumination

PPIX in tumor cells

Pl -

\\\\-—-ref

B before
after

\

1




Protoporphyrin |IX
Lifetime Location

1 7'1 8 ns Where is the monomer?

What are the concentrations?

~2 NS

<2 NS

Monomers and Multimers = same spectra



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

Light
Excitalion transfer Hectron transfer

e—Acceptor
Photochemistry ¢ &

) Ce ?

e~ Donor

hv

A. Normal light intensity Pigment molecules

Stroma

Lumen kh Antenna

violoxanthin  heat

B. High light intensity Photochemistry

Stroma

The mutants (NPQ1 and
flfcﬂ K, NPQ?2) used in this work,
___ accumulate violoxanthin and

zeaxanthin

Deepoxidase

Lumen k

@ @ @ b @ @ zeaxanthin, respectively.

i Fl transient studi
Fast-FLI for studying the role of uorescence transient studies

the Xanthophyll cycle in the non- heat ilsg;(:; gg;igﬁ:gﬁlntghior
photochemical quenching process WT and NPQI.

in single cells.



NPQ mutants of the green alga Chlamydomonas reinhardtii
Mutants from Krishna K. Niyogi

HZ
Zeararihin

Wiolaanthin

The Xanthophyll cycle

Deepoxidase  Mutant NPQ1: Dee@se

s T

Violaxanthin «=p Antheraxanthin «=sp Zeaxanthin

Epoxidase Mutant NPQ2: Ep@e




Lifetime lever - long time biochemical changes in the cells

05 Lo & Hi WT untreated Data
%
= 025
=
0 j i 5 e
0 02 04 08 1
M-:Dsgphl)
Signal # a.e"" e—f/fz

Two lifetime pools of Chlor'ophyll Molecules
Holub, O., Seufferheld, M.J., Gohlke, C., Govindjee, Heiss, G.J., and Clegg, R.M.,
"Fluorescence lifetime imaging microscopy of Chlamydomonas reinhardtii: non-



Spectral FLIM
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Combining morphology + lifetime resolution
Localized spatial frequencies

W(x,y,a)=ﬂg(x_x',y_y'jf(X',y')dX'dy'

a a
Wavelets .
+ — T
o . e T
. Denoising i
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ag + Z (ay cos kx + by, sin kx)
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Daubechies mother wavelet

Daubechies wavelet basis functions, time-frequency tiles, and coverage of the time-frequency

An Introduction to Wavelets

Amara Graps



WHAT DO SOME WAVELETS LOOK LIKE?

ﬁm‘.l Daubechies_6&
/ “~\

Vale '\J \_

300 1000 1500 2000 2500 ' 1000 1500 2000 2500

0.06

0.05 Symmlet_6
0.04 \

0.03

0.02F \

0.0l \

N Ny

J -0.02
0 100 200 300 400 500 600 0 300 1000 1500 2000 2500

Fig. 4. Several different families of wavelets. The number next to the wavelet name represents the number of
vanishing moments [ A stringent mathematical definition related to the number of wavelet coefficients) for the subclass

of wavelet. These figures were generated using Wavelah.

An Introduction to Wavelets

Amara Graps



M sin(® )

0.8+

0.6

combination of wavelet analysis and FLIM with simulated data
Background constant
The wavelet analysis has completely removed the background contribution

11600

111400

1200

1000

M sin(®,)

1600

11400

200

0-0 T T T T T T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

M cos(®)




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.

2000 C 400
1800 |
10 ns 200
1600
| 0
1400
1200 No Fluorescence —200

0841 B
~ 0.6 —~
= - 5
k=1 = -
= 0444 =
= S
0.2
/
0.0




Finding morphology using wavelets

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)
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Variance stabilized Gaussian Denoising

12500

N
[=}
(=
(=]

12000

D levels)

2 1400/

Fluorescence intensity
(A

800

300 400 500
Pixel no.

200

Red — raw data; Black — denoised

Line profile from an image of prostate tissue

Spatial frequency cuts (intervals) can be selected

Edges not smoothed
Rebecca Willett and Robert Nowak
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Polar Plots
111400

1200

Poisson denoising

Poisson denoinsing with
wavelete background
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FLIM image of a prostate tissue biopsy microarray




Polar Plot Color Code

0.6

3ns

Intensity Mask Polar Plot Dual Layer FLIM Image
Color Coded Image

Combining morphological features and FLIM signals (wavelets)

and
Using denoising to assist in the overall analysis




2X

Left: raw fluorescence
intensity images of a
prostate tissue core

Right: denoised images
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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.



SEE, BENNY,

SO . o HE SLIPPED

BuT YOU'RE
STILL HOLPING

With FLIM

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




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







