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Why Base Clinical Diagnosis on Fluorescence Lifetimes?

Fluorescence lifetimes change with the molecular environment of the fluorophore
Degeneration in metabolic function manifests in lifetime changes of endogenous fluorophores
Early stages of degeneration can be detected before they have caused irreversible damage to cells and tissues
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The Fluorescence Decay Function
Log Scale
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The decay function of a single fluorophore in a homogeneous environment is single-exponential
Probability to return from the excited state is time-invariant
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The Fluorescence Decay Function

Fluorophore A

Fluorophore B

Time (ns)

Lifetime is different for different fluorophores
'Great: | can use it to distinguish different fluorophores'



The Fluorescence Decay Function
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The fluorescence Lifetime is an Indicator of the Molecular Environment:
Concentration of biologically relevant ions
Binding to proteins
Conformation and interaction of proteins

Endogenous compounds / enzymes may be fluorescent themselves
Conformation of enzymes
Interaction of enzymes with proteins I ‘
Metabolic state



The Fluorescence Lifetime ins an indicator of the Molecular Environment
The classic example: Quinine Sulphate, different concentration of CI

'Collisional Quenching'
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Rhodamine B

Dependence on Temperature

Solvatation: Solvent molecules arrange around the fluorophore molecule
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BCECF, a Fluorescein Derivate

Protonation, Lifetime Depends on pH
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Other Fffects of Lifetime Changes:

Folding State of Fluorophore
Binding to Proteins
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Multi-Exponential Decay Functions
The rule rather than the exception in biological systems
NADH in Water
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Why are decay functions multi-exponential?
Are there fluorophores with intrinsically multi-exponential fluorescence decays?
No! Transition rate back to ground state is time-invariant.
So, what's the reason?
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Multi-Exponential Decay Functions
The rule rather than the exception in biological systems
NADH in Water
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There are mixtures
mixture of different fluorophores. FLIO: FAD, Lipofuscin, AGEs
mixtures of different geometric configurations of the molecule: Stretched, folded
mixtures of protonated / deprotonated forms, free / protein-bound forms etc.
The shape of the decay function changes with the molecular environment, see next.
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Multi-Exponential Decay Functions
The rule rather than the exception in biological systems
NADH in Water + Citric Acid, pH =4
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There are mixtures
mixture of different fluorophores
mixtures of different geometric configurations of the molecule
mixtures of protonates / deprotonated forms, free / protein-bound forms etc.
The shape of the decay function changes with the molecular environment
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Information from Multi-Exponential Decay Functions
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al, a2, a3: Amounts of fluorophore forms 1,2,3 (How much is there?)
t1, 12, t3: Lifetimes of fluorophore forms 1,2,3 (What does it do there?)
Note: Changes in these parameters cause a change also in the average lifetime.
But from the lifetime you can only see that something changed, you can't tell what it is.



Look at the Amplitudes! NADH and FAD
Free-Bound Ratio Depends on Metabolic State: Normal Cells
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Example: NADH and FAD

Free-Bound Ratio Depends on Metabolic State: Tumor Cells
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Multi-exponential decay
Extremely fast decay components

Fastest component 136 ps

Decay Curve of the Fundus of the Eye

Decay Curve of Fundus of the Eye a1l 8024
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Out-of-focus suppression needed
Suppression of scattered signals needed

High sensitivity needed
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Extremely high time resolution needed

Extremely high timing stability needed
Optical path length matters (250 ps = 7.5 cm)



Questions?



How are FLIO Data Recorded?
Principle of Scanner

Scan Lens

Dichroic

: X-y Scanner
Mirror

Laser

Filter

Lens

BNy wmmm Pinhole

Detector

aqueous humor

Ciliary body



How are FLIO Data Recorded?
Principle of Scanner

Scan Lens

Dichroic

: X-y Scanner
Mirror

Laser

Filter

aqueous humor

Lens Cllary body

BNy wmmm Pinhole

Detector




How are FLIO Data Recorded?
Principle of Scanner

Scan Lens

Dichroic

: X-y Scanner
Mirror

Laser

Filter
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How are FLIO Data Recorded?
Principle of Scanner

Scan Lens

Dichroic

: X-y Scanner
Mirror

Laser

Filter

Optic nerve

aqueous humor

Lens Cllary body

BNy wmmm Pinhole

Detector

Why Scanning?
Suppresses out-of-focus light
Suppresses lateral scattering
Perfectly compatible with bh's multi-dimesnsional TCSPC Process



Recording Principle of FLIO

Combination of Multi-Dimensional TCSPC with a Laser Scanning Ophthalmoscope

Built up in TCSPC device

Time in or in computer memory:
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Pixel Clock

X | Location, X,y, in scanning area . ‘




Recording Principle of FLIO

Combination of Multi-Dimensional TCSPC with a Laser Scanning Ophthalmoscope
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Recording Principle of FLIO

Combination of Multi-Dimensional TCSPC with a Laser Scanning Ophthalmoscope
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Recording Principle of FLIO

Combination of Multi-Dimensional TCSPC with a Laser Scanning Ophthalmoscope
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Recording Principle of FLIO

Combination of Multi-Dimensional TCSPC with a Laser Scanning Ophthalmoscope
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Recording Principle of FLIO

Combination of Multi-Dimensional TCSPC with a Laser Scanning Ophthalmoscope

Built up in TCSPC device

Time in or in computer memory:
FLIO — Start Fluorescence Decay | Time in Decay

Curve Photon Distribution

Scanner Light \’ V \ ¢ I I> n (x, y, t) ;

Auge Detector
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Recording Principle of FLIO

Combination of Multi-Dimensional TCSPC with a Laser Scanning Ophthalmoscope
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What are FLIO Data?

Photon Distribution over the Image Coordinates and the Time in the Fluorescence Decay
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The Task of Data Analysis

Determine decay parameters in the individual pixels
Create an image which displays the desired decay parameters as colour
Which decay parameter? We have multi-component decays!
Average (amplitude-weighted) liftime

tm = al.tl + a2-t2 + a3-t3




Lifetimes of Decay Components
Lifetime of fast component, t1 Lifetime of slow component, t2




Amplitudes of Components
Amplitude of fast component, al Amplitude of slow component, a2




How are the Decay Paramters Determined?

The shape of the photon distribution does not exactly represent the fluorescence decay function
Fluorescence is excited by laser pulses of non-zero width

Fluorescence is detected by a detector of finite speed

¥ = 10.91

100

10+

The measured waveform is a convolution of the real decay curve with the Instrument-Response Function
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The Convolution Integral

[
f(©) = | f(D)IRF(t —7)d7
7=0

Laser Pulse
\ broken down into-sub-pulses

\

Detector response,
broken down into-sub-pulses

t

Fluorescence, excited by
sub-pulses

[

i
|

Fluorescence, recorded by
sub-pulses of
detector response

t

Waveform of fluorescence
excited by real laser pulse

Waveform of
recorded signal

Or:

AT\ Instrument response function
MIIN  arF)
\

Fluorescence

Waveform of
recorded signal




De-Convolution

® ?

The Convolution Integral

[
fm@®) = | f(D)IRF(t —7)d7
7=0

cannot be reversed.

Except for a few special cases there is no analytical solution for f (t) as a function of fm(t) and IRF(t).



Fit Procedures: Least-Sgare Fit
Fine at high photon number
At low N the result is biased towards lower viues
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A dependence of t on the photon number is the last thing we want!
What's the reason of the different 1s?



Fit Procedures: Least-Sgare Fit
Fine at high photon number
Problems if number of photons is low

190 photons

07; , . L
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0.000 4.800 10.799

- WLS minimises the the square error sum, >_(n— f (1))’

- But the photon numbers, n, in the time channels are Poisson-distributed

- Noise in n depends on n itself: o = Jn
- Weighting of the errors required. Weight for channels with lower n must be higher.

- Correct weighting factor would be W = 1/\/ﬁ . Impossible for N=0!



Fit Procedures: Least-Sgare Fit
Fine at high photon number
Problems if number of photons is low

. 6800 photons p 190 photons

DO

V0

Sbiie,

F TR a0 T M

" et oo
YTy By e
- Y & 2
| *etat e e LR i ..
Fogastd WL e, 10
— . - v L e 4w - + — -
10 R T . 10
+ . o+ s g s e e o+ 4 - - - +
- - oo—&-‘i"‘qg;b i E - * o v *
- PR Pe=2a et N LGNSR
+ e uu-"i".-.....::u- - g e
LadR L B B o_'hu__i-. R R & R . T S A Y *
——— -
4 R s T e R . e 24 +
J T el
- e PP - " e TRttt e e e e b 4t - e
1 | e
T
| )
e,
1—-—.4».“ - - - 1‘— - ™ LT T a—— un.'\-{.\:u.n»omam nnnnn D N 1— R B e e B R e S B rr—— -
e -
- 71 I~
S -
—~
— T
- a8
- -
— -
- -
" T
o
ey
-

01- '| 0.1- ) — 01— |
t = 1950 ps 1820 ps 1590 ps

- WLS minimises the the square-error sum, »_(n— f(t))’
- But the photon numbers, n, in the time channels are Poisson-distributed

- Noise in n depends on n itself: o = Jn
- Weighting of the errors required. Weight for channels with lower n should be higher.

- Correct weighting factor would be W = l/x/ﬁ . Impossible for N=0!
We need a better fit algorithm!



SPCIMage NG: Maximum-Likelihood Estimation (MLE)

Data points, n(t)
Photons in Channel t

X

Model Function
fmod (t) x

Poisson
Distribution

Expectation

3

\‘ Value

p(n(t))

t

p(n) <&

- MLE calculates the probability that a particular value of n appears in a particlar time channel



SPCIMage NG: Maximum-Likelihood Estimation (MLE)
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SPCIMage NG: Maximum-Likelihood Estimation (MLE)
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SPCIMage NG: Maximum-Likelihood Estimation (MLE)
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SPCIMage NG: Maximum-Likelihood Estimation (MLE)

Data points, n(t)
Photons in Channel t

X

Model Function
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SPCIMage NG: Maximum-Likelihood Estimation (MLE)

X

fmod (t)

Model Functionx

Data points, n(t)
Photons in Channel t

Poisson
Distribution

p(n(t))

Expectation
Value

- Optimise model parameters until product of probabilities is at maximum
- MLLE correctly takes into account the poisson distribution of the photon numbers
- MLE has no problem problem if the number of photons in some channels is zero

p(n) <&



MVLE Delivers Correct Lifetimes at Low Photon Number

Weighted Least-Square Fit MLE Fit
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MVLE Delivers Correct Lifetimes at Low Photon Number

Weighted Least-Square Fit

T = 1590 ps
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What's the statistical accuracy of a lifetime calculated from decay data?
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Accuracy of the Lifetime: Single-Exponential Decay
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Maximise N

Focus correctly!
Poorly focused Correctly focused
Only a small part of the light passes the pinhole All light from the focal plane passes the pinhole

NG Retina N Retina
Dichroic Dichroic
- X-y Scanner Comea - X-y Scanner Comea
Laser Mirror y N A Laser Mirror y \ NS
/ = \ / P {
Filter =/ A Filter e ! AP
aq| humor “‘ aqueous humor |
|_ ens c:u.& body |_ ens cunui body
Pinhole By wmmm Finhole
Detector Detector

Resolution may be only slightly impaired, but the loss in sensitivity may be large

Image Pix. X

(Example from microscopy: 50% loss in photon number by poor focusing!)



Get as Close as Possible to SQRT(N)

Don't Record Background Counts!
10% Background No Background
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B e |

e e i i B

o e o e e
; i , | 0

1
000 20 40 600 80 100 1200m

I ! |
800 1000 1200ms

6 ps y: 14233
196599
ig 181394 T
+ y-sig 206286
' - 0ps 3000 ps pesig 220594
| — T T
0 500 1000 1500 2000 2500 ps 3000 it ! e s pm it e

313 ps Width of lifetime distribution 144 ps
Equivalent to a loss of 75% of the photons!
Why such dramatic effect?

The timing variance for the background photons is much larger than for the fluorescence photons



Questions?



Analysis of FLIO Data: The Challenges of FLI1O Analysis

Extremely fast

Decay Components
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Don't know where \
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Don't know what

the decay model is




Extremely fast Decays
No problem down to lifetimes and lifetime components of about 50 ps
.... If an IRF of the correct shape is used. And if we know where it is.

But we don't!

Correct IRF IRF shifted left by 50 ps
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Can We Measure the IRF?

Scattering
Dichroic Target
Laser Mirror X-y Scanner | ager g
= | -
. T Filter

@ Lens Does not Pass the Filter!

Iy e Pinhole

Detector

Back-scattered light does not pass the filter
Take out the filter for IRF Recording?
Multiple scattering in target increases IRF width
Use fluorescence of extremely short lifetime?
We'd need a fluorophore with a lifetime of <10ps. It doesn’t exist.

And:
Measuring the IRF does not solve the problem of the unknown IRF position!



From Where Can Get a Correct IRF?
IRF modelling: Generate a syntethic IRF and use it instead of a measured one
Task: Find a simple function that resembles the general shape of the real IRF. Characterised by one parameter.

IRF of bh FLIM system with GaAsP Hybrid detector Function X-e™

0.
060000 070000 080000 090000 100000 110000 120000 130000 140000 150000 160000

Time [ns]

Model the IRF by: t/tw-e V™

Run a normal fit of the decay data using this IRF. Include the IRF width parameter, tw, in the fit.

When we know tw we have the effective IRF
We then use this IRF for further data analysis



Measured IRF Versus Syntethic IRF

tm12 Images of shifted-component model (see later)
MLE, shift parameter floating

Measured IRF Syntethic IRF

Mulliexponential Decay Multizsponential Decay
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Imperfect fit of rising edge (Almost) perfect fit of rising edge
Measured IRF too broad, lifetime too short Synthethic IRF correct, lifetime correct

Difference is small but syntethic IRF yields better fit and better lifetimes



What is the Correct Position of IRF on the Time Axis?

Data analysis: Shift IRF data
into correct temporal position

<>
IRF
Real Measured
Decay Decay
Function Function

Fit the data with the correct model, the correct IRF shape, and a 'Shift' parameter.

Important: Use the correct model.
Determine IRF Position once and fix it before starting the fit in all pixels? Or leave the IRF position floating pixel by pixel?



Fix IRF Position Before Calculation or Leave it Floating?

MLE
IRF Position Fixed Mean Lifetime, tm IRF Position Floating

o X 0 .

: Wpsl 2227 |3 (i y 13ps H &
200 300 400 500 600 * ¥ I i 3 : alps] [ 2242 it
2’ EI 2, * Loz S » Shit :
p 30006 8978
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p*sig2 34532

sig

Show/Hide Model Options

186 |y +[125 |y m= 260,83 ps

There is a diagonal shift in the signal transit time, caused by mechanical effect in the scanner
Floating IRF gives narrower lifetime distribution
MLE gives better result for floating IRF than WLS
(And It is not slower)



Fix IRF Position or Leave it Floating?

MLE
IRF Position Fixed Mean Lifetime, tm IRF Position Floating

Multiexponential Decay Multiexponential Decay
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All Problems Solved?



Not Quite.

Some Mysteries remain.
Poor fit of rising edge and peak of the fluorescence decay curve
Looks like a distorted rising edge
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Not Quite.

Some Mysteries remain.
Poor fit of rising edge and peak of the fluorescence decay curve
Looks like a distorted rising edge
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Note: If we have an inaccurate fit we will never get an accurate IRF position.
If we have an inaccurate IRF position we will never get accurate lifetimes!



And: What's that!

Normal Normal

Poorly Focused Cataract Patient

o T T T
0 T T T 100 120 140 160 180 200 220 240 260 280 300
100 120 140 160 180 200 220 240 260 280 300

What has a Cataract
Patient in Common

with a Defocused Image?

More Fluorescence from

the Lens!

What can Distort the
Rising Edge?

Fluorescence from the Lens!




The Fluorescence from the Fundus is Overlaid by Fluorescence from the Lens

Laser JL
g

Fluorescence

Lens

J N

The lens fluorescence comes 120 to 180 ps earlier than the fundus fluorescence!

Ciliary body

23 134 Page: |1/

(D. Schweitzer, W. Becker, many years ago. But nobody believed us.)



The Conventional 2- and 3-Exponential Model is Unable to Fit the Decay Function!

IRF
Measured

Decay Convolution of

Function three-component
model function
with IRF

will never fit

Measured
Decay
Function

Fundus

Lens.\\\\
120ps

before
fundus

the decay data!




The Conventional 3-exp. Model is Unable to Fit the Decay Function!

IRF
Measured

Decay
Function

Fit
— with
3ex Model

\__

The conventional 3-exp. model does not fit the data correctly

Result: Unreliable fit, unreliable decay parameters
Worse:

Fit compensates wrong shape of model function by wrong position of IRF

IRF position depends systematically on amount of lens fluorescence
Decay times are determined wrong



Correct Model Function for FLIO Data: The Shifted-Component Model

IRF
Measured
Decay
Function Three-component
model function
, Components 1,2 model
fundus fluorescence
3rd component models
2 lens __ lens fluorescence
=as _u & / /

/

td3 = 120ps TAUlens = Tau3

Luckily, it turns out that the slow component, t3, comes from the lens

Model Function: f(t) = a; V™ + a, eV" + g3 glt*td3)/e

Important: tqs is assumed to be constant. In reality, tss may vary a bit with the length of the eye.
But tq3 is not critical. tgz = -120ps to -150ps works well for adult humans.



A Beautiful Byproduct: tm12 is the Fundus Lifetime

IRF

Measured

Model

Function Decay

Function Three-component
model function

Components 1,2 model
fundus fluorescence

f1o(t) = a1 eV + &, eV is decay function of fundus
tmi2 = (a1t1 + a2t2) / (artaz) is mean lifetime of fundus - excluding decay component from lens

Let's replace former tm with tmi2!



So, Whats's New?

Syntethic IRF Replaces Measured One
IRF position is determined by fitting x together
with the decay model to the fluorescence-decay data

New Model Function Includes Early Arrival
of Lens Fluorescence
3rd component models lens fluorescence

tm12 Extracts Fundus Lifetime from Decay Data
Lens fluorescence is rejected from lifetime images

X exp (-x)

Model IRF
Measured

Decay
Function Three-component

model function

Components 1,2 model
fundus fluorescence

3rd component models
" lens fluorescence

Model

Components 1,2 model

/ fundus fluorescence

3rd component models

" lens fluorescence




tm12 Of Shifted-Component Modell Extracts Fundus Lifetimes

Cataract patient, tm, traditional model

M SPCImage 7.4 - Retina_beforeSurgery-wb.img
File Calculate IRF Mask Conditions Options Tools Help

Pre-Surgery, Channel 1, tm
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Cataract patient, tm12, shifted-component model

M SPCImage 7.4 - Retina_beforeSurgery-wb

Pre-Surgery, Channel 1, tm12, Gated Intensity

File Calculate IRF Mask Conditions Options Tools Help

L ¥

LLrweEbEABssrD

Multiexponential Decay

companensi[3 1]

10000

sl [7841
tips] [18667 = [ Fix
s [123
wpel [6747 TR
sl [929
oies) [3349 | T Fx
st [990 = ¥ Fix
Seater [0 | [ Fix
ofset  [1312 = [ Fix
ShowjHide Model Options |
20 250
B A »
uo 76278 o
psig 6215 0
pisig 94737 o
x v
TeH71 T2 =933 Bin {2  Thesholk =f5 [ Awe  =f188 , =141 tm= 557,87 ps

100

o

S
000 100 200 300

o
500 6,00

" Channel 1 [ Channel2

Totally off range

Pixels in ROI: 65536

| o
700 800 900

i
10,00
Photons within gate: 5701

o
1,00 12,00
75

Desktop anzeigen

Ly

pProsEEREREyor®

uo 25782 2459

psig 225,05 1953

p+sig 28628 1404
x v

200 250 300

Multiexponential Decay

Components: [3 -+
[4181
o —
[
[1022
olps] [22661 =
shit [980 =
o Fe
[312 = r&x

Show/Hide Model Options ~_|

all%)
tips]
a2[%]
t[pe]

a3[%]

[ Fix

[ Fix

[~ Fix
[ Fix
Scatter

Offset

2 A 2 o

ns

T1. =68 T2 =201 B =2  Threshold: =5 ™ Ao

=185 =141,  wm2- 245 ps

10000
£ =|1.50
1000
100 S
N s e s 1
SN TN
10+ £
1
5
0
et L B S A E O
000 100 200 300 400 500 600 700 800 900 1000 1100 12,00
Pixelsin ROI: 65536 Photons within gate: 25570

Channel 1 | Channel 2

Reasonable fundus lifetimes



tm12 Of Shifted-Component Modell Extracts Fundus Lifetimes

Cataract patient, tm12, shifted-component model

Cataract patient, post-surgery, tm, traditional model

M SPCImage 7.4 - Retina_beforeSurgery-wb' Pre-sSurgery, Channel 1, tm12, Gated Intensity
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Data from Lydia Sauer. Thank you, Lydia!

"
1-sig
ptsig

278,60
238,02
31628

Muliexponential Decay

Components: [3 <
all%] 81588
ups) 13377 =
o2 [1429
=
[am—
"
o
—
e

Show/Hide Model Options

[~ Fix
2[ps] I Fix
adll
13[ps]

St

[l
I Fx
¥ Fix
[~ Fix
J

Soatter

Offset

B v

10000

T T2 =983 Bn =2  Threshol: =5 [ Auto

28, 188, - 227,02 ps

1.09

1000+

100

i i i i i i i
500 600 700 800 900 1000 11,00 1200

" chamel1 [Chanel2

Pixels in ROI: 65025 Phatans within gate: 847



Shifted-Component Model, tm versus tm12

Healthy Patient, 25 Years Old

Lens fluorescence at this age is weak
Shifted-component model, syntethic IRF, shift parameter floating

Multiexponential Decay
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Former Fundus-Lifetimes of healthy patients are 20-40% too long.

Observed inscrease of FLIO lifetime with age may in part be caused by increased amount of lens fluorescence
Re-evaluate old data with new model!



Conventional 3-exp Model vs. Shifted-Component Model
Cataract Patient, 70 Years, Position of IRF Floating

Conventional 3-exp. Model
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Conventional 3-exp Model vs. Shifted-Component Model
Cataract Patient, 70 Years

Conventional 3-exp. Model, fixed shift
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New Analysis Procedures Work on Old Data
AMD Patient, Data from Dietrich Schweitzer and Martin Hammer (2012)
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Questions?



SPCImage NG Data Analysis
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SPCImage NG Data Analysis
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SPCImage NG Data Analysis
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SPCImage NG Data Analysis
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SPCImage NG Data Analysis
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SPCImage NG Data Analysis
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Please See 'bh TCSPC Handbook', Chapter 'SPCImage NG Data Analysis Software'

Download from https://www.becker-hickl.com or contact bh for printed copy

Wolfgang
Becker

High Performance
Photon Counting

The bh
TCSPC Handbook

Eighth Edition

Becker & Hickl GmbH

"SPCImage NG Data Analysis Software€]

SPCImage NG is a new generation of bh's TCSPC-FLIM data analysis software. It combines
time-domain and frequency-domain analysis, uses a maximum-likelihood algorithm to calcu-
late the parameters of the decay functions in the individual pixels, and accelerates the analysis
procedure by GPU processing. 1D and 2D parameter histograms are available to display the
distribution of the decay parameters over the pixels of the image or over selectable ROIs. Im-
age segmentation can be performed via a phasor plot. and pixels with similar signature can be
combined for high-accuracy time-domain analysis. SPCImage NG provides decay models
with one, two. or three exponential components, incomplete-decay models. and shifted-
component models. Another important feature is advanced IRF modelling, making it unneces-
sary to record IRFs for the individual FLIM data sets.q

" Overviewq

*Images of Decay Parameters9

SPCImage NG produces images of fluorescence lifetimes and other fluorescence decay pa-
rameters from TCSPC FLIM data. It runs an iterative fit and de-convolution procedure on the
decay data of the individual pixels of the FLIM images. In the simplest case. the result is the
lifetime of the decay functions in the individual pixels. For complex decay functions the fit
procedure delivers the lifetimes and amplitudes of the decay components. SPCImage then
creates colour-coded images of the amplitude- or mtensity-weighted lifetimes in the pixels,
images of the lifetimes or amplitudes of the decay components, images of lifetime or ampli-
tude ratios, and images of other combinations of decay parameters, such as FRET intensities,
FRET distances, bound-imbound ratios, or the fluorescence-lifetime redox ratio, FLIRRE. A
few examples are shown in Fig. 1044 through Fig 10479

"
|
1,
Fig. 1044: Image of the amplitnde-weighted lifetime, tm, of 2 double-exponentizl decay. Right: Fluorescence
decay curves i selected pixels
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Different Appearances

L n L T

JORCH- R N TIR N R ol

Calculate IRF Mask Conditions Phasor Plot 2D Correlation Options Help

Multiexpanential Decay
Components: B
Method:  Maximum Likelihood E stimatiol
ali*] {7556 |
bl (15 |2
a2% (2148 |
2fps] | 321 = Fix
1
t3[ps] -2035
100 150 200 250 300 Shit e
8| Al 8 e
Scatter D [v]Fix
s (38 |

el Offset

1 Fix

38 > JLEE
p-sigl 108,64

y+sig2 146,83 Show/Hide Model Options

T: 2 [64 |72 2[960 |Bin 2 (2 |Theshold = (5 | “lAuwe  5[195 J¢ I[127 |, m12= 129,59 ps
1,2= 1.14

|
10,00

|
0,00 2,00 4,00 6,00 8,00
ns | Lhannel 1 | Channel 2 Pixels in ROI: 65536 Photons within gate: 92030




Different Appearances
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Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
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Different Appearances
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Conditions Phasor Plot 2D Correlation Options Help
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Different Appearances

Eile Calculate IRF Mask Conditions Phasor Plot 2D Correlation Options Help
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Different Appearances

'Fle Calaate IRF Mask Condions Phasor Plot 2D Correlation Options Help
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Recommended 'Preferences' Setup for FLIO

Preferences
¢ Lifetime Window ¢ Distribution Window
' Grayscale Image Overlay Histogiam: ) Pixel Intensity
= in Lifstime Wi
Zoom only in Lifetime ‘Window © Pivel Fraquency
Center ROI to selected pixel

~ Instrumental Response
/' Display in Decay Window
Always calculate at brightest pikel
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~ Layout

o

() 2564256 () 5124512
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Toolbar:

~When receiving data from SPCM

Start automatic calculation of first mament
' Start new instance (active after restart]

~ Other settings
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V' Individual channel settings for binning and position
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Settings NOT to be used for FLIO analysis

Settings
" Multiexponential Decay

& |ncomplete Multiexponentials

Parameter Constraints

Minimum Lifetime: <420 pg
Mauwimum Lifetime: = 1e+008 ps
Minimum R atio: =41

I Start with negative al

Dffset

™ Manual Selection
calc. from time channel: L

to time channel: IEd

[ Use fluorescence-substracted value

IRF & Shift

I” Include IRF position in conditions

Laser Repetition Time : |1 25 ns

Laser Width :

30,0

Algorithmic Settings

Spatial Binning:
Threshold:
Fit Method:

Itterations:

Chi"2 (max):

Minimum Varance:

¢ Combine chann

ps Adi.lstl
|Square vI

IFix shift before calculating image

Add constant

[ —H-stftrfimed TS I from peak of fluorescence

Shift varation [ +/- channels | |1 0.0

¥ Permanently set IRF to x exp(-x] with x=t / |55,0

Position of IRF 157

Delay

tps] [0 i]

Other settings
™ Tail enhanced fit
-

¥ Use multiple threads when calculating image
Collection Time (Experiment): |1 0000 ¢

Dead Time [Detector) :

[15000 ns

=
=

€ calculating image move T1 to peak, then fix shift

ns

Adjust |
Adjust |

t2[ps] |0 i‘ t3[ps] |-150 ::]

Old Fit Procedure

Use MLE instead

Runs on GPU, is faster,
and performs better
with floating IRF

Runs fit with same
IRF position in all pixels

No compensation of
diagonal lifetime shift

Fits decay curves only
after maximum.

Used with old models
to deal with distortion

of leading edge by lens
fluorescence

Fits decay curves only
after maximum.

Used with old models
to deal with distortion

of leading edge by lens
fluorescence



Settings NOT to be used for FLIO analysis

Preferences

Lifetime Window Distribution Window

WV Grayscale Image Overlay Histogram: " Pixel Intensity
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v Display in Decay Window
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Layout

[~ Show Intensity Image ~ Style: Ifo vI
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Toolbar: ~ ®

‘When receiving data from SPCM

[ Start automatic calculation of first moment

[V Start new instance [active after restart)
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IV Show Warnings

IV Individual channel settings for binning and position
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Importing the Data
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Data Imported but not yet Analysed
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Calculate Lifetime Image
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Basic Model Definitions

Multiexponential Decay
al
Components of Compo ;. ol o
amount decay function ey
form 1 taul Method:  Maximum Likelihood E stimation
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Advanced Model Definitions

Model
~ Settings : .
From current | Multiexponential Decay Laser Repetition Time : | 13.0 ns
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IRF Definition
Selection of IRF Type
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IRF Definition
Definition of IRF

) Q = = g P
M SPCImage 8.4 NG - wolfgang-redchannel-2-newirfimg - O it

File Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help

Model Multiexponential Decay

Components: |3_j
Method:  Mawirmum Likelihood E stimation
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Settings
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Smooth Residuals:

Perfect Fit
Model paramters correct
IRF parameters correct
Calculation will deliver
accurate results

Bumps in Residuals:
Poor FIT

Model parameters incorrect?
IRF parameters incorrect?

Check parameters, or
calculation may deliver
Inaccurate results!

Everything OK?
Before running 'Calculate’ take a look at the residuals!
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ﬂi SPCImage 8.4 NG - wolfgang-redchannel-2-newirf.img*
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And be no fool. Run it on a GPU!

It's just a $200 investment.
And it processes 512 pixels in parallel.



The Speed Difference is > 1:100




Which Lifetime Do We Want to Display?
tm: The traditional FLIO lifetime. Amplitude-weighted lifetime of all components
Does not separate between Lens and fundus
Equivalent to Pre-MetaNetz era lifetimes

éﬁ SPCimage 8.4 NG - wolfgang-redchannel-2-newirf.img*
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Which Lifetime Do We Want to Display?
tm12: Amplitude-weighted lifetime of components 1 and 2
Fundus Lifetime (Note different time scale)

ll'l SPCimage 84 NG - wolfgang-redchannel-2-newirf.img* — | X
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Which Lifetime Do We Want to Display?

ti: Intensity-weighted lifetime of all components

Dominated by long-lifetime components

M SPCimage 8.5 NG - wolfgang-redchannel-2-newirf.img*
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Coding of

Value = I t [ps] -

0§ m

AL BERBABY oD

1000 1500
u 1505,06
p-sigy 1321
u+sig, 1699

|
2000

189 sig

2500

Method:
al[%]
[ps]
a2[%]
t2[ps]
adl%]
t3[ps]

Shift
Scatter

3000 Oiffset

ps

Multiexponential Decay

Components: l3_i
Maimum Likelihood E stimation
[6979
[245 = I Fix

2293
f[6e7 =
EF
3214 =
s = MF
= Fe
23~ = I Fin

™ Fix

™ Fix

Show/Hide Model Options |

10000

=52 12969 Bin=2 Theshod =5 I awo =757 « =f81 ,

ti= 1602,3 ps

1000

100

112 = 093

ns

I
8,00
Photons within gate: 17322

1 I
10,00 12,00
Pixels in ROl: 64516



Component Lifetimes and Amplitudes
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The Parameter Histogram

How frequently does a given paramter value appear in the image?
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Width of the Histogram
Determined by
- Noise from the photon statistics. Width decreases with photon number.
- Real heterogeneity in the image. Width is constant.
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Phasor Plot 2D Correlation

Analysis with Fixed Component
Free component lifetimes
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Analysis with Fixed Component Lifetimes
Fixed component lifetimes, taken from decay data at cursor position
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File

Analysis with Fixed Component Lifetimes
Fixed component lifetimes taken from another image position

Om

LPLpSBEFRERY o ®

‘M SPCImage 85 NG - wolfgang-redchannel-2-newirf* e O X
Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
Multiexponential Decay
Enrrpmenlstﬁ—j
Method:  Maximum Likelihood Estimation
al[%]
t[ps]
aZ[%]
t2[ps]
a3%]
t3[ps]
Shit [g,
LT Scatter |0 —_—I F Fix
! ;
100 150 200 250 300 350 400 450 500 Offset 09 = I Fix
8| Al B P
Show/Hide Model Options |
TR <% /] 19,24 sig
u-sigy 306,33
u+5|gr 34431
=50 12 =926 Bin—=J1 Theshold =5 ™ awo =27 4 27 m2= 261,66 ps
10000 2
X 0.74
1000
100

ns

1
8,00
Photons within gate: 4350

|
10,00

Pixels in ROl: 64516

|
12,00

Correct only in the area around the position from which the component liftimes have been taken!



File

Calculate

IRF

Mask Conditions Phasor Plot 2D Correlation

Options

Help

Display of the Images
Parameter Range

0 e o

JORNCH""I - W= RPN U ol )

r Coding of

Value = m12[ps] ~| |

100 150 200 250 300 350
u 360,54 2065 sig
p-sig; 338,42
u+sig, 379,72

b
400

Multiexponential Decay
Components: r3_ j
Method:  Masirum Likelihood E stimation
all%] [g342
t[ps] W:ﬂ I Fix
2% [1246
2[ps] W::i I~ Fix
3% [413
Bpsl [3702 = I Fix
shit [o2 = I Fix
s i Scatter |D—‘_—i W Fis
os Dffset 54—::] ™ Fix
Show/Hide Model Options |

T1::|: 50 T =24 972

Bin=J2  Theshod =5 I~ Auto

=219 , 150 ,

mi2= 369,92 ps

10000
L+ 105

1000

100+

e SRR nibere
e e e LS L

e

+
< T

ng

I
8,00
Phatons within gate: 20040

I
10,00

I
12,00
Pixels inROI: 64516



File

Calculate

IRF

Mask

Conditions Phasor Plot 2D Correlation

Display of the Images

Options Help

Parameter Range

0§ m

LA BEEREEBY s ®

Color

Mode

" Discrete

Ranges

Min Max
Red I 2 I 3
[ 4 [ 5

Green
Blue

~ Coding of

Value = [wm12[ps] ~| |

100

150 200 250 300 350

el

2065 sig

5| A
] 360,54
338,42
3re T2

p-sig;
p+sig,

400

Multiexponential Decay

Components: I:"_::|I
Maximum Likelihood E stimation
[e342
[Tj [~ Fix
[1246
[os5 = I Fix
[413
[3702 = I Fix
Joo == SR

| Scatter |0 = ¥ Fix
450 =00 Dffset ITEII ™ P
ps

Method:
allz]
t1{ps]
a2[%]
t2[ps]
a3%)
t3[ps]

Shit

Show/Hide Model Options |

Ty 50 |12 ==f 972

Bin=J2  Thieshold: =5 [~ Auto

=219 {150 ,

tm12= 369,92 ps

10000
e s

1000

100

= -
E AT e
R R

gy

ns

1
12,00
Pixels in ROIl: 64516

I I
8,00 10,00

Photons within gate: 29040



File

Calculate

IRF

Mask Conditions

Phasor Plot

2D Correlation

Options

Display of the Images
Direction of Lifetime Scale

Help

OEm

PLprBERERY oD

Color

Mode
@ Continuous | Ful RGB

Max

Ranges

I

“ RGE " BGR

" Discrete

Min Max
Red I 2 I 3
Green |_4 [—5
e [ 5@ [ 7w

— Coding of

Yalue = Ilm12[ps] EI I

0K

250

Method:
al[%]
t1{ps]

a2[%]
t2[ps]

a3%]

t3[ps]
Shift

Scatter

350 400 450 500 Offset

8| A 8 *

2065 sig

=
300

338,42
379,72

H-sig,
p+sig,

Multiexponential Decay

Companents: |—3_::||
Magirum Likelihood Estimation
[e342
[283
[1246
[oss =
e
[3702 =
oz =
o =
22— 4

I~ Fix

I~ Fix

I~ Fix
I~ Fix
vV Fix
[ Fir

Show/Hide Model Options |

T1:= 50

10000

12 =972 Bin=f2 Theshold: =5 ramwe  J219 . 2150 ,

tm12= 369,92 ps

1000

100

10—

Zl==

1.05

ng

2,00 4,00 6,00 8,00
Photons within gate: 29040

10,00

12,00
Pixels in ROIl: 64516



File

Calculate IRF Mask Conditions PhasorPlot 2D Correlation

Display of the Images

Brightness and Contrast: Medium

Options  Help

O ¥ m

PPrpeBEBESR s s

Intensity

- Intengsity Image-
Brightress:

 Lifetime Image -
Brightness:

100 150

200

Method:
allx]
t1[ps]
a2l%]
t2[ps]
a3
t3[ps]

Shift
! Scatter
250 300 350 400 450 500
Offset
8| Al =
] 360,54 20,85 sig
H-sig; 338,42
u+sig, 379,72

Multiexponential Decay
Components: |3_ﬁ
Maimum Likelihood E stimation
[8342
(283
1245
[oss
[413
[3702
o2 4
-
s A

I Fis

I~ Fix

I~ Fix
[~ Fix
W Fix
™ Fis

Show/Hide Model Options |

nso 12 Hor2

10000

Bin=J2  Theshod: =[5 I~ Auto

=219 . 50 ,

tml2z= 369,92 ps

1000—

100

ns

8,00
Photors within gate: 29040

10,00

12,00
Pixels in ROI: 64516



File

Display of the Images
Brightness and Contrast: Fully pulled up
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Questions?
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SPCImage: Dual-Channel Configuration

Two Channels, displayed tmen1 and tmen
Click into 'Options', 'Channels’, select channels for left and right image
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SPCImage: Cross-Calculation from Different Channels
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The Struggle for High Number of Photons

The best lifetime accuracy you can get is

SNR. =+/N

Note this is the SNR of the apparent lifteime, 1
Is this all we want?
No!
We may want to determine lifetimes and amplitudes of decay components.
We may want to calculate ratios of these parameters.
And we want to do so with low noise and high accuracy.

For that we need even more photons!
How can we get them without exceedingly long acquisition time?



The SQRT(N) Problem: Get Higher N by Spatial Binning
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Area decay data

Binning of lifetime data are taken from




bin = 0: No Binning
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ﬂi SPCImage 8.4 NG - wolfgang-redchannel-2-newirf.img*

File Calculate IRF Mask Conditions

Phasor Plot 2D Correlation Options

Help

bin = 1: Binning 3x3 Pixels
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bin = 2: Binning 5x5 Pixels

‘M SPClmage 8.4 NG - wolfgang-redchannal-2-newirf.img* = O X
File Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
Multiexporential Decay
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bin=2 is a good binning factor to start with



Bin = 4: Binning 9x9 Pixels

‘1 SPCImage 8.4 NG - wolfgang-redchannel-2-newirf.img*
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How Far Can We Go with Binning?

Many diseases are associated with large-area FLIO signatures
bin =4 .. 5 may be appropriate in these cases
This is an increase of N by a factor of 100!

u THE UNIVERSITY OF UTAH Different Patterns
Healthy ANMD Atrophic AMD Albmism Stargardt

MacTel MacTel Family  Macular Hole Retinitis Pigmentosa Uveitis

Figure courtesy of Lydia Sauer, Univ. of Utah




Question: Can we record with higher pixel number and instead use binning in SPCImage?

Bin = 4: Binning 9x9 Pixels

ﬂi SPCImage 8.4 NG - wolfgang-redchannel-2-newirf.img*
File Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
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An Example from Microscopy

Image with 128 x 128 Pixels, no Binning

BPAE Cell

128x128

BPAE Cell
128 x 128 pixels
binning 0




Image with 128 x 128 Pixels, no Binning

BPAE Cell

128x128

100 I
o BPAE Cell
128 x 128 pixels

binning 0

7 1 . 1 ' 1 i 1 . 1 . 1
0,00 2,00 4,00 6,00 8,00 10,00 ns 12,00

Image with 512 x 512 Pixels and Binning

BPAE Cell
512 x 512

100,
= 17 BPAE Cell

512 x 512 pixels

binning 2 circ
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128 x 128 Pixels, no Binning

BPAE Cell
128x128

512 x 512 Pixels, Binning 21 pixels

BPAE Cell
512 x 512

Should we go for 512x512-pixel FLIM images?




Can we get more photons than by binning?

The Phasor Plot

Transformation from time-domain into frequency domain
The shape of a decay curve is represented by magnitude and phase

a)
Fast decay
I=exp(-t/taul)
b) Slow decay

I=exp(-t/tau2)

c) Mixture of fast and slow decay
| =a1lexp(-t/taul) + a2 exp (-t / tau2)

Fourier

Transform

Fourier

Transform

Fourier

Transform

Magnitude ;
Phase E

Single exp.
short tau

long tau
Mafgnitude

Phése

sSingle exp.

Single exp.

Single exp.
short tau




Phasor Plot
Phasors for all pixels of an image

ﬁ SPCImage 8.4 NG - wolfgang-redchannel-2-newirf.img*

File Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
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Is there clinical information directly visible in the phasor plot?
Different patients, fovea marked by red ellipse
Why are the phasor clusters of the fovea different?
Healthy 25 years Healthy 62 years
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Is there clinical information directly visible in the phasor plot?
Different patients, fovea marked by red ellipse
Comparison with AMD Patient
62 Years Patient AMD Patient
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Image Segmentation by Phasor Plot
Select Cluster in Phasor Plot - Optical Disc
Back-annotate in lifetime image
Sum up decay data in selected region - obtain high-N decay function

M SPCimage 8.4 NG - walfgang-redchannel-2-newirf.img* Phasor Plot G O X

File Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
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Image Segmentation by Phasor Plot
Select Cluster in Phasor Plot - Fovea
Back-annotate in lifetime image

Sum up decay data in selected region - obtain high-N decay function
i SPCimage 8.4 NG - wolfgang-redchannel-2-newirf.img?* Phasor Plot n . O bad

Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
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Image Segmentation by Phasor Plot

Selection of deposits along blood vessels
Back-annotate in lifetime image
Sum up decay data in selected region - obtain high-N decay function

ﬁ SPClmage 8.4 NG - wolfgang-redchannel-2-newirf.img* Phasor Plot == O
File Calculate IRF Mask Conditions PhasorPlot 2D Correlation Options Help
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Image Segmentation by Phasor Plot

Selection of area around optical disc
Back-annotate in lifetime image
Sum up decay data in selected region - obtain high-N decay function

ﬁ SPClmage 8.4 NG - wolfgang-redchannel-2-newirf.img* Phasor Plot _ B %
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What Should be the Plan for the Near Future?

Use the new data-analysis principles!
Profite from the better reproducibility!

Re-evaluate existing data!

Squeeze out more information from them!
Separate the fundus from the lens!

Look at component data!

Get data for early stages of diseases!
Try the new approaches on them!
Find out which approach shows the
signs of a particular disease best!

Model

IRF =
x exp (-x)

Components 1,2 model

/ fundus fluorescence

3rd component models
" lens fluorescence




Get a GPU for that! A $200 device is enough!

Keep us in the line when new results, new data
and manuscripts for new papers are available!
This helps us refine the new analysis procedures.

Provide a fast and easy way to exchange data!




